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The effect of a pre-deposited ultrathin film of indium on the deposition of cobalt dal@uhas

been studied by aim situ combination of medium energy electron diffraction, scanning tunneling
microscopy, and Auger electron spectroscopy. Pre-deposited indium allows cobalt to deposit in
layer-by-layer growth, in contrast to the three-dimensional growth observed without the indium
surfactant. The surfactant effect is connected to the surface alloys) &nd Culn, that form upon
indium pre-deposition. Initial cobalt nucleation processes and indium segregation during cobalt
deposition are also discussed. ZD04 American Institute of PhysicgDOI: 10.1063/1.1710723

I. INTRODUCTION from increased substrate temperature rather than layer-by-
layer growth.

Ultrathin metallic films and multilayer systems made up The presence of a surfactant can help solve these prob-
of thin metallic layers are of significant technical and funda-lems by assisting layer-by-layer growth. A surfactant is an
mental interest. This is especially true for layered systems ofdditional species laid down on the substrate before deposi-
magnetic materials. Studies of multilayers of-8ansition tion of the adsorbate. The surfactant species modifies the
metals have resulted in the discovery of new physical phestructural and physical characteristics of the layers and their
nomena, including magnetic interlayer couplfifijand giant ~ boundary surface¥.In a simple picture, the surfactant plays
magnetoresistancé€GMR),* phenomena that have already the role of a growth catalyst and usually improves the growth
provided technology for new sensor elemeht€obalt/ ~ Of the deposited film by making atomically smooth two-
copper layered systems have shown the largest potential féfimensional(2D) layer-by-layer growth more energetically
such technological applications, so that in sputter-depositeffvorable than the rough, three-dimensiori@D) island

multilayers, preferentially exhibitingL11) orientation, GMR growth that is favored without the surfactant. Ideally, the
effects have been obtained of up to 65% at ambienEurfaCtant species should constantly segregate to the surface
temperaturé:® y site exchange processes and be available for the growth of

. . the next atomic layer, thus incorporating only a minimal
t Thle Gl\:lr? proFtern?sth OfC theée | multlla%/ers dep.etndamount of this additional material into the growing film.
strongly on the qualiity ot the Lo—LU layers, because inter- Inspired by successes with metallic surfactant species

face quality strongly affects the oscillatory exchange COUgch as indiuntin), antimony(Sh), and arseni¢As) in semi-

pling that gives rise to GMR behavidin systems with one ¢y ctor epitaxy, several groups in the early 1990s began to
or more spatial dimensions in the range of nanometers, CoRsyamine the influence of these elements on the growth of
finement in the small dimension plays a crucial role in inter-metaliic thin film systems. The first system studied was Ag/
layer magnetic coupling. Therefore, the physical characterisag(111) with antimony as surfactant, by van der Vestal.
tics are often drastically modified by broken symmetry atysingin situ x-ray diffraction!® Later scanning tunneling mi-
surfaces and interfaces. Whereas, if the film layers and integroscopy(STM) investigations of this syste]r?lalso showed
faces are of sufficient quality, one can tune the GMR andnodified nucleation behavior, leading to irregular but flat
magnetic properties of these devic8s!® islands in the presence of antimony, in contrast to 3D islands
Some reasonable approximation to layer-by-layer growttwith smooth edges without antimony. These results suggest
is required to manufacture films of high structural quality that antimony lowers the surface mobility of Ag adatoms, as
with smooth boundary surfaces. Unfortunately, this growthwell as diffusion along island edges. Further STM investiga-
mode often does not automatically result from depositiorfions of this systefi? showed that antimony prefers substitu-
processes for a given material combination of substrate andPnal lattice sites in the highest silver layer and stays in the
adsorbate, and it often cannot be achieved simply by variaoPmost layer by site exchange processes with silver ada-
tion of the controllable deposition parameters. For exampleloms, either inside one of the islands or at an edge.

substantial interdiffusion at the interface frequently results  Surfactant effects of indium in metal-metal adsorbate—
substrate systems have also been shown in earlier f#ofk.
The present work shows that indium plays such a role in the

dpermanent address: School of Science & Health, Utah Valley State COICO—CL{lll) system. In addition, the details of indium’s ac-
lege, Orem, UT 84058. ’ !

YAuthor to whom correspondence should be addressed; electronic mai}jon and segregation in this system were studied. Because
guenter.schatz@uni-konstanz.de indium atoms are much larger than either cobalt or copper
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(metallic radii: r,=0.1663nm, rc,=0.1278nm, r¢,
=0.1252 nm)>* the specifics of indium’s surfactant activity

in the deposition of cobalt on copper are interesting in them-
selves: how do dissolution and segregation take place when
cobalt is deposited on the close-packed11d) surface with

a preexisting thin film of indium consisting of such large
atoms?

We have found previously that indium forms ordered
surface alloys on Qd11) that are unknown in the bufR As
discussed below, this behavior helps clarify the interaction of
indium with cobalt and copper in cobalt deposition on
Cu(111).

Cobalt layer growth on Qi11) was investigated in the
present work as a function of an intermediate indium layer
by anin situ combination of medium energy electron diffrac-
tion (MEED), scanning tunneling microscop§8TM), and
Auger electron spectroscopfAES). The morphology of
growth and the nucleation behavior were examined.

Il. EXPERIMENTAL DETAILS

Sample preparation and characterization were done in an
ultrahigh-vacuum system at pressures below®®a. Cop-
per single crystals were prepared fron{ld.1)-oriented rod
that was polished mechanically and electrochemically. The
Cu(112) surface was cleaned in ultrahigh vacuum by alter-
nate cycles of argon ion sputteririgrgon energy, 250—-760
eV) and annealing at 600 °C for times ranging from 5 min to
1 h per cycle.

Indium films were deposited at rates between 0.05 and
0.5 ML/min by thermal evaporation at a working pressure in
the range of 108 Pa. Indium film thickness was controlled
during evaporation with a quartz thickness monitor, and
ML-In were defined to be equivalent ML of pure indium
layers with the bulk indium lattice constant. During deposi-
tion the sample was kept at room temperature.

Cobalt films were deposited by electron gun evaporation,
also at a working pressure of about f0Pa, with voltage
about 800 V, filament current about 2 A, and flux current 105
#A. This gives a deposition rate of about 0.6 ML/min. Co- FIG. 1. Typical MEED specular reflection spots @ clean Cu111) sur-
balt film thickness was estimated from the deposition time2c®:() 6 ML Co on CU111), and(c) 6.2 ML-Co on Cu11) with 0.5 ML

I . .. pre-deposited In. The reflection spots were recorded atthk —2) azi-
and from monolayer MEED oscillations. Similar to indium, mythal angle.
ML-Co were defined to be equivalent ML of pure cobalt
layers with the bulk cobalt lattice constant. The sample was
kept at room temperature during cobalt deposi.tion. Ill. RESULTS

At each step the sample surface was chedkesltu by
AES and never showed residual gas contamination greater The deposition of cobalt on Cidl) results in three-
than 0.01 ML. Peak-to-peak AES intensities were measuredimensional island growth, as observed previotfsl{and
during deposition of cobalt for the 716 eV {IM) Co line,  consistent with our MEED measurements. The MEED
the 920 eV LM M) Cu line, and the 404 eVWINN) In line.  specular beam intensity was observed during cobalt deposi-

Film growth was monitoreéh situ by MEED (2.7 keV).  tion, both with and without pre-deposited indium. Typical
MEED intensity measurements were taken from windowsMEED specular reflection spots are shown in Fig. 1 for a
positioned at various points on specular reflections. Relativelean C@111) surface, Co on Qu11), and Co on C(11)
lattice constant changes were measured by accurate lingith pre-deposited In. Without indium, Fig(ld) shows that
scans showing spot separations during deposition of indiundeposition of cobalt results in first-order spots characteristic
or cobalt. of three-dimensional growth, rather than streaks, as would be

After deposition, the sample surface was analyzed with &haracteristic of two-dimensiondl.e., laye) growth. The
commercial STM from RHK, Inc., that operates at variableshift from streaks to spots occurs at about 3 ML-Co on the
temperatures from 100 to 500 K. copper surface.
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indium pre-deposition: now for 6.2 ML-Co, with 0.5 ML-In,

we again see streaks at the first-order positions, characteristic
of two-dimensional structures. FIG. 4. Auger spectra(@) Spectral derivative intensity with 0.5 ML pre-

We measured the evolution of the intensities at Severeqeposited indium beforeupper curveé and after(lower curve deposition of
2 ML-Co. (b) Peak-to-peak intensities measured during deposition of co-

points in the extended reflection spots simultaneously duringait on a sample with 0.1 ML pre-deposited indium for cobalt 716 eV,
cobalt evaporation. We looked especially for MEED oscilla-indium 404 eV, and copper 920 eV Auger electrons.

tions, which are indicative of layer-by-layer growth. Other

features of the MEED intensity patterns were also identified,

where possible, as indicators of changes in growth modes.

Figure 2 shows MEED intensities at selected points in the . - - C
reflection spotswhere MEED oscillations were obseryed Wit the pre-deposition of about 1 ML indium, which first

for three different indium pre-deposition coverages. expands the copper surface lattiSedeposition of cobalt
The relative change in the in-plane lattice constant du&aused the surface lattice constant to decrease much more

to cobalt deposition, with and without indium incorporation, 9Uickly by about 16%Fig. 3b)l. _

is shown in Fig. 3, as measured by the separation of the AES measurements are shown in Fig. 4 as a function of
MEED spots during cobalt deposition. The surface latticecoPalt coverage with pre-deposited indium. Figure) 4
constant decreased by about 1.6% relative to the pure copp&hows two spectra with 0.5 ML pre-deposited indium, before

surface lattice constant with full cobalt coverdgég. 3a@)].  and after deposition of 12 ML-Co. This figure shows that
indium, but not copper, is still visible even after depositing

cobalt to a coverage of 12 ML. Peak-to-peak intensity of 716
eV cobalt Auger electrons, measured during the deposition of
cobalt on a sample with 0.1 ML pre-deposited indi{ifig.
4(b)], increased with cobalt coverage up to about 4 ML-Co.
Indium 404 eV Auger electron intensity decreased slowly
090 L I after the first few monolayers of cobalt deposition. This de-
crease in the indium line was certainly not exponential, but
approximately linear. The peak-to-peak intensity of the cop-

b.o8 . . . . . per 920 eV line decreased approximately exponentially dur-
b ing cobalt deposition.
B Figure 5 shows STM images of the surface development

in-plane lattice constant [fraction]

\‘ as cobalt is deposited, both with and without the presence of
indium. Note that these STM images show microscopic local

0.9 |
topography, while MEED and AES provide information on
il macroscopic structure on the scale of the beam size. Without
o8 | it i | pre-deposited indium, cobalt forms randomly positioned is-
3 3 T p P s 5 lands on the C.11) surface[Fig. 5a)] that gradually fill up
Co coverage [ML] the surface but are irregular in height, even up to 2.5 ML-Co

FIG. 3. Relative in-plane lattice constant as a function of cobalt coverage.[Flg' S(b)]. On the other hand, with 0.33 ML pre-deposited

(a) without pre-deposited indium ar{#y) with nominal 1 ML pre-deposited mdiy_m [Figs. EC) and Ed)], cobalt again fprms randomly
indium. positioned islands initially. However, these islands grow with
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monolayer of cobalt, strongly supporting the suggestion that
cobalt is simply replacing indium in the surface alloy.

The surfactant behavior of indium is thus viewed as fol-
lows: indium first forms a surface alloy with copper, in effect
preparing the surface for cobalt, which exchanges sites with
indium in the copper surface. Following the exchange, in-
dium atoms are again at the top layer and again interact with
incoming cobalt atoms in forming new nucleation centers.
This process approximately repeats until deposition is com-
plete. That it does not repeat exactly is seen from the
gradual, approximately linear decrease in the indium AES
intensity during cobalt depositiofFig. 4(b)], showing that
indium does get covered by cobalt, but not in its original
position, which would produce an exponential AES intensity
decrease.

One can consider whether the near linear indium AES
intensity decrease could be caused by islé8id) growth of
cobalt, partially covering the indium layer. That this is not so
is seen from the MEED data in Figs. 1 and 2. Figure 1 shows
a clear change from 3D growth to 2ayen growth with the
FIG. 5. STM images of surface development as cobalt is deposited, WithOLPre_deposfltlon of indium. Figure 2 shows OSCI|Iat.|0n_S dL_je to
pre-deposited indiunta), (b) and with 0.33 ML pre-deposited indiuc), changes in the cobalt surface roughness and indicative of
(d). Cobalt coverages arf@) 0.1 ML, (b) 2.5 ML, (c) 0.25 ML, (d) 25 ML.  layer-by-layer growth, again only with pre-deposited indium.
Furthermore, the AES data show that copper is fully covered
as cobalt is deposited since the copper Auger intensity de-

higher density and fill the surface more evenly, as can bgreases approximately exponentially, in clear contrast to the
seen quantitatively in the island size histograms discussed qiym Auger intensity.

below. The AES data of Fig. @) confirm the interpretation of
Fig. 4b) and the related discussion above by showing that
IV. EFFECT OF In ON Co GROWTH indium can still be seen after 12 ML-Co has been deposited,

while the copper signal has completely disappeared. At an
incidence angle of 77° the 920 eV copper Auger electrons
have an effective mean penetration depth of 0.38 nm, the 716
eV cobalt electrons 0.34 nm, and the 404 eV indium elec-
trons 0.25 nnf> One monolayer of cobalt is 0.204 nm thick,
so these correspond to 1-2 ML-Co, clearly indicating that
indium has continued to migrate close to the surface during
cobalt deposition.

Pre-deposition of up to 0.5 ML-In results in the forma-
tion of a Cyln surface alloy. More than 0.5 ML-In pre-
deposited leads to a Gl alloy that assembles through mul-
tiple layers at the copper surfateThe presence of these
alloys plays a crucial role in the growth of cobalt on(C10),
as we discuss below.

Figure 3, showing the in-plane lattice constant during
deposition of cobalt, leads to a simple picture of cobalt ) ) — )
growth with and without indium pre-deposition. Without in-  nally, the STM images shown in Fig. 5 illustrate the

dium, the pure copper surface has an in-plane lattice constaffoWth in the absence and presence of indium on a much
of 0.2556 nm. The metallic radius of cobalt atoms is 0.12521Ner spatial scale than MEED and AES data represent. Nev-

nm, which would give an in-plane lattice constant of 0.25048theless, we see in Figsicband Jd) that with 0.33 ML-In
nm, i.e., 98% of the pure copper case, consistent with th@re-deposited, cobalt spreads out much more evenly across
change of lattice constant seen by quantitative MEED analythe copper surface than without indiffigs. 5a) and b)],
sis when the copper surface is fully covered by severaf© that typical surface regions develop terraces with only
monolayers of cobalt. Note that it takes at least 5 ML Co toabout=1 ML variation in thickness®
achieve this full reduction of in-plane lattice constant, con-  For higher indium coverage®.8—2 ML), if an approxi-
sistent with the observation that cobalt deposited on puréately closed indium layer were formed on the;(ualloy,
copper forms islands initially. a scenario of cobalt atom diffusive motion on the surface
With pre-deposited indium, on the other hand, the mearburied by the topmost indium film cannot be excluded. This
in-plane lattice constant increases to 0.295 nm, i.e., 159¢echanism is like that described for growth of copper or
greater than pure copp&rThen when cobalt is deposited, cobalt under the influence of a monolayer of lead as surfac-
the cobalt atoms apparently replace indium in the coppertant on the C(111) surfacé’®3° However, for still higher
indium alloy, reducing the mean in-plane lattice constant tandium coverages(approx. 2.5-3 M. this mechanism
0.253 nm, now a decrease to 86% of the starting point, conreaches its limit, since the cobalt atoms can probably no
sistent with Fig. 3. The geometry of the MEED experiment islonger reach the copper—indium boundary surface by unique
set up to sample the surface layer, allowing us to concludexchanges of position, and cobalt clustering and island for-
that the lattice constant decrease takes place in the firghation must take place in or on the indium film.
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FIG. 6. Summary schematic diagram for conditions resulting in layer-by-
layer growth in the presence of pre-deposited indium, 3D growth, and a
intermediate phase of island growth at low cobalt coverage.

IG. 7. Distribution of cobalt island diameters with 0.25 ML-Co deposited
a) on the pure copper substrate afil on the Cyln surface alloy(about
0.33 ML-In pre-deposited

A summary schematic diagram for conditions resulting

in layer-by-layer growth is shown in Fig. 6. This figure is Surface we found 3865) islands(100 nm?, while on the
consistent with our data but is not to be taken quantitativelyCtIn surface we found 8865) islands(100 nm? There are
because of inadequate information about sample-to-sampf#&/0 possible interpretations for a changed island density: de-
variation. Relatively low coverage of pre-deposited indiumcreased cobalt mobility or stress-influenced island growth.
acts as a surfactant, facilitating layer-by-layer growth of co-Recent Monte Carlo simulations of island growth indicate a
balt on Cy111) up to 12—24 ML-Co. The “layer-by-layer height-growth limit for larger lattice mismatché€20% and
growth” region was established by the observation of MEEDMOr®.> This would lead to larger island sizes for a given
oscillations. After deposition of sufficient cobdterhaps a coverage, which is not observed in our case. Therefore, we
few tens of ML), 3D island growth was observed, as shownconclude that cobalt diffusion is inhibited by the pre-
in the upper region of the figure. The “intermediate phaseudeposited indium, resulting in smaller but more abundant
region corresponds to an absence of MEED oscillations withislands. It is possible to deduce the increase of the diffusion
nonperiodic changes of spot intensity, characteristic of afghergy barrier using Venables’s rate equations model for the
island growth mode for the deposited film. Careful work to kinetics*>** Here we make the reasonable assumptions that
assess sample-to-sample variation and clearly define the rthe critical cluster size is a dimer and that the evaporation

gion of layer-by-layer growth is expected to establish theParameters and diffusivity prefact@,, are the same for the
lines on this “phase” diagram quantitative'y_ two depOSition surfaces. Then from the ratio of the island

densities we find that the pre-deposited indium increases the
activation energy for cobalt surface diffusion by about 0.06
eV. Prieto, de la Figuera, and Miranda found a surface diffu-
In initial stages of cobalt deposition, i.e., in conditions of sion barrier of 0.19 eV for cobalt atoms on @1).2” So the
very low cobalt coverage, cobalt islands are formed, but th@resence of indium increases the activation energy for cobalt
size and number of the islands are very different dependingurface diffusion to approximately 0.25 eV.
on whether indium is pre-deposited. Figure 7 shows the dis- Finally, the increase of the surface diffusion barrier en-
tribution of cobalt island diameters when 0.25 ML-Co hastails a decreased influence of the Ehrlich—Schwo&B&)
been deposited on a pure copper substfaig 7(a)] and on  barrier that inhibits atoms moving over an edge from one
the Cyln surface alloy[about 0.33 ML-In pre-deposited; terrace to a lower onéThis is simply due to the fact that the
Fig. 7(b)]. Because of the small amount of cobalt depositedstep-diffusion energy barrier is the sum of the surface diffu-
on these surfaces, the areas of cobalt nucleation are wedion barrier and the ES barrier, and assuming that the effects
defined and easy to s¢Eigs. 5a) and 5c¢)]. What we dis-  of indium are not localized in stepsThe ES barrier is an
cover from Fig. 7 is that the mean island size is much smalleimportant factor in driving 3D vs 2D growth, because with
for the Cyln surface compared to the pure copper surfacean ES barrier being relatively high compared to the surface
(mean diameter about 1.3 vs 2.6 nm as measured by STMlffusion barrier, atoms have difficulty moving over edges to
both overestimated due to STM tip sjze extend a terrace into a smooth layer. Both smaller average
Because the total amount of cobalt is the same for Figssland size, which increases the attempt frequency for leav-
7(a) and Tb), the smaller island size on the gn surface is ing an island surface, and increased probability for a cobalt
accompanied by increased island density. On the pure coppatom to step down from an islar(de., reduced ratio of ES

V. NUCLEATION AND ISLAND GROWTH
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