PHYSICAL REVIEW B VOLUME 62, NUMBER 3 15 JULY 2000-I

Kinetic roughening during rare-gas homoepitaxy
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Using an optical-reflectivity-difference technique, we monitored the growth of multilayer Xe films on a
commensurate monolayer of Xe on(lMl1) from 35 to 60 K. A transition occurs near 40 K from rough growth
at low temperature to quasi-layer-by-layer growth characterized by persistent oscillations in the reflectivity
difference. We discuss this transition in terms of changes in the island formation process and the onset of
second-layer nucleation. The Xe sticking coefficient at 40 K is obtained from the period of the oscillations in
the reflectivity difference. We find that the sticking coefficient decreases with increasing film thickness at fixed
Xe pressure.

Epitaxial film growth far from thermodynamic equilib- Information on the growth of rare-gas films on metal sub-
rium allows access tgoften desiredl stable structures and strates is even more limited. On(P11), deposited Xe atoms
behaviors that would be typically impossible to realize neaxhibit long-range transient motion and are able to form
equilibrium. Refined understanding of the underlying atomicCompact islands in registry with the substrate Taas low as
processes and of the influence of the surface geometry ¢h - Near; of a monolaye(ML ), the Xe adlayer is slightly
growth structure has followed advances in scanning tunnePuckled to relieve straifi Denser monolayers of Xe/@fL1),
ing microscopy(STM), high-resolution electron and x-ray with ordered arrays of heayy domain wa_IIs, were reported

: . ) T ) before second-layer nucleation, but there is no evidence that
diffraction techniques, ion scattering, and, more recentlygis occurs on NiL11). If common, these extended defects
low-energy electron microscopy. In addition, lattice-gasyould certainly influence subsequent multilayer growth.
models have been developed with a realistic description ofhicker Xe films have been reported to grow o1Rt) in a
deposition, surface diffusion, and island formation, and theiquasi-layer-by-layer fashion below 40 Kjust as on
behaviors matched to experiment using kinetic Monte CarlcAg(111).%
simulation and analytical approacheStudies reveal that ki- Here, we study the growth of Xe films on (4iL1). Input
netic roughening, which accounts for deviations from layer-parameters for analyses of the results, e.g., the barriers and
by-layer growth, is generally very sensitive to the strength ofprefactors for adatom qliffusion on Xe terraces, across or
the barriers for downward transport at steps or island edge&©nd steps and around island corners are obtdioeal good

and to details of the deposition dynamfds.also reflects the aPProximation from the Lennard-Jones-like form of the in-
i ST . teractions between neighboring atoms; see Table | and Fig.
more subtle influence of equilibration or coarsening of sur

- 1. In these calculations, the Xell) substrate consists of
face features during growth. three close-packed layers of atoms. The surface atoms are
Physisorbed layers of rare gases on metal surfaces aggpt frozen, except during site exchange with an adatom.

often considered simple model systems. This is so despite We grew the Xe films in ultrahigh vacuuthase pressure
observations of complex adsorbate geometries, topologicat5x 10 ' Torr) starting with a Ni111) single-crystal sur-
transitions controlled by strain, and the lack of a detailedface, miscut by 0.1faverage terrace width of 900) AFrom
understanding of the nature of the rare-gas bonds to mogihe appearance of a sharp superlattice low-energy electron
substrates; see e.g., Ref. 3. A quantitative assessment of tAéfraction (LEED) pattern, we know that the first monolayer
way in which rare-gas multilayer films roughen during ©f Xe on Ni111) forms a commensuratevxv3)R30°
growth is also not available. structure, at an equivalent coverage of about 0.33°NBe-

Early experimental studies of submonolayer deposition otﬁw 60 K, thethnee;;es;-neigh%or c:/iitarllce in thi? strlJtcturfetr]i_s
e gasesir, Kr. and X6 on gaphe00D and amor- 1% S91° 98 1 Xerke v e Wi cepaaton, o v
hous carbon surfaces focused on wetting issues, melting, o q Y, g q y ’
P . . ! 8h which we focus here, takes place on this nearly stress-free
and structural phase transitions in the rare-gas overfager. Xe(111) “substrate.” The temperature was measured with a
few studies examined island formation, including the depengp i ol Alumel thermocouple spot-welded to the side of
dence of the island density on deposition conditions, unde{he Ni(111) disk (1.2 cm in diameter We studied growth
normal vacuum (>1079T_°”)-5 Caution is justified when pepveen 35 and 60 K, above which desorption of Xe be-
interpreting such data using classical nucleation theory. Neveomes significant. During growth, the Xe pressure was kept
ertheless, the Arrhenius behavior of the island density beat 3.3¢ 1078 Torr. Under these conditions, the deposition
tween 30 and 60 K suggested a sequence of changes ffyx was determined to be about 0.002 ML/s.
island-nucleation parameters. The first for Xe in the above Growth of the Xe films was monitored with an oblique-
temperature(T) range was reported near 40 K, where aincidence optical-reflectivity-difference techniqueAs a
change in scaling of the island density with deposition fluxprobe, we used a 2-mW polarized He-Ne laser at an inci-
was observed. However, on cleaner and better preparegence angle of 66.5°. Lef o=|rolexpl¢y) and rg
graphite surfaces, step-flow growth of Xe films was reported=|ry|expi¢y) denote the reflectiviies forp- and
instead, near 50 K. s-polarized light from the substrate without the Xe overlayer,
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TABLE |I. Diffusion barriers(in meV) for Xe adatoms on X@11): Ey4, on terracesE¢(A), (B) along A or B steps;E., around corners
(hopping; E4(A,B)"PX down atA or B steps, via hoppinghop) or exchangdex); E¢(A,B), down at kink sites o andB steps;E.(60°),(120°), down
at 60° and 120° cornerg.is the attempt frequencfnormal-mode frequencies at thé8site: 3.1, 1.4, and 1.4 THz; at the saddle point: 3.1 and 1.75.THz
The net change in binding energy upon separating one adé&tbm bond length of 4.34 Ais E;,~20 meV from a dimerE,,~40 me\~2E,, from a
compact trimer, andE;,~60 meV=3E,, from a compact heptamer. They correspond to breaking single, double, and triple bonds, respectively. Note that
Ec.<E.(A)+(E,,—Eyp,), due to interactions beyond nearest neighbors. We Hsefl.0g (1.09) *2—(1.09) ©] for the potential energyin eV) between
pairs of Xe atoms at separati®=rR, (R, is the bulk Xe-Xe distance at 4K4.34 A).

Ed Ee(A) Ee(B) Ec ES(A:B)hOp ES(A:B)eX Esk(AvB) ESC(GOO) ESC(12O°) v (THZ)
8 42 21 52 33 53 28 33 35 1.1

and rp=|rp|expdq5p) andr ¢=|r¢|exp(¢e) with the growing first increases, as new islands nucleate on terraces. Thus,

film. We define the reflectivity changes,=(r,—ry0)/rpo  MAp—A9 increases accordingly. Subsequent deposition
andA = (rs—re)/r. In the experiment, we measured the leads to island growth and coalescence, which reduces the
imaginary part of the reflectivity difference,—As, de- surface density of under-coordinated atoms. ThusApm(
noted by Im@,—Ag). This quantity follows the behavior of —Ay Qecreases towards completion of the mpnolayer. This
the dielectric constant of the overlayef,, and thus indi- beha_;_/;]or of ImQ,—AJ is repegtelci f(irAsuccelssw_lt_a .mohnolay-
rectly its roughness. For quasi-layer-by-layer groveh(and ~ €'S- The monotonic increase in li(—-Ag) at low T is then
thus A,—A,) oscillates with increasing film thickness, re- simply attributed to a continued increase in the density of

covering to approximately the same value at each monola eurndercoordinated Xe atoms at the film interface.
g pp y YeT' The oscillations in Im§,—A,) were used to estimate the

completion. For step-flow growthe, is independent of film actual deposition flux~0.002 ML/9 and, in comparison

thickness. For rough growthe, varies monotonically with  yith the known Xe dosage, to extract an effective sticking
thickness. . coefficient S for impinging Xe atoms. The inset in Fig. 2

In Fig. 2 we show the observed change indpfAg for  reyeals thatS decreases rapidly with increasing film thick-
increasing Xe dosagén langmuirs or L, 11=10°Torrs,  ness. To understand this behavior, note Siahould be gen-
at 35 and 40 K. Behavior at oth&rin this range interpolates erally sensitive to the efficiency of the atomic mechanisms
smoothly between the curves shown. At 40 K, dp{-A) by which kinetic energy and momentum normal to the sur-
increases from zero to 3310 2 monotonically up to a dos- face are transferred from the arriving atoms to the surfce.
age of 15 L(=3 ML), and then oscillates with additional Xe This occurs primarily via surface phonons in the case of rare
dosage. The amplitude of the oscillations is roughly 30 gases. Both the mass misfit between impinging and surface
undamped for several oscillations. In contrast, at 35 Katoms and their relative binding energy are important factors.
Im(A,— Ay increases monotonically with increasing Xe dos-The latter can be stronger near the metallic substrate, since
age, a signature of rough growth. From 40 to 60 K, theadditional polarization effects are possible, but momentum
variation of Im@,—A) with Xe dosage is qualitatively simi- transfer to the substra_lte will be more efficient the lighter the
lar, consistent with quasi-layer-by-layer growth. Near angSubstrate atoms relative to the rare gas. The net effe§ on

above 60 K, the film interface roughens due to significant Xe-2" be nontrivial. For Ar/R@02), with a mass ratio of 0.4

. . f . first increases as the area of bare substrate decreases and then
Sitlalsa('[)igprffir]n ?rlﬂgg_%gvzghétgrggf g;}nogw)rjapld decay of the OS'gradually saturates by 2 Mt%. For Xe/Ni(111), with a mass
p

. . - ratio of 2.4, both the mass and the binding energy factors
The .oscnlatory behavior of I.mt(P Ay at 40. K can be argue for a decrease Biwith increasing film thickness. Xe
qualitatively understood by noting thadt,— A is propor-

tional to the difference in the optical response of fully coor-

dinated and undercoordinated Xe atoms. During quasi-layer- ~ 0.03[® A
by-layer growth, the density of these undercoordinated atoms < 0.02
(with less than six nearest neighbors in the surface plane % T ]
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of the lattice constant. Solid circles: diffusion via exchange; open circles: FIG. 2. The measured Im(—AJ) vs Xe dosage, &) 35 K and(b) 40
via hopping. In(a), note that the binding energy at a threefold-hollow site at K. The change in Im{,—Ay) is 0.0013 for 1 ML of Xe on Ni111). Inset:S
a step edge is smaller than on a terrace, due to additional next-neareggt 40 K and fixed Xe pressures the numbem of Xe monolayers. The
neighbor interactions in the latter. solid line is the fitS=0.76"12,
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atoms are less likely to “bounce” off Ni and as a result, they -
are in longer contact, thus makir@jthe largest for the first A
monolayer of Xe. 038
We now discuss several transitions that might account forg |
the crossover in growth mode observed near 40 K. We bas®
this discussion on the energy barriers listed in Table | and on 047
the generic behavior of lattice-gas models of film growth ,|
during deposition. We caution, however, that slight devia- (@
tions in the energy barriers can shift quantities significantly. %
Such deviations could arise for films of a few monolayers

due to longer-range effects mediated by the Ni substi@te FIG. 3. Simulation results faP(R) at 0.5 ML (1200x 1200 site lattices;
due to impurities like Bl 500 rung, in (a) versusR (in atomg and in(b) versusR/R. . R; is defined

(i) Transitions in critical island size and the onset of sec-2S P(R;)~3. Data shown are for compact islands formed irreversibly, us-
ond layer nucleationTransitions in island nucleation param- 298 g'ﬁsrin; éh /FFQ’?R/ th"’grzs.’ xslr}ma:iﬂg/hi;l:v;g ég; 1£nd h(R,‘;V
eters, e.g., from irreversible to reversible island nucleation. 193 (r,~9.0, R.~7.6, R./R,,~0.84, W~0.624; and h/F =1,
will affect the onset of second-layer population, and thus then’/h=10"% (R,~12.7, R;~6.7, R./R,~0.53, W~0.663 and h'/h
kinetic roughening behavior. For a fdd 1) system with suf- ~ =10"% (Ry~13.0, R:~11.0, R¢/R,~0.84, W~0.626. The form P(R)
ficiently strong nearest-neighbor pairwise adatom interacs >~ &AL —(RR)"], with o=8(6) for small(large h'/h, in dashed lines,
. " L deviates from the exact behavior f&>R; but describes fairly well the
Flons’ one.expects a gradualltransmon Wlth. increasifgm transition region. Deviations reflect the nontrivial form of the distribution of
i=1 (all islands are effectively stableto i=2 (doubly- first-layer island radiiNg (inse.
bonded configurations such as compact trimers are $table
when Y=(h/F)exd —3Ey,/(2kgT)]~O(1)¥> Here, h I'=4 (Table ) the rate-equation analysis predicts 1
=vexp(—Ed(kgT)) is the adatom hopping ratd; is the <R (40K)/R.(35K)<10, for 1=<i=<#6, with a higher ratio
deposition flux, andE,, is the binding energy of an ad- the larger the. Sincei is at least 6 for Xe/X€&l11) at 35-40
dimer. Another transition occurs at highBrfromi=2 toi K, this result explains the observed smoother growth at 40 K.
=6 (triply bonded configurations such as compact septamer8imulation results reveal more complex scaling behavior of
are stable when Y= (h/F)exi] —3E»/(2ksT)]~O(1), with R, €.9., RexLgt/ @) for large T,'* but one still finds
E,p~2Ej,.*2 For the parameters in Table I, we find Rc(40K)/R:(35K)~0(10) for i=6 using the Xe param-
Ti_1 .»~13KandT;_, .s~23K, suggesting that the major €ters. . . ,
transitions ini occur below the range of of our study. _ (ii) Transition to step-flow growthit is pertinent, espe-
As a measure of the propensity to deviate from Iayer-by-c'a”y for Iow-co_rrL_Jgatlon su_rfaces, to compare t_he antici-
layer growth(i.e., to start a layer before the previous is com-Pated characteristic separation between islandsyith the
pleted, we examine the probabilit?(R) of nucleating is- average terrace widtl,. Step-flow growth occurs il
lands on top of an island of radii® P(R) is significant for >L,. To estimate. for a clean surface, the key parameter is

islands of radius above a certain vallg. R. depends on the ratioh/F. Between 35 and 60 K, one getdF> 10
) C i ~
and on the diffusion rates on tophg) and down h’ usingE4 andv from Table | and==~0.002 ML/s. Therefore,

. L>500A, for alli=1, based on simulation resuftsAl-
;hléizpé;:zadr:elztg/r fskgzoatc;?ﬁrgldt%i: (;fvlesrlzgge?s?;nziggﬁs though more islands than average form near descending
The exact dependence Bfon Riis illustrated in Fig. 3, for steps when the step-edge barriers are large, as for Xef

island distributi btained at fixed ¢ imul Xe(111), our L,~900A is sufficiently close td_ that one
ISland distributions obtained at ixed coverage trom SiMulay, 14 gpserve step-flow growth at least for the thicker films.
tions of irreversible i{=1) island formation in each layér.

Behavi Prori>1 i litatively similar. | icul However, even minute concentrations of defects will provide
ehavior ot for 1>1 1S qualtatlyey simi ar., n partlcu_ar, sites for heterogeneous island nucleation, thereby delaying

R. andR,, increase with increasing/F andh’/h, and dif- the transition to step-flow growth.

ferent scaling formspP(R/R;), apply for small and large iy Transitions in island shapelsland shapes are impor-

h’/h (or, better, for small and large./R,).

: 2 k . , tant to kinetic roughening behavior, since the step-edge bar-
A rate-equation analysisfor generali and a single Cir- (o1 can depend strongly on the atomic structure of the

cular island of r.adiusRaV, or a sharp distribution of radii edges. An estimate of the range Bfwhere transitions in
about R, obtained P(Rav):_1_eXF{_(Rav/Rcl)/”2].-+4Here' island shape might occur in our system, can be obtained by
0=2i+6 andR.~Ra,~{(h/F)'exd ~E/(ksT) ]} (I_ ), for comparing the timer, between successive aggregation
smalll’'=Es/Eq4; E;>0 is the binding energy for islands of ayents of diffusing adatoms with islands to the time seale
Sizel (52051?0; FZZ Eap, etc). For largel’, o=i+5 and  for jsland shape equilibratiol§.If 7,< 7., then island shape
R.~[R%,°Ls{ ™M1, with Lse=exdEs/(keT)]=h/h".  instabilities will develop, i.e., ramified islands form. Given
Figure 3 shows that the rate-equation form provides a fairlfthe island densityN (per adsorption site one hasr,=N/F
good description of the transition regioR=R;, fori=1.  <1/F. Island-perimeter diffusion dominates the shape-
Presumably this applies also for 1. equilibration process at low, and sinceE,<E., 7, is in

In practice, the important parameter is the r&jdR,,: if  fact controlled by the rate of corner crossing, sorel/
it is sufficiently large, then growth is smooth. Using Xe pa- —, exqd —E,/(kT)]. A weak criterion for shape instabilities
rameters(Table ), we find R, (40 K)/R,(35K)~0(1), S0 s thenr,>1/F, or T<T,~28K for F~0.002 ML/s andv
in order to elucidate the difference in growth mode between< 1 THz. So, islands would develop a ramified shape below
35 and 40 K, we need only compare tRgvalues. For large 28 K but a compact shape above. The aciyaill be larger

[ 107,107

10 15
R
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(since N<1), possibly falling above 35 K. Since ramified

island shapes assist layer-by-layer growth, a transition to a
compact shape with increasifigis probably not so relevant

to understand the difference in growth mode between 35 and
40 K.

On the basis of our data, we cannot discount the occur-
rence of more than one of these transitions in our films in the
range ofT of our study. However, short of an exotic change
in the nature of the island nucleation process, it appears that
a significant increase iR; from 35 to 40 K(due to largd)
can completely account for the observed transition to quasi-
layer-by-layer growth at 40 K.

Finally, we explore the effect of a thickness-dependent Xe
sticking coefficient on the film structure. For this purpose,
we performed simulations witl$ varying as in Fig. 2 and
monitored the dependence of the surface step derSiy,
«Im(Ap—Ay), on film thickness. Results are shown in Fig. 4.
For smallh’/h and fixedh/F, the film roughens without
lasting oscillations, as for the Xe system at the lower

S=1, h'/h=0.1

S<1, h'/h=0.5

S=1, h’/h=0.5

S<1, h'/h=0.5

0 75 150 225

0/S

S=1, h’/h=0.1

S<l, h'/h=0.5
S=1, h'/h=0.5

SURFACE STEP DENSITY, N,

S<1, h'/h=0.5

0 75 150 225

0/S

8

FIG. 4. Simulation results foNg4 (in arbitrary unit versus coveragé
(in ML). The insets showq vs dosaged/S. In (a) we usech/F=10® (Ref.
17) and compare results for differeBtandh’/h, for growth on a singular

However, even a small shift in’/h from 0.1 to 0.5 produces
strong oscillations inNgy, characteristic of layer-by-layer
growth. There is also the possibility thetand h’ change

surface(500% 500 site lattices S<1 meansS=0.76"13 The shift in the
position of the minima below%, monolayers. for smalh’/h, reflects a
skewed distribution of surface heightRef. 2. Growth is smoother fos

with increasing film thickness, corresponding to changes ir<1 (at fixedh/F andh’), as expected. Ith), we usech/F = 1¢° for growth

the barriers for adatom diffusion with increasing distance®” @ Miscut surfacel{L<0.07).

from the Ni substrate. For the parameters that we tested, this

only affected the value dflg4 and the amplitude of the os- then it is conceivable that island nucleation is not homoge-

cillations, not their period. neous at or above 40 K. Thus, we are currently examining
In summary, at Xe pressures ofx30 & Torr, Xe/Xe/ the sensitivity of growth behavior on the density of defects

Ni(111) films grow very rough below 40 K and above 60 K and impurities deliberately introduced in the Xe/Ni system.

but quasi-layer-by-layer between 40 and 60 K. Rough This work was supported by the Petroleum Research Fund

growth at lowT is likely controlled by large effective barri- of the American Chemical Society and by the National Sci-
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