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In situ STM study of the electrodeposition and anodic dissolution of ultrathin epitaxial Ni films
on Au(111)
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A detailedin situ STM study of the electrodeposition and electrochemical dissolution of Ni on reconstructed
Au(11)) electrode surfaces in various electrolytes is presented, demonstrating the electrochemical formation of
well-defined, ultrathin, epitaxial Ni films. Formation of Ni nuclei starts below th¥NNET Nernst potential via
place exchange of Ni with Au atoms at the elbows of the herringbone reconstruction, followed by nucleation
of Ni islands on top of these substitutional Ni atoms at overvoltages880 mV, and by nucleation at step
edges of the Au substrate agt=100 mV. At submonolayer coverages islands with two different growth
morphologies, compact, triangularly shaped and highly anisotropic, needlelike islands, are observed. Upon
further growth these islands coalesce and an almost perfect two-dimensional Ni monolayer is formed.
Multilayer growth was studied up to coverages of 5 ML; it exhibits a similar layer-by-layer growth, resulting
in very smooth Ni films. In atomic-scale observations a hexagonal Ni lattice with a lattice spacing of 2.5 A is
resolved, similar to th€111) orientation in bulk Ni, and with the same orientation as the Au lattice. The order
in the highly defective first Ni layer is considerably improved by second-layer deposition. The significant
differences to vapor-deposited Ni on @11) indicate a structure-decisive role of coadsorbates in the electro-
chemical environment. Dissolution of the Ni films at potentials positive of the Nernst potential proceeds via
formation of etch pits and step-flow etchirf&0163-1827)00843-9

. INTRODUCTION sorbed hydrogen was suggestéd?° Ni deposition on Au
electrodes was studied byn situ x-ray spectroscopy
The electrochemical deposition of nickel is an important,(XANES) (Ref. 21) and by combined electrochemical and
well-established technical process for the formation of pro-quartz crystal microbalante® measurements, indicating the
tective coatings. More recently, new applications havedeposition of a metallic Ni film from typical plating solu-
emerged for Ni and Ni alloy electrodeposition that require arfions. A central subject of many studies is the influence of
improved control of the structure and the morphology of thethe €lectrolyte composition, in particular, the role of boric
Ni deposit and of the deposition process. These applicatior@Cid, Which is an important component in technical, Wats-
include steps in the production of micromechanical deviceslYP€ Plating baths. Conventionally, boric acid is supposed to
the manufacturing of magnetic recording heads, and thQuffer the pH in the near-surface region and thus prevent the

deposition of ultrathin films and of metallic superlattices for p(raes(t::apdlt?t::tnbg];icl:\l;cr:]i)c/jdirnofﬂgiié sH?rYé e(\jlgr,ogitvi\é;sbalsr’;\%ssgg-tion
magnetic sensors. Furthermore, the electrodeposition of 0 the surfacd® or acts as a homogen%ous cata)LIIyst forpNi
can also be utilized for the formation of thin Ni oxide or

. . o . . . deposition via formation of an intermediate Ni com-
hydroxide films with important applications in batteries, lex2 STM studies of Ni electrodeposition were up to
electrochromic devices, and catalysts. For a better unde Jow restricted to measurements of the distribution of Ni
standing of the atomic and nanometer-scale structure of eleﬁ'rains on the submicrometer scafd®

trodeposited Ni on metallic substrates as well as of the depo- The structure of single crystalline ALL1) surfaces used
sition process we performed an situ scanning tunneling g substrates in this study has been studied extensively under
microscopy(STM) study of the initial stages of Ni growth on yitrahigh vacuum(UHV) condition$®-2 as well as in the
Au(11)) electrode surfaces. First results of this work haveglectrochemical environmeff: 34 Clean Au111) crystals in
been reported recently’ UHV exhibit a surface reconstruction, where the atoms in the
Previous studies of Ni electrodeposition focused on theiu surface layer are contracted uniaxially by 4.5% along the
electrochemical behavior and on the micrometer-scale moif-110] direction. This causes a small vertical modulation pat-
phology of the Ni deposit on carbon and various metallictern in form of double rows, clearly visible by STM. For
substrates in dependence on the deposition conditidfis. well-prepared surfaces domains of two different directions of
Based on electrochemical measurements a deposition mechgbntraction alternate periodically, resulting in a zig2ag
nism was proposed, where Niis reduced first by a single- herringbong structure of the modulation patteth?® At the
electron reduction step to an adsorbed Npecies followed bending pointg*elbows”) of the modulation rows the top-
by one or several steps that lead to the deposition of metallimost Au layer exhibits two-dimensional dislocations, result-
Ni.*>" The Ni* species was attributed to adsorbed NiOH oring in a distortion of the Au lattice at these positid$> The
a Ni salt complex and was supposed to catalyze the Ni depsame surface reconstruction is observed oflAl) samples
sition reactiof®’ as well as to form intermediates, which prepared by annealing in the flame of a Bunsen burner and
inhibit further depositior?:~1°In addition, inhibition by ad- subsequently immersed into pufeetal-fre@ acidic or salt
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solutions at potentials negative of a critical potential, whichin the experiments. The first was described in detail in Ref.
is determined by the anion species of the electrdi{ié*In 44, the second one is based on a design by BesBcken-
particular, well-annealed samples exhibit the same longneling tips were prepared by electrochemical etching of a
range zigzag pattern found in UHY.Upon increasing the polycrystalline tungsten wire and manually coated with Api-
potential above this critical value a reversible surface phasezon wax leaving only the last 1m of the tip exposed. Tip
transformation to an unreconstructed X(1) lattice is and sample potential were independently kept under poten-
observed’ =34 After decreasing the potential the reconstruc-tiostatic control and measured versus a Ag/A¢IOC! satu-
tion is formed again, albeit with a more random arrangementated reference electrode, with the tip potential usually kept
of the double-row domains. Hence, in the potential range 060—100 mV negative of the sample potential. The(}4ul)
Ni deposition the Au electrode is always reconstructed. Thisample was oriented and cut t0.3°, mechanically pol-
is beneficial for the comparison with metal growth underished with diamond paste down to Am grain size, and
UHV conditions, where growth of the admetal always occursfinally electropolished in cyanide solution. Prior to each ex-
on Au surfaces that exhibit the same reconstruction. periment the Au crystal was annealed in a propane flame as
In contrast to electrodeposited films, vapor deposition ofdescribed in Ref. 27, slowly cooled down in air, and then
ultrathin Ni2>%5-37C038%% and Fe(Refs. 35, 40 films on  transferred into the electrochemical cell of the STM. Subse-
reconstructed A 11) surfaces was studied in detail in pre- quently, the sample was immersed under potential control at
vious UHV-STM experiments. These experiments revealed potential of—0.2 V. As can be seen in the STM images
that all three metals nucleate preferentially at the elbow sitethis procedure results in a well-ordered Au surface with large
of the herringbone reconstruction, resulting in the formationatomically flat terraces, which exhibit the herringbone recon-
of regular arrays of admetal islands. Based on UHV-STMstruction at all potentials down to the onset of Ni deposition.
observations at very low coverages and on thermodynamiElectrolytes were 10° M NiSO,, modified Watts electrolyte
considerations, this phenomenon was recently attributed to@0 2 M H3BO; 10 *M NiSO,, 10 *M HCI), and
two-step mechanism, involving place exchange at the elbovt0~3 M Ni(NO,),, prepared from pro analysis grade NiSO
sites and subsequent nucleatmmtopof these substitutional and NiNO3), (Merck), suprapure hBO; and HCI(Merck),
Ni atoms3’ Second-layer islands nucleate on the hexagonalland Milli-Q water. STM images were obtained in constant
shaped Ni monolayer islands at coverages as low as O&urrent mode with tunneling currents typically between 1
ML.3>3® Although the atomic lattice of the Ni islands was and 10 nA and are presented as topview images with darker
not resolved, a pseudomorphic structure was proposed f@olors corresponding to lower surface areas. At the negative
monolayer islands, whereas for bilayer and thicker films thepotentials required for Ni deposition noticeable hydrogen
STM observations seem to indicate a nonpseudomorphigvolution occurs at the Au sampisee below. This causes
arrangement>-° major experimental problems in the STM measurements due
We have recently performed an extensivesitu STM  to decreased tip stability, which may either result directly
study of the initial stages of Ni electrodeposition on variousfrom gas bubble formation or by precipitation of Ni hydrox-
Au and Cu single-crystal surfac&$*~*3Here we present ide species, caused by the corresponding change in surface
STM observations of Ni deposition on ALL1), which pro-  pH. It is noteworthy that these problems were less pro-
vide detailed, atomic-scale information on the nucleation benounced in the Watts electrolyte, where the presence of boric
havior, the growth from submonolayer coverages up taacid is thought to buffer the surface pH and to form a
multilayer films, and the dissolution of ultrathin Ni films. surface-active complex, which lowers the Ni overpotential
This work focuses on the atomic and defect structure of theind partly inhibits hydrogen evolutidA.
Ni deposit, the resulting morphology of the Ni films, the

interaction with the Au herringbone reconstruction, and the . RESULTS
mechanisms of Ni growth and dissolution. In particular, a
layer-by-layer growth is revealed for Ni on ALL1), result- A. Cyclic voltammetry

ing in the formation of atomically smoott{111-oriented Prior to the STM measurements the electrodeposition of
multilayer films of metallic Ni. The role of structural defects Nj on Au(111) was characterized by cyclic current-voltage
in the nucleation, growth, and dissolution of these Ni films a%urves (cyclic voltammograms which were recorded in a

well as the removal of such defects with increasing filmgenarate electrochemical cell using the dipping technique. A
thickness, induced by an increased tendency to form a welkyhica| voltammogram obtained in the Watts electrolyte is

ordered Ni lattice, is highlighted. Selected aspects concermshown in Fig. 1. The predominant feature in the cathodic

ing thg initial ;tages of_ Ni nupleat_lon and grO\?vtdsnnﬁj the potential sweep is a large negative current caused by the
formation of highly anisotropic Ni submonolayer |s_Iaﬁds hydrogen evolution reaction. The onset of Ni deposition is

have been published separately and will be only briefly r®only barely discernible as a broad shoulder at abeQts V

viewed for the sake of a complete and comprehensive préesp, op of this current. No negative current peak is observed
sentation. In addition, observations on the kinetically hin-g; potentials positive of the RINi2* Nernst potential(

dered anodic dissolution of the Ni film indicate passivation_ 5o\ a4t 103 M Ni2*, see arrow in Fig. indicating the

of the topmost Ni layer by an adsorbed surface species.  gpsence of an underpotential deposition effect for Ni on

Au(111). Upon reversing the potential scan an increasing
positive current, which indicates the onset of Ni dissolution,
is observed at potentials positive of the’Nii* Nernst po-
Two different types of home-built scanning tunneling mi- tential (—0.52 V at 103 M Ni?*) giving rise to a single
croscopes foin situ electrochemical experiments were usedstripping peak at=200 mV higher potential&he peak posi-

Il. EXPERIMENT
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1 11 T T 1 oriented Ni film(see below, i.e., that each Ni layer contains
(d2v312)"1=[ (2.5 A)?v3/2) 1=1.84x 10'° atoms/cr cor-

N responding to a charge of 590C/cn?, the nominal Ni layer
thickness can be estimated. As shown in the inset in Fig. 1
this thickness increases continuously but not linearly with
r VAR time for a fixed deposition potential. Instead the growth rate
‘RZZS?V _ apparently decreases with increasing coverage, which was

also observed in the STM experimelisee below.
17 Very similar voltammograms were observed in pure

| [nAcm®]

g / L1 NiSO, and Ni(NOs), solution. Here the overpotentials re-
Z ‘ // quired for measurable Ni deposition were100 mV
2r P 17 [Ni(NO3),] or =120 mV (NiSQ), i.e., only slightly higher
/ N i than in the borate-buffered Watts solution. The results are in
| //A | agreement with previous electrochemical and quartz-crystal
7o R microbalance studies on polycrystalline Au in Watts electro-
-80 |- deposition time [5] lytes with considerably higher Rii concentration$®?? In
ol b 4 11 addition, it was shown in these studies that the charge in the
08 06 04 -02 0 Ni stripping peak can be attributed solely to the oxidation of
: : : : metallic Ni to NP",%2 thus justifying the above procedure of
U [Vagagel measuring the Ni coverage.

FIG. 1. Cyclic voltammogram of A@1l) in Watts electrolyte
(the arrow indicates the RINi?* Nernst potential The inset shows
the Ni coveragedy;, derived from the charge of the Ni dissolution ~ As described in detail in Ref. 1 the nucleation of Ni on the
peak, as a function of the deposition time for two overpotentials reconstructed A{111) surface strongly depends on the ap-

plied overpotential . The nucleation and growth ag

tion depends on the scan rate and the amount of deposited Ni80 mV, the minimal overpotential required for Ni deposi-
and ranges between0.4 and—0.2 V). The large shift of the tion on topof the Au surface, is illustrated in Fig. 2. In this
peak to anodic values indicates that Ni dissolution is kineti-experiment a large terrace on the surface of a freshly an-
cally hindered. In subsequent potential cycles the voltammonealed sample was initially observed-a0.2 V, where only
gram is completely reproducible, suggesting that thethe characteristic zigzag pattern of double rows of the her-
Au(111) surface is not altered significantly by deposition andringbone reconstruction was visible, and then the potential
stripping of Ni. was changed to-0.6 V. Directly after the potential step

The amount of deposited Ni was assessed by keeping th&ig. 2(a)] no Ni islands are found on the surface. However,
potential at a fixed deposition potential for a period betweera distinct change is observed at the bending pdieitsows
20 s and 15 min and then measuring the charge in the Nif the dislocation rows, where the two-dimensional lattice of
dissolution peak, which is well above the hydrogen evolutionthe Au surface layer is distortéd.These elbows are now
range. According to these coulometric measurements, noticelecorated by small “holes” of about 20 A in width and 0.5
able Ni deposition starts at about0.6 V, i.e., at overpoten- A in apparent depth. The “holes” are observed in the STM
tials =80 mV. Assuming that the entire anodic charge canmages for potentials more negative than th&Ni#* Nernst
be attributed to the Ni dissolution reaction °NiNi?* potential and can be attributed to substitutional Ni atoms,
+2e~ and that the Ni is deposited as a metallig11)- which have replaced Au atoms of the distorted surface lattice

B. Nucleation

FIG. 2. Series of STM images of Alll1) in Watts electrolyte recorde@) directly after a potential change from0.2 to —0.6 V, (b)
after 3 min at—0.6 V, and(c) after 20 min at—0.6 V showing slow nucleation and growth of Ni adlayer islands at the elbows of the
herringbone reconstruction (1080050 A?).



56 In situ STM STUDY OF THE ELECTRODEPOSITIN . . . 12 509

at the elbow site$.The depth of the holes is approximately
equal to the difference of Au steps and Ni monolayer islands
(see Sec. lll ¢and can only partly be accounted for by the
smaller size of the Ni atomg~0.3 A depth according to a
hard-sphere modglindicating contributions from electronic
effects.

In Fig. 2(b), recorded 3 min later at 0.6 V, nucleation of
the first Ni islandson top of the Au surface can be seen. At
this potential Ni islands nucleate exclusively at the elbows,
where the Au surface atoms have been substituted by Ni
With time, number, and size of these nuclei slowly increase
as illustrated in Fig. @), where 50% of the elbows are deco-
rated by Ni adislands after a deposition time of 20 min. Even
after deposition timesfol h no nucleation at the Au step
edges was observed at0.6 V. This indicates that the el-
bows are the preferred nucleation sites at this potential anc
that subsequent growth is restricted to Ni adatom attachmen
at Ni island edges, while Au step edges are inert under thes
conditions. A very similar nucleation behavior was observed
for the deposition of Ni on reconstructed @ul) in
UHV,%>3" where it was also attributed to a two-step mecha-
nism, consisting of place exchange of Ni with Au surface
atoms, followed by adisland nucleatiam top of substitu-
tional Ni.

At only 20 mV higher overpotentials the nucleation be-
havior changes distinctly. This is shown in the STM images
in Figs. 3a) and 3b), recorded in the vicinity of a Au step
before and after a potential step-t®.63 V. At this potential
Ni monolayer islands are rapidly formed at the lower terrace
side of the Au steps, from where they grow onto the terraces
until the entire surface is covered by a Ni monolayer. Only a
few isolated islands are formed in the center of the terraces a
this potential, indicating that the rate of nucleation at elbows
is not significantly higher than ay=80 mV. Hence nucle-
ation at step edges becomes the dominant mechanism at
=100 mV.

C. Submonolayer growth FIG. 3. Series of STM images recorded on(ALD in Watts

The formation of a Ni monolayer on the reconstructedelectrolyte (a) at —0.59 V (1150<450 A?), (b) after 3 min at
Au(11]) surface can be seen in the series of successively 0.63V (1150550 A?), and(c) successively at-0.6 V (1150
recorded STM images presented in Fig. 4. This series wag 760 A?), showing nucleation of Ni islands at the Au steps and
recorded in Ni nitrate solution; very similar resulfgpart  growth of anisotropic Ni needle islands.
from small differences in the potentjahvere obtained in Ni
sulfate and in Watts solutiofcompare, e.g., Ref.)2In Fig.  a nearest-neighbor spacing ef22 A and a typical ampli-
4(a) a single Au terrace is shown at a potential-00.6 V,  tude of 0.6 A. The origin of this modulation is the mismatch
where only the corrugation pattern of the herringbone reconbetween adlattice and substrate latticeoire pattern as
struction is visible. At the beginning of the following image shown by atomic-resolution STM observatiofiEg. 5. In
[upper edge of Fig. @)] the potential was lowered to Fig. 5a) the nearly hexagonal atomic lattice of the recon-
—0.63V, resulting in the formation of Ni monolayer islands structed A@111) surface with a lattice spacing of 2.9 A can
at the lower edge of the image. In the two subsequent imagdze seen. In Fig. ®) the same surface area after deposition of
[Figs. 4c) and 4d)], recorded at-0.62 V to decrease the a Ni monolayer is shown. Here the characteristic long-range
rate of Ni growth, these islands spread until the Au surface ignodulation is superimposed by a smaller hexagonal lattice
almost completely covered. It should be noted that the Nivith a lattice spacing of 2.5 A, which is parallel oriented
islands continuously grow during the recording of the imagesvith respect to the Au lattice. This lattice spacing is almost
and that the images consequently do not show a static suidentical to that in thg111) plane of metallic Ni(2.49 A).
face topography. Ni islands with two different kinds of From the lattice parametersdyi=2.49A and dy,
growth morphologies are discernible in the images: compact=2.885 A) the lattice spacing of the long-range modulation
often triangularly shaped islands and metastable, strongly awan now be calculated ak,q;.=21.2 A, in good agreement
isotropic, needlelike islands. with the experiment. Also the modulation amplitude of 0.6 A

The compact islands exhibit a pronounced, long-rangeis close to that calculated from a hard-sphere model. The
hexagonally ordered modulation pattéfmhite dots”) with  steps at the edges of the compact islands consist of straight
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FIG. 4. Series of STM images of ALl1) in Ni nitrate solution recorded successively in intervals of 3 rf@hat —0.6 V, (b) at
—0.63V, and(c,d at —0.62V, showing the growth of a complete Ni monolayer (14a@00 A?). The slow scan direction, which
corresponds to the time axis, is from bottom to top in the imagéa,m and from top to bottom in those ifb,d).

sections, which run along the close-packed directions of thetrate is not lifted. A structural model of the needle islands
Ni lattice. The average island height is 1.7 A with respect tothat explains this growth behavior has been given in Ref. 2
the Au surface. Although the Au reconstruction is observedand will be briefly reviewed in Sec. IV A.
on the neighboringNi-free) Au substrate it is currently not This complex, potential-dependent nucleation and growth
clear whether the reconstruction is maintained beneath thieehavior also strongly influences the structure of the com-
compact Ni monolayer islands or whether the topmost Aupleted Ni monolayer. As seen in Fig(c} a large number of
layer is transformed into an unreconstructed<(l) lattice  individual needle and compact islands are formed on the Au
during the growth of these islands. surface, most likely due to nucleation at elbow sites. Often
Examples of the much more unusual, needlelike islandseedle islands nucleate at the elbows, resulting in parallel
can be observed in Fig(®, as well as in Figs. @) and 4c)  running, neighboring needles at well-defined distances. At
(see arrows Structure and growth of these islands have beercoverages close to a full monolayétig. 4(d)] this results in
described in detail in a previous publicatibthe most im-  needlelike troughs between former needles. These troughs
portant results are the following:(a) The needle islands are are filled only slowly and predominantly by deposition at the
always oriented perpendicular to the double rows of the retrough tips, i.e., in a similar way as the needles. The moire
construction, i.e., they run along tfi¢ 10] direction, where pattern of the completed Ni monolayer is highly defective
the topmost Au layer is contracted by 4.5%b) The is- [Fig. 4d)] and a true hexagonal arrangement is found only in
lands have certain preferred widths, which am¢11.5 small local patches. Instead, strong distortions and defects
+1.0A) with n<4. (c) Needles grow predominantly in ¢an be observed, indicating a distorted Ni adlattice. This can
the longitudinal direction, but can also grow in width. How- b€ explained by the formation of multiple-domain bound-
ever, needles wider than50 A transform into islands of the ~aries during the growth of the Ni layer and will be discussed
compact type. (d) The height of the needles is only 1.3 A in detail in Sec. IV C.
and they do not exhibit the moirpattern of the compact ,
islands. Instead, the double rows of the neighboring recon- D. Multilayer growth
structed Au surface are continued on top of these islands, As visible in Fig. 4d), nucleation of second-layer Ni is-
indicating that the reconstruction of the underlying Au sub-lands starts only after the first layer is almost completed.
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Other series of image&ot shown seem to indicate that
these second-layer islands are often formed at the former
elbow sites. Since the nucleation sites on top of the Ni ad-
layer can often not be correlated with the underlying sub-
strate structure, a more quantitative analysis is not possible.
Nevertheless, second-layer nucleation at or close to the el-
bow sites appears likely for two reasons: First, the local dis-
tortions in the Au substrate at these sites most likely also
influence the structure of the firen top Ni layer and, sec-
ond, the first layer in the vicinity of these sites may be dis-
torted by domain boundaries, due to the peculiar nucleation
and growth behavior of the Ni monolayésee Sec. IV ¢

The further growth of the Ni film is shown in the series of
STM images in Fig. 6, recorded at0.66 V in the Ni sulfate
solution (i.e., only 20 mV below the potential where Ni
deposition is observed in I8 M NiSO,). Again, very simi-
lar results were obtained in the Ni nitrate and in the Watts
solution. Figure €a) shows two Au terraces, separated by a
monoatomic Au stefrunning from the left edge to the upper

FIG. 5. Atomic-resolution STM images recorded subsequentlyright corner of the images which are almost completely
on Au(111) in Ni sulfate solution showinga the bare recon- covered by a monolayer of Ni. As in Fig(d) the “dots” of
structed A@111) surface at—0.06V (100<40 A% and (b) the  a rather disordered moiattern are clearly visible. In addi-
atomic lattice of the Ni monolayer at0.61 V (100<50 A?). tion, a number of second-layer islands are found along the
Au step as well as on the terraces. In the image in Fig), 6
recorded 20 min later, the surface is covered by approxi-

FIG. 6. Series of STM images of ALi11) in Ni sulfate solution showing the growth of the Ni deposit-ab.66 V (900< 1000 A?). The
images are recorded &) 55 min, (b) 75 min, (c) 100 min, andd) 120 min after the potential was changed into the potential range of Ni
deposition and corresponding to average Ni coveragéa)df ML, (b) 1.5 ML, (c) 2 ML, and (d) 2.3 ML.
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O [ML]

FIG. 7. Plot of the occupatiof; of Ni layer 1(J), 2 (@), 3(A),
4(V¥),5(<¢), 6 (M), and 7(V) as a function of total Ni coveragé
showing the almost perfect layer-by-layer growth on(#L1). The
data was obtained by quantitative evaluation of series of STM im- .
ages recorded in Watts electrolyte.

>
T \ -~ }4!
~ % L.

mately 1.5 ML of Ni. The second Ni layer has now grown { A U S ’& i
100 to 200 A from the Au step edge and on the smooth,
Ni-monolayer-covered terrace second-layer islands with di- FIG. 8. STM image of a 4.8 ML thick Ni film on AQ11) at
ameters up to 300 A have formed at the positions of the 0-72V in Watts electrolyte (800930 A%).
initial nuclei. Also a few small third-layer islands can be
observed on the larger second-layer islands. The second- anmtlividual Ni layersé; in a series of STM images, recorded
higher-layer islands usually do not exhibit the straight stepsluring deposition in the Watts electrolyte, was evaluated
along the main lattice directions favored for the monolayerquantitatively and plotted versus the total coverayein
islands and needlelike islands are completely absent. Instea8TM image of a 4.8 ML Ni film, the maximum thickness
more isotropic, round-shaped islands with steps consisting dhvestigated, is shown in Fig. 8. More than 90% of the sur-
small sections, which locally follow the main lattice direc- face is covered by a film of 4 or 5 ML thickness and only a
tions, are typically observed. During the growth procesdew isolated deeper holes or islands of layer 6 are visible.
neighboring islands merge to larger islands of a more irreguThe characteristic moirepattern with the same, layer-
lar shape, with the shape of the original islands almost unindependent nearest-neighbor distance between the dots is
changed. This indicates a low mobility of Ni atoms along thediscernible on the Ni islands up to the 6th layer, although its
island edgessee also Sec. |V ICAfter another 25 mirfFig.  amplitude decreases with thickness. Hence the multilayer
6(c)], at an average coverage of 2 ML, 90% of the secondilms have the same atomic structure as the monolayer. The
layer is completed while less than 10% of the surface isheight of the second layer islands is 1.9 A, that of the islands
covered by islands of layer 3. The step of the underlying Auof all following layers 2.0 A, i.e., within the experimental
substrate is clearly recognizable, illustrating the high unifor-precision identical to the layer spacing(@fL1)-oriented me-
mity of the deposit. The last imagéFig. 6(d)], recorded tallic Ni (2.03 A). Thus, the much lower average height of
again 20 min later and corresponding to 2.3 ML Ni, showsthe monolayer island§l.7 A) is probably caused by elec-
an almost completed second layer, several third-layer istronic contributions in the STM images. In addition, a similar
lands, and a small fourth-layer island on top of each of thesurface topography of the Ni films was also observed in ex-
two largest third-layer islands. About 2/3 of the third layer periments, where the STM tip was removed from the solu-
islands in Fig. 6d) are formed along the position of the tion during deposition to rigorously exclude tip shielding ef-
underlying Au step edge, indicating that new adislands fornfects. These observations demonstrate that smooth Ni films
predominantly by heterogeneous nucleation at defect sitesf well-defined structure and thickness can be formed under
For third- and higher-layer adislands such a nonuniform disthese conditions.
tribution was typically observed, whereas for the second The absolute rate of Ni deposition obtained from the se-
layer the density of nuclei was generally higher and the isties of STM images is a factor 2—5 lower than that estimated
lands were more uniformly distributed on the surface. This idfrom the electrochemical experiments described in Sec.
probably related to the high defect density in the first Nilll A. Since experiments where tip position or scan range
layer (see Secs. Il C and IV D were changed revealed no differences in film morphology or

A similar layer-by-layer growth was observed also for thethickness, the different rate cannot be caused by tip shielding
growth of the following layers up to a coverage(af least  effects. Nevertheless, this effect is probably related to an
5 ML for low deposition rates (88 <200 mV). This is experimental artifact, e.g., the very different geometry of the
illustrated in the plot in Fig. 7. Here the occupation of the electrochemical cell in the STM and in the voltammetric
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FIG. 9. Series of STM images showing the dissolution of the Ni film of1Ad) in Ni sulfate solution(a) at —0.46 V, (b) 7 min later
at —0.36 V, (c) 15 min after(a) at —0.36 V, and(d) 40 min after(a) at —0.16 V (900x 1000 A?).

measurements. In addition, a decrease in the deposition raséion of further layers causes only small changes in the order
with increasing deposition timéat constant overpotentjal established after second layer deposition. A detailed discus-
was found in the STM observations. Since this was also obsion of this ordering process is given in Sec. IV C.

served in the electrochemical measurements, this must be

related to a growth-inhibiting phenomenon, such as passivat- E Dissolution

ing adsorbates. '

Finally, it is worth mentioning that the defect structure of  In this section preliminary results on the anodic dissolu-
the Ni film changes with growing film thickness. This is tion of the ultrathin Ni films on A(@l11) in Ni sulfate solu-
indicated by distinct changes in the moipattern on the tion (pH 4) are presented. This process is illustrated in Fig. 9
second- and higher-layer terraces in Fig. 6. Obviously, thdy a series of images showing the dissolution of a 2.5 ML Ni
dots of the moirepattern on the second-layer islands in Fig. film at increasingly positive potentials. The dissolution starts
6(b) (some indicated by arrowsre arranged in much larger at —0.46 V [Fig. Ya)] by the formation of small holetsee
hexagonally ordered domains than those on the Ni monoarrows. At this potential the holes are formed exclusively at
layer. After completion of the second laygFigs. Gc) and  the lower edge of the third-layer Ni islands. Subsequently,
6(d)] the entire surface exhibits this improved hexagonal orthe potential was slowly changed over a period of 7 min to
der, with individual hexagonal domains of up to several hun—0.36 V, where Fig. &) was recorded. By comparing Figs.
dred A in diameter. These changes cannot be attributed to @(a) and 9b) an increase in the size of the holes and a slow,
better ordered second layer on top of a disordered first layeniform etching along the steps of the third-layer islands can
since the moirepattern reflects the lattice mismatch at thebe observed. As can be seen in Figc)9recorded 22 min
Au(111)-Ni interface(mismatch between different Ni layers later at the same potential, holes are formed now also within
could also give rise to a moingattern, but with a drastically the atomically flat terraces of the Ni film. Most of these holes
different nearest-neighbor spacjnénstead, it has to be re- are two or three Ni layers deep, i.e., they extend down to the
lated to an increase in order in both layers, i.e., to a rearAu substrate, although a precise measurement is difficult for
rangement of the underlying first layer during second-layethe smaller holes due to the finite size of the tip. At even
deposition. The improved order in the mojpattern in turn  higher potentials dissolution proceeds via the same etch pit
indicates an improvement in the atomic lattice and the reformation and step-flow processésee Fig. @)] causing
moval of lattice defects, such as domain boundaries. Depaslow disintegration of the Ni film. In all of the images in Fig.
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FIG. 10. Models showing the
proposed atomic structure of the
Ni deposit(a) of compact mono-
layer islands and multilayer films
(b) of the anisotropic needlelike
islands. For simplicity, the slight
distortions of the Au lattice
caused by the reconstruction have
been omitted.

creased interaction between the Ni adatoms or by a decrease

Fig. 9(c)]. This demonstrates that the structure of the Ni de4n the Ni-Au corrugation potentiali.e., the variation of the
posit is not changed in this potential range. The dissolutioNi-Au interaction between different adsorption sjtés the
process continues until only single Ni monolayer andelectrochemical environment. Both effects could be caused
multilayer islands, corresponding to areas between formebby an adsorbate on top of the electrodeposited Ni |§yes-
holes, remain on the surface, which in the further course o$ible adsorbate species will be discussed in Sec.)lgrbby

the experiment are also dissolved. Usually, the Ni film waghe electric field of the electrochemical double layer. How-

completely dissolved at potentiats —0.1 V. No morpho-

ever, in view of the very negative potential of zero charge

logical changes of the Au substrate, such as changes in theported for(polycrystalling Ni,*® which is close to the used
shape of the Au steps, monoatomic pits, or Au islands on theeposition potentials, a major effect of the latter field-
terraces, were observed after a Ni deposition/dissolutioinduced changes seems unlikely.

cycle. This suggests that place exchange of Ni with Au sur- The absence of a moingattern and the different island
face atoms is restricted to the elbow sites and does not occtreight of the metastable, needlelike Ni monolayer islands
(or occurs only at negligible ratat undistorted Au surface suggest that the structure differs from the predominant
lattice sites. According to these observations, the dissolutiolNi(111)-like lattice as well as from the structure of vapor-
behavior is distinctly different from the layer-by-layer deposited Ni islands, where these needlelike islands were
growth behavior found for Ni deposition. Possible explana-never observed. To explain these observations as well as the

tions for these differences will be given in Sec. IV D.

IV. DISCUSSION

A. Structure of the Ni deposit

the Au substrate latticgFig. 10@)]. Due to the different

unusual shape of these islands a model assuming an uniaxi-

ally incommensurate Ni adlattice was propo$Eiy. 10b)].2
According to this model, the Ni atoms are pseudomorphi-
cally arranged along the needle direction, but contracted per-
pendicular to that direction up to a Ni nearest-neighbor spac-
In this section the atomic structure of the deposited Niing of 2.5 A. Due to this, close-packed,11)-type steps are
monolayer and multilayer islands is discussed, related to préormed along the sides of the needle, whereas at the needle
vious electrochemical data, and compared with the structuriP the steps are of the more op&00 type. During island
of vapor-deposited Ni. The predominant structure, whichdrowth Ni adatoms have a high mobility along ttid 1)-type
was observed for larger Ni monolayer islands and all coverSteps and hence are transported to the needle tip, where they
ages=1 ML, is a hexagonal lattice with nearest-neighbor@r€ trapped in the more strongly binding00-type step
distances as in bulk fcc Ni and with an orientation parallel toSit€s, resulting in the observed anisotropic growth. The ori-

entation of the needle islands was attributed to the weak

lattice constants of Ni and Au the adatoms occupy not only2nisotropy of the underlying reconstructed Au surface layer
the energetically preferred hollow sites of the Au lattice, but(S€€ below” The existence of a metastable Ni monolayer
also the less favorable bridge and top sites, as illustrateBhase thatis partly in registry with the substrate suggests that
directly by the observed mdirpattern. This indicates that the presence of the electrolyte only leads to a slight domi-
even in monolayer-thick Ni films the lateral interactions N@nce of the lateral Ni-Ni interactions over the Ni-Au corru-
within the Ni lattice dominate the Ni lattice structure and that9ation potential. This could explain why small islands, sta-
the major effect of the underlying Au lattice apparently is toPilized by size and/or kinetic effects, can have a structure
fix the adlattice orientation. In contrast, for vapor-depositedhat is closer to the pseudomorphic arrangement found in

Ni monolayer islands on Ai11) in UHV no moire pattern

was found, indicating pseudomorphic growth of this
layer?>536Hence, in this latter case the substrate corruga-

B. Ni interaction with the Au (111) reconstruction

tion exerts a structure-decisive influence on the adlayer. This The deposition potential of Ni is much more negative than
structural difference could be explained either by an in-that of the metals typically employed fam situ structural
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studies of monolayer and multilayer deposition, such as Custrong tendency to run along the close-packed lattice direc-
Ag, Pb, or TI. Consequently, Ni is deposited not on thetions, most pronounced visible in the needlelike and trough-
simple hexagonal lattice of the unreconstructed surfaceike features, whereas higher-layer islands are more isotropi-
which prevails in the positive potential range, but on thecally shaped. Since the compact monolayer and the higher-
more complex, reconstructed surface. As shown above, thigyer islands have the same lattice structure, this difference
has significant influence on the nucleation and submonolay&{as to be attributed to the different substrate for the mono-
growth of Ni: First, by the small local lattice anisotropy layer (Au) and the higher layer@\i). Close inspection of the

caused by the uniaxial contraction of the surface layer, Whidhigher-layer islands reveals that the steps of these islands

may affect admetal surface diffusion and growth, and secy 5 consist of small sections that are oriented along the

an’ by the Io_ng-range,_ periodic surf_ace hE?terogene“yclose-packed lattice directions. This suggests that close-
which may provide a variety of energetically different, lo-

. X acked steps are energetically favored for both types of is-
cally separated surface sites for admetal nucleation an nds, but that the formation of longer steps on higher-layer
gro1\',¥1t2.influence of the Au reconstruction on the nucleationiSIandS is kinetically hindered. The latter may be explained

. ) : . - Thy a different mobility of Ni adatoms along the step edges of
behavior of Ni has been illustrated in Sec. Ill B and is dis- y y g P €Cg

I d higher-I islands. Adat [ I
cussed in detail in Ref. 1. The preferred nucleation at th nonotayer and nigher-iayer 1sands aloms moving aiong

b : lained b nitial leati i ol &he step of a monolayer island are adsorbed on the Au sub-
elbow sites was explained by an Initial nucleation via placegate which provides a smooth surface free of other strongly
exchange at the elbow sites and subsequent growtiop of

o . . ) dsorbed species, and, consequently, should have a high mo-
the substitutional Ni atoms. This mechanism governs the Na P g y g

I d . I s woll he d bility. Hence, during Ni deposition the adatoms can be rap-
electrodeposition at low overpotenti well as the depo- idly transported along the step to a more strongly binding

ey . 37 .y . .
Sr']t'on 'S UHV. I?ilposmon via prllace egchang_e rIT:qUIrebsl thatﬁink site, resulting in smooth, close-packed steps. In con-
the substitutional Ni atoms are thermodynamically stable ang,q; Nj adatoms at steps of higher-layer islands are adsorbed
that the kinetic barrier for the exchange process is low. Ap-

o . on a Ni surface, which most likely is covered by strongly
parently one or both of these conditions are fulfilled only aty, g coadsorbates. This should lower the step-edge mobil-
the erows_, bqt nqt at the undlstorted'he.xagonal closel—,[y and, consequently, the mean average length of close-
packed lattice sites in between, where no indication for place, . o step sections
exchange was found. Interestingly, place exchange was also £, the Jow overpotentials used in these experiments Ni
observed in a UHV-STM study of Ni deposition on the more P P

iy .~ monolayers and multilayers of very well-defined thickness
open Au110) surface}’ verifying the general tendency of Ni- 5 of jow surface roughness can be formed. This requires
to substitute Au surface atoms.

long-range transport of Ni atoms to the edges of existing Ni

Also the growth of the needle islands is influenced by the, jicjands and, hence, a sufficiently high rate of Ni adatom

reconstruction. As shown in Sec. IIl C the needle orientationyi sion across the terraces of already deposited islands.
is always parallel to the direction, along which the Au SUr-Both Ni and Au terraces provide a close-packét11)-
face layer is contracted. Since the reconstruction of the Unsianied surface. on which the surface mobility of Ni ada-

derlying Au substra?e apparently is maintained in the Pr€Stoms should be high according to embedded atom method
ence of the needle islandsee Ref. 2 for detailsthe slight calculations of the activation energies for self-diffusfén.

anisotropy of the reconstructed Au surface layer can directlyfhe growth mechanisms leading to the formation of a

_affe(_:t the structure of the Ni adle_lttice. Assuming the_ mOde'smooth Ni deposit will be discussed in detail in the following
in Fig. 1Qb) is valid, the orientation along the direction of section. It is worth noting that much rougher ilectro)

contraction allows a slightly more compact and less anisoaeposits are formed on the more open(2a0) and Cy100)
tropic Ni lattice in these islands than for the other two close~ |, o243

packed directions and should thus be favored. sur

Th bined eff £ oref al leati b Monolayer and multilayer Ni films not only differ with
e combined effects of preferential nucleation at elbowsoqect 1o the shape of adislands, but also in the density of

and oriented needle growth may result in nanometer-scalgy,vra| defects. For the monolayer this defect density is

ordering of the Ni deposit on well-prepared herringbone-very high, as evidenced by the disordered arrangement of the

reconstructed Au surfaces. Here the reconstruction domairE;o,[S of the observed moifgattern. This can easily be ratio-
alre arhrang_ed ml a fpe”Od'C 2|g|zag pattern Ianddgp_nsequent alized by considering the nucleation and growth behavior of
also the Ni nuclei form a regular pattern. In addition, €achy,o i monolayer. The herringbone reconstructed Au surface

Elbow r']S surrounded by tw? rec;?nslérucnonl domains, W:'C;(brovides a high number of heterogeneous nucleation sites
ave the same orientation for all elbows along a row. As &,p011t'162 cm2) on the Au terraces andor 7=100 mV)

restglt arr_ayst ?[f pqrallel nee(cjilleslwng. S|rrt\'|lar Iengtpt an]fj alters t the Au steps for the Ni deposit, resulting in the simulta-
nating orientation n perpendicutar direction are otten 1ormed, o ;5 formation of many independent Ni islands. Due to the

(599' e.g. Fig. @) or F'g' 4 in Ref. 2. Hencg, the mesos- incommensurate structure of the Ni adlattice the lattices of
copic order of the herringbone reconstruction may be_ em'neighboring islands are usually out of phase. Upon island
ployed as a template for the generation of periodic Ni ad'coalescence these phase differences can either result in sharp
metal structures on the nanometer scale. domain boundaries within the Ni layer, localized within a
few Ni lattice constants, or in a gradual deformation of the
lattice over a longer range. Both cases cause a distortion of
The morphology of the Ni islands in the first layer differs the moirepattern and are observed experimentally in atomic-
significantly from that of second- and higher-layer islands. Inand mesoscopic-scale STM images. Apparently, the removal
particular, the edges of the Ni monolayer islands exhibit aof these energetically unfavorable defects is kinetically hin-

C. Morphology and defect structure of the Ni deposit



12 516 F. A. MOLLER et al. 56

dered in the Ni monolayer. However, upon growth of thethermodynamic requirements for this growth mode. On the

second layer this kinetic barrier can apparently be partlyother hand, under kinetic control layer-by-layer growth re-

overcome, resulting in a restructuring of both layers towardgjuires that Ni adatoms, which are deposited in the next layer,
a better-ordered Ni deposit. This can be rationalized in theye predominantly transported to the edges of existing Ni
following way: As discussed in Sec. IV A the Ni lattice sjands rather than forming next-layer island nuclei. This is

structure results from the balance between the contributiong)|ifilled if the mobilities of Ni adatoms in the different lay-

of the Ni-Ni interactions within the layer, on the one hand,ers are of comparable magnitude and if there is no pro-
and the corrugated adsorption potential of the Ni adatoms oRoynced extra barrier for adatoms to pass the edge of de-

the Au substrate on the other hand. The competition betweegeqing step Electrodeposition at small deposition rates
those interactions also determines the height of the kineti close to equilibrium, i.e., close to thermodynamic control

barrier, which has to be overcome to remove the phase shi ence it is likely that the surface free energies are modified

between neighboring islands. Upon growth of the secon%y adsorbates in the electrochemical environment. For UHV

layer the contribution of the Ni-Ni lateral interactions ap- enosition. which usually proceeds far from eauilibri th
proximately doubles, resulting in a corresponding increase iﬁj P ' usually pro quitibrium, the
observed rougher topographies may be explained by a kineti-

the driving force of the restructuring process. The micro- " I h Il i
scopic mechanisms leading to improved lattice order mighf&'Y controlled growth as well as by the different surface

involve rearrangement of first-layer Ni atoms at the domairi"€€ energy of the .metal adlf':lyer. .
boundaries(“intralayer” restructuring and/or transfer of N @greement with these ideas, nucleation of second- and
surplus first-layer Ni atoms to the second layer and vicdligher-layer Ni islands seems to occur predominantly at de-
versa(“interlayer” restructuring. Since the total Ni-Ni lat-  fects in the underlying Ni layer, as suggested by the follow-
eral interactions already double upon Ni bilayer formation, iting experimental observations: First, the Ni nuclei are not
is not surprising that the structural changes are most pradistributed uniformly over the surface, but cluster in certain
nounced during the growth of the second layer. For each ofreas, which partly can be identified with defect sites.,

the following layers the relative increase in the Ni-Ni inter- underlying Au steps The island nuclei are formed rapidly in
actions and, hence, the driving force for a further improve+the initial stages of the layer formation, whereas no new

ment of the order becomes progressively smaller. nuclei appear in the later stages of layer growth. Second, a
distinctly higher island density is observed for the second
D. Mechanisms of Ni deposition and dissolution layer, which grows on top of the highly defective Ni mono-

This section focuses on the atomic-scale processes durifgyer- Third, in contrast to the observed layer-by-layer
the deposition and dissolution of the Ni film and, in particu- 9rowth higher-layer nuclei can occasionally form on top of
lar, on the origin of the perfect layer-by-layer growth and theislands with diameters of less than 50 A, which can be only
faster growth rate of the first Ni layer, which differ qualita- rationalized by heterogeneous nucleation at defects within
tively from the less uniformly thick and more slowly grow- these islands. Taking into account that the defect density
ing second and higher layers. The differences in both growtldecreases with increasing film thicknésse Sec. IV Calso
rate and growth mechanism suggest that one or more of thihe density of possible nucleation sites should decrease,
steps leading to Ni deposition, e.g., the adsorption of an ionigvhich may further promote the growth of smooth films. In
Ni species or the charge transfer reaction, is faster on Aaddition, most of the defects result from domain boundaries
than on the Ni surface. In this case Ni adatoms are depositdd between two merging islands. These boundaries are
preferably on the Au surface, from where they diffuse to theformed in the later stages of layer growth, and, hence, are not
edges of existing Ni monolayer islands. Thus deposition oravailable at lower-layer occupation, preventing heteroge-
top of the Ni layer would only start after the remaining bareneous nucleation of next-layer islands in the early stages of
Au surface area have become very small. Remarkably, undéayer occupation.

UHV conditions, where a clean metallic Ni film is formed  Finally, a very different mechanism is observed for the
and Ni adatoms are deposited equally on the Au and the Niverse process, the dissolution of the Ni films. Although Ni
surface, the onset of second-layer growth occurs at muclslands are also dissolved from the step edges, Ni is not
lower coverages0.3 ML).3>%¢ The preferred deposition on removed in a strict layer-by-layer-like fashion. Instead, dis-
the Au surface in the electrochemical environment could besolution proceeds mainly via the formation of etch pits,
caused by the presence of growth-inhibiting coadsorbates onhich apparently reach down to the Au substrate. The distri-
the Ni layer(see also Secs. IV C and M) Ewhich indeed bution of the etch pits is not very uniform and even after
has been suggested beféfe %20 prolonged etch times some areas of the Ni film are com-

For the almost perfect layer-by-layer growth of the Ni pletely free of pits. This suggests that, similar as for Ni nu-
deposit various thermodynamic and kinetic conditions havelei formation during deposition, etch pits nucleate preferen-
to be fulfilled. Under thermodynamic control the layer-by- tially at structural defects in the Ni film. The slow rate of this
layer (or Frank-van-der-Merwegrowth mode requires that process even at potentials significantly more anodic than the
the surface free energy of the admetal is equal or lower thaNi%Ni?* Nernst potential indicates that Ni dissolution is ki-
the sum of the free surface energy of the substrate metal antktically hindered, which has been attributed to passivation
the interface energy. Since the surface energy of Ni is conby a coadsorbate???%>'Hence, for the dissolution of the
siderably larger than that of AlY,this condition cannot be topmost Ni layer the stabilizing effect of the passivating ad-
met for the pure metals. However, in the electrochemicabpecies has to be overcome. In contrast, after removal of the
environment the surface energies of one or both metals casurface Ni layer the underlying Ni is not passivated and,
be drastically altered by coadsorbates, thus providing théherefore, should be dissolved more eag@gsuming that
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repassivation can be neglected@his mechanism could ex- (1) Starting from the first monolayer Ni is deposited as a
plain why the etch pits extend over several Ni layers downto  metallic, (111)-oriented film with well-defined orienta-

the inert Au substrate. tion relative to the Au substrate.
(2) Ni is deposited in an almost perfect layer-by-layer
E. Role of the anions and nature of the coadsorbed species growth up to coverages of at least 5 ML, resulting in the

The same atomic and defect structure of the Ni deposit formatiqn of smpoth Ni films. of well-defined thickness.
and the same nucleation and growth behavior was observd@ Nucleation of Ni monolayer islands occurs at defects of
in pure Ni sulfate, Ni nitrate, and Watts solution, demonstrat-  the reconstructed A1l surface, depending on the
ing that the influence of the anion specigsilfate, nitrate, overpotential at elbows (=80 mV) and at Au steps
chloride, boratgon the structure and the principal deposition ~ (7=100 mV). Islands of the higher layers nucleate pre-
mechanisms is negligible. The only noticeable differences dominantly at structural defects of the underlying Ni
between the different electrolytes were small variations in  layer.
the overpotentials and the absolute growth rates, which mag4) Metastable Ni islands of highly anisotropic, needlelike
indicate an influence of the anions on the charge transfer shape and locally well-defined orientation are formed at

reaction(e.g., due to Ni complex formatignit is noteworthy submonolayer coverages. These were explained by a dif-
that even in Ni nitrate solution a metallic Ni film is formed, ferent, anisotropic Ni lattice structure, which is pseudo-
in contrast to previous report3.One may conclude that the morphic along the needle direction and in perpendicular

growth of the ultrathin Ni films studied here is dominated by direction uniaxially contracted to Ni nearest-neighbor
the interaction with the substrate rather than the electrolyte.  spacings similar to those in metallic Ni.
This is supported by similan situ STM studies of Ni elec- (5) caused by the complex nucleation and growth behavior,
trodeposition on A(LOO) (Ref. 43 and Cy100,*? where the the Ni monolayer exhibits a high number of structural
structure and growth behavior are drastically different. defects. Growth of the second Ni layer induces a struc-
Nevertheless, the obsgrved . deposition and dissolution tural rearrangement towards a less defective Ni film, re-
mechanisms and the obvious differences to the UHV-STM flecting the increasing importance of the lateral Ni-Ni
obseryatlons §trpngly indicate a'coadso'rbed species on top of interactions with increasing thickness of the deposit.
the N! depgs;t_,&g&ggreement Wlth. previous g'_el%,té?"he,m'ca%es) The distinct differences in structure and growth behavior
expe”mﬁrg]ﬁ . " In th'osés gstud|es hydrogen, =*"OH ; as compared to Ni films in UHV indicate the structure-
or water,”“and Ni' species’ " were suggested as possible decisive role of coadsorbates in the electrochemical en-

adsorbates. Although the STM experiments give no direct ) .
indication on the chemical identity of the adsorbate, the ob-  Vironment. The absence of pronounced anion effects

) " .
servation of a metallic Ni lattice indicates that the adsorbate  POINts towards adsorbed H, Okor Ni” species.

either forms a (& 1) adlattice, which requires a small ad- (7) Dllssoluyon of the !\ll film proceed; via formatlon. of gtch
sorbate(H, OH™,) or a disordered, highly mobile adlayer pits. This mechanlsm can be attributed to passivation of
phase, whose molecules cannot be resolved individually by ~the topmost Ni layer, which has to be overcome prior to
STM. At the low overpotentials used in the experiments the ~ etching of the underlying metallic Ni.

surface pH should not be significant increased and an OH ) ) o
adsorbate seems therefore unlikely. Most probably, the Ni These results not only provide a detailed description of
surface is terminated by hydrogen, which is known tothe initial stages of Ni depOSItlon, but also demonstrate that

strongly chemisorb on Ni° atomically smooth Ni films of well-defined structure can be
formed by electrodeposition. Suat situ grown Ni thin film
V. CONCLUSIONS electrodes may be employed in future atomic-scale studies

concerning the electrochemical reactivity of Ni. Work on the

An in situ, high-resolution STM study of the initial stages electrochemical corrosion and oxidation of such Ni films is
of Ni electrodeposition on reconstructed (A1) electrodes currently in progress.
at low overpotentials and in three different electrolytes as
well as of the dissolution of the deposited Ni films has been
presented. The data give new insight into the atomic struc-
ture and morphology of electrodeposited, ultrathin Ni films We gratefully acknowledge financial support by the
and on the corresponding nucleation and growth mechaleutsche Forschungsgemeinschaft in the final stages of this
nisms. The results can be summarized as follows. work.
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