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Abstract

From simulations of a realistic lattice-gas model for metal(100) homoepitaxy, we analyze the temperature (T )
dependence of the film roughness (or interface width), of the effective roughening exponent, of the local step-density,
and of the persistence of the Bragg intensity oscillations. By also analyzing the dependence on T of the lateral mass
currents of deposited atoms, we reveal a kinetic phase transition from a regime of ‘mounding’ at higher T, to a regime
of ‘reentrant’ smooth growth at lower T. Application of these results for the cases of Ag, Fe, and Cu homoepitaxy is
discussed. Finally, we also describe some features of the dynamics of deposited atoms that could lead to the recovery
of rough growth at very low T. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction equilibrium. Second, analysis of random depo-
sition for a simple-cubic (SC) crystal geometry
with on-top adsorption sites reveals very roughThe variation with substrate temperature (T ) of
‘Poisson growth’ when all thermal diffusion pro-the morphology and roughness of growing epitax-
cesses are inoperative [3]. This result extends toial films is not only of fundamental interest, but
the case where just downward interlayer transportalso of importance with regard to the control of
is inoperative, even if intralayer terrace diffusionfilm structure and of associated film properties [1].
is significant. These observations have led to theTwo general observations have guided traditional
perception that the roughness of a deposited homo-expectations regarding the T-dependence of homo-
epitaxial film of a given thickness should increaseepitaxial growth. First, the equilibrium structure
monotonically with decreasing temperature. Filmof a homoepitaxial film typically corresponds to a
structure at higher temperatures would then reflectsmooth surface, as the substrate temperature is
efficient equilibration or smoothing, and structureusually below the thermal roughening transition
at lower temperatures (where thermal diffusion is[2]. Consequently, the roughness of the growing
inhibited) would reflect kinetically limitedfilm provides a measure of the deviation from
roughening.

Behavior in real systems can actually be more* Corresponding author. Fax: +1 925-294-3231;
e-mail: mcb@io.ca.sandia.gov. complicated. In metal(111) homoepitaxy with
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threefold hollow (3FH) adsorption sites, the acti- then reentrant smooth growth occurs for lower T
[21–26 ]. The latter is due to smaller islands, avation barrier for terrace diffusion is often low,

leading to the formation of large two-dimensional higher step-density, and thus enhanced downward
funneling. Furthermore, the downward funneling(2D) islands within each layer [4–8]. Also, there

is usually a large Ehrlich–Schwoebel or step-edge process was shown to play a crucial role in deter-
mining film morphology even at higher T. Weactivation barrier [9,10] (in addition to the terrace

diffusion barrier) that inhibits downward transport elaborate on these issues below.
In this paper, we provide a comprehensive char-at island edges. As a result, one observes rough

Poisson-like growth for a broad range of T where acterization of the temperature dependence of film
growth in a model for metal(100) homoepitaxy,islands are large, but downward transport is

strongly inhibited. (Note that the above observa- as well as an analysis of the underlying atomistic
dynamics that controls this behavior. Specifically,tions for SC crystals apply here since crystal

or adsorption site geometry has no significant for a fixed film thickness, we examine the depen-
dence on T of the roughness (or interface width),influence for large 2D islands.) However, for

Pt/Pt(111), ‘reentrant’ smooth growth was of the effective roughening exponent, of the local
step-density, and of the oscillations in the kine-observed for low T [4,5]. This unexpected behavior

is apparently a consequence of a transition from matic Bragg intensity at the anti-phase condition.
Furthermore, by analyzing the dependence on Tcompact to irregular or fractal 2D islands with

lowering T, which in turn leads to enhanced down- of the lateral mass currents of deposited atoms,
we show that there is a ‘kinetic phase transition’ward transport, possibly due to lower step-edge

barriers at kink sites at the edges of irregular from a regime of unstable growth or ‘mounding’
for higher T, to a regime of smooth growth atislands [11].

Perhaps more surprisingly, similar ‘anomalous’ lower T. We also emphasize that behavior of actual
systems at low T, around and below the transition,behavior occurs for metal(100) homoepitaxy with

fourfold hollow (4FH) adsorption sites [ for metals can be controlled by system-specific features of the
atomistic dynamics, which are not accounted forwhere the (100) surface does not reconstruct].

These systems are simpler than those above in that in generic modeling. In fact, a quite distinct rough
growth mode could emerge at very low T (cf. Refs.no dramatic transition occurs in the shape of the

2D islands with decreasing T [12]. None the less, [27,28]).
unexpected smooth quasi-layer-by-layer film
growth was also observed in these systems at low
T where terrace diffusion is inoperative [13–15]. 2. Model details and parameters for metal(100)

homoepitaxyThis behavior was explained in part by recognizing
the smoothing influence of adsorption at 4FH
adsorption sites (relative to on-top sites), which We now provide a brief description of our

model for metal(100) homoepitaxial growth thatrequires four atoms in the layer beneath (compared
with just one) [16–20]. However, the other key incorporates irreversible 2D island formation in

each layer (no lateral bond-scission) [21]. Theingredient in producing smooth growth at low T
was determined to be the propensity of atoms model includes the appropriate 4FH adsorption

site geometry and island structure for fcc(100) ordeposited on top of isolated atoms, at step edges,
or on other microprotrusions to funnel downward bcc(100) metals. Specifically, the 4FH adsorption

sites form a square grid in each layer, and theto lower 4FH adsorption sites [16–20]. For higher
T, where near-square islands form in each layer, islands formed have near-square shapes with close-

packed 110� or 1:10� edges aligned along thesmooth growth is partly impeded by the presence
of a ‘small’ step-edge barrier. Recent analysis [100] and [010] principal lattice directions. The

schematic of our model in Fig. 1 indicates therevealed that the film roughness first increases as
T decreases from ‘high’ values, since the step-edge following key steps:

1. Atoms are deposited randomly at rate F, mea-barrier becomes more difficult to surmount, but
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Fig. 1. Schematic of our model for metal(100) homoepitaxial growth without bond-scission.

sured in monolayers (ML) per unit time. Those plete edge, by the instantaneous incorporation
of additional atoms at the kink site. This featureatoms impinging at 4FH sites adsorb there,

whereas those impinging on top of isolated mimics the rapid diffusion of adatoms along
close-packed island edges in these systems. Aatoms (or dimers or trimers), at step edges, or

on other microprotrusions funnel down to lower pair of islands does not restructure subsequent
to ‘collision’ resulting from growth, but contin-4FH sites. A convenient discrete description of

deposition dynamics is adopted, which captures ues to grow as two overlapping squares.
Next, we review some key quantities of interest,these features (see Appendix A).

2. Isolated adatoms hop to adjacent empty 4FH and their expected behavior for this model of film
growth. In the submonolayer regime, the meansites in each layer at rate of h=n exp[−Ed/

(kBT )] per unit time (per direction). Such ada- density of 2D islands, Nav, effectively saturates by
a rather low value of coverage, h, for a typicaltoms also hop across descending step edges at

a reduced rate h∞=exp[−Ese/(kBT )]h, and there- large h/F, and decreases at a much higher h due
to coalescence. At a fixed pre-coalescence h, oneafter funnel down to lower 4FH sites where

they are captured. (In fact, there is a finite finds the classic scaling behavior for irreversible
island formation, Nav~(h/F )−1/3, so Nav increasesprobability that such adatoms can diffuse back

up larger {111} facets, and recross the step with decreasing T or increasing F. The mean island
separation, Lav, is trivially related to Nav, andedge. However, if diffusion on {111} facets is

rapid, then this process is less likely.) Here, Ed satisfies Lav=(Nav)−1/2~(h/F )1/6 (see Refs. [29–
31]). In the multilayer regime, the layer coverageis the activation barrier to terrace diffusion,

Ese is the additional step-edge barrier, and a distribution, h
j
, for layers j≥0, is of primary

interest, where j=0 denotes the substrate (socommon attempt frequency, n, is assumed.
3. When two diffusing adatoms meet, they irre- h0=1). Then, P

j≥0=h
j
−h

j+1 gives the fraction of
‘exposed’ atoms in layer j, and S

j≥0Pj=1. (Evenversibly nucleate a new island. A diffusing
adatom reaching the edge of an existing island for a perfectly flat surface of height j, with P

j
=1

and P
k<j=0, the atoms in layer j−1 are still partlyis irreversibly incorporated into that island.

4. During growth, individual islands maintain visible through the centers of the 4FH sites, but
here, we treat these as ‘completely’ hidden.) Thisnear-square shapes, with at most one incom-



192 M.C. Bartelt, J.W. Evans / Surface Science 423 (1999) 189–207

distribution determines the interface width, W (in homoepitaxy [12]. Specifically, simulation parame-
units of the interlayer spacing), via [32] ters are chosen as Ed=325 meV, Ese=25 meV (so

C#0.077), n=1012 s−1, and F=0.06 ML s−1,W2=∑
j≥0

( j−jav)2P
j
, where jav= ∑

j>0
h
j
=h. (1)

which reasonably describe Ag/Ag(100) homoepi-
taxy [33–35]. This low step-edge barrier results inW quantifies the film roughness, and its increase
smooth growth for a broad range of T, at least induring growth can be typically fitted by the form
the sense of persistent Bragg oscillations. None theW~hb, where b is the (effective) exponent describ-
less, kinetic roughening does typically occur withing kinetic roughening [32] (although the emer-
b>0. Fairly smooth growth occurs at highgence of this behavior is delayed for quasi-layer-
T#300 K (where h/F#109), but both W (at, say,by-layer growth where W displays transient oscilla-
30 ML) and the effective b (measured between 20tions). Film smoothness during growth is also
and 30 ML) initially increase with decreasing Tcharacterized qualitatively by the persistence of
(or h/F ). This trend occurs since the step-edgeoscillations in the (normalized) kinematic Bragg
barrier becomes more difficult to surmount withintensity at the anti-phase condition [21,25,26 ],
decreasing T. However, for a much lower T (below

IBR=∑
j≥0

(−1)jP
j
#4 cos2 [ph−kp3h3+…] about 200 K), the greater influence of downward

funneling due to higher step-densities causes a
×exp[−p2W2+…], (2) reduction in W and b (see Fig. 2a and b). This

non-monotonic behavior, or ‘reentrant’ smoothwhere k=S
j≥0( j−jav)3Pj/W3 measures the skew-

growth, has been noted previously [21,22]. Fig. 2cness of the film height distribution. Below, we
shows the dependence on T of the total step-describe how ‘mounds’ form during growth in the
density (see Section 2) at 30 ML. This densitypresence of a step-edge barrier. These generally
increases monotonically with decreasing T. Finally,coarsen during growth with lateral dimension satis-
examples of oscillatory decay of the Bragg intensityfying, Lm~hn [32]. If a mound slope is selected,
at the anti-phase condition are shown in Fig. 2d,then n=b. We also consider the ‘total’ density of
the enhanced oscillations for low T reflecting reen-ascending plus descending steps (weighted by step
trant smooth growth. Film snapshots obtained inheight) in the [100] principal lattice direction,
the simulations for various T are shown in Fig. 3.which provides some assessment of the ‘local slope’

of the surface in that direction.
3.2. Growth behavior for large step-edge barrier

It is also instructive to consider the opposite3. Simulation results: temperature dependence of
regime of ‘high’ C. A maximum possible value offilm growth
b#1/2 is achieved if both the step-edge barrier is
effectively insurmountable at the given T (andBelow, we consider separately cases of small
the refore also at lower T ) and if the 2D islandsand large step-edge barriers, Ese (relative to the
within each layer are sufficiently large that down-terrace diffusion barrier, Ed), and thus naturally
ward funneling is insignificant. Behavior in theintroduce the ratio C=Ese/Ed. It is instructive to
extreme case with C=2 is shown in Fig. 4. Thenote that for fixed C (and fixed F/n), the multilayer
results in Fig. 4a and b show a monotonic increasegrowth behavior of our model depends only on
in the roughness with increasing h/F (or T ), as isthe ratio Ed/T (or Ese/T ). Simulation results pre-
expected since downward funneling diminishessented below were obtained on lattices of at least
with increasing 2D island size [21]. Again, the107 sites with periodic boundary conditions.
step-density increases monotonically with decreas-
ing h/F (or T ). See Fig. 4c. Now, the persistence3.1. Growth behavior for small step-edge barrier
of the Bragg intensity oscillations decreases mono-
tonically with increasing h/F or T (Fig. 4d).First, we examine the case of small C#0.1,

which characterizes Ag/Ag(100) and Fe/Fe(100) However, it should be noted that even for



193M.C. Bartelt, J.W. Evans / Surface Science 423 (1999) 189–207

Fig. 2. Temperature dependence of film growth in metal(100) homoepitaxy for small Ehrlich–Schwoebel barrier with
C=Ese/Ed#0.1. Simulation parameters are chosen to roughly match Ag/Ag(100): Ed=325 meV, Ese=25 meV, n=1012 s−1, and
F=0.06 ML s−1 [33–35]. Results for: (a) W at 30 ML; (b) the effective b determined in the range 20–30 ML (which matches the
experimental values [33–35] at both 200 K and 300 K ); (c) the local slope determined from the local step-density at 30 ML; (d) anti-
phase Bragg intensity oscillations; data were scaled so that the maximum at ~1 ML has the same value for all T: A(×1)-300 K;
B(×4.4)-200 K; C(×9.2)-100 K. Curves B and C were shifted up for clarity.

Fig. 3. Snapshots of a 170a/E2×170a/E2 region of 200 ML films obtained in simulations at T=100, 200, and 300 K, as indicated,
using Ed=325 meV, Ese=25 meV (so C#0.08), n=1012 s−1, and F=0.06 ML s−1. Darker regions have a lower height.
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Fig. 4. Dependence on h/F of film growth in metal(100) homoepitaxy for infinite Ehrlich–Schwoebel barrier, so C=Ese/Ed=2.
Simulation results for: (a) W at 30 ML; (b) W2 versus h, for h/F=106–109 as indicated (the dashed line is W2=h); (c) the local slope
determined from the local step-density at 30 ML; (d) anti-phase Bragg intensity oscillations (A: h/F#0, B: h/F#102, C: h/F#104).
Curves B and C were shifted up for clarity.

h/F#109 where islands are sizeable, downward roughening occurs with b#0.2 at 300 K, but with
a substantially higher maximum b of around 0.3funneling is significant and the effective b (even

around 10–20 ML) is far below 1/2. [For any fixed at 200 K (see Fig. 2b). These results (and results,
not shown, for the slightly higher experimentalrange of film thickness, the effective value of b

must approach 1/2 with increasing h/F. Deviations F#0.2 ML s−1) are in excellent agreement with
the observations from experimental surface-sensi-in b from 1/2 will occur at large film thicknesses,

when sufficiently steep mounds develop (with tive X-ray scattering studies by Elliott et al. [36–
38]. We also predict reentrant low values of bmound height comparable to base dimension), and

growth reflects the non-SC-geometry. The cross- below 0.3 for T lower than 200 K. Our simulations
show that the ‘local slope’ in the [100] direction,over thickness to this regime increases with increas-

ing h/F (see Fig. 4c).] The simulation snapshots in estimated from the total step-density, increases
strongly and monotonically with decreasing T,Fig. 5 show typical multilayer configurations for a

few different T. from about 6° at 300 K. It should be noted that
an independent X-ray scattering study by Alvarez
et al. [39] suggested that b decreased monotoni-3.3. Application to specific systems
cally with decreasing T from 400 to 150 K in this
system. This result appears inconsistent with those3.3.1. Ag/Ag(100)

As noted above, the behavior shown in Fig. 2 of Elliott et al. and with our simulations. However,
the analysis of b in [39] was indirect (using afor a low step-edge barrier corresponds roughly to

Ag/Ag(100) homoepitaxial growth [33–35]. These simple heuristic rate-equation model for roughen-
ing), it considered data for a narrow range of h,simulations with F#0.06 ML s−1 predict that
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Fig. 5. Snapshots of a 170a/E2×170a/E2 region of 200 ML films obtained in simulations for h/F#0, 105, and 108 (corresponding
to T=100, 200, and 300 K, respectively, as indicated, if Ed=325 meV, n=1012 s−1, and F=0.06 ML s−1), and Ese=2. Darker regions
have a lower height.

and it corresponded to a much lower value of F [22,25,26 ], consistent with experimental observa-
tions [40,41]. (In contrast, such a steep slope isthan [36–38]. Their more direct analysis of coars-

ening of the mean lateral mound dimension, only achieved for Ag/Ag(100) well below 295 K.)
Similar success in describing growth of Fe/Fe(100)Lm~hn, during growth (for h≤6–8 ML) indicated

that n increases from about 0.15 to 0.27 for T was obtained in models with finite diffusion of
adatoms at island edges [42,43].decreasing from 300 to 200 K. This is reasonably

consistent with the measurements of Elliott et al.
and the predictions of our model, if one assumes
slope selection of the mounds so that b=n. 3.3.3. Cu/Cu(100)

The pioneering study of kinetic roughening
during metal(100) homoepitaxy was actually per-3.3.2. Fe/Fe(100)

From STM studies of Fe/Fe(100) growth formed for the Cu/Cu(100) system by Ernst et al.
[44,45]. This study not only revealed mound for-[40,41], it was estimated that Ed#450 meV with

n#1011 s−1, and that Ese=30–40 meV for our mation with selected slopes, but also assessed the
T-dependence of growth. A subsequent study [46 ]model (so C#0.08) [21–25], and Ese=

55–65 meV for a model with diffusion of atoms supported these findings. Specific observations of
key relevance here were smoother growth at 160 Kalong close-packed island edges controlled by a

barrier of 100–125 meV [42,43]. Thus, the low (where b#0.3) than at 200 K (where b#0.5), and
a decrease in mound slopes from ~25° at 160 Kvalue of C is rather similar to that for Ag/Ag(100).

As a result, from the opening discussion in this to ~16° at 200 K (for F#0.01 ML s−1). Certainly,
these general trends seem consistent with the pre-section, our model predictions for the T-depen-

dence of roughening for Fe/Fe(100) would be dictions of our model in the regime of lower T or
h/F. A simplistic interpretation of the observedsimilar to those for Ag/Ag(100), for the same h/F.

More specifically, behavior observed for b#1/2 at 200 K is that the step-edge barrier is
effectively insurmountable at this (and lower) tem-Fe/Fe(100) at a given T1 would roughly corre-

spond to that observed for Ag/Ag(100) at a lower peratures, assuming that the 2D islands are fairly
large. However, choosing Ed#0.38 eV andT=[Ed(Ag)/Ed(Fe)]T1#0.8T1. Our simulations

reproduce the observed roughening, as well as n#1011 s−1 to match the measured submonolayer
Lav-behavior [25,26,47], and setting C=2, ourrevealing a ‘local slope’ obtained from the total

step-density of 14° at 295 K for F#0.01 ML s−1 model produces far smaller b-values than those
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observed, due to significant downward funneling [21,42,43,53–58]. More recently, it was recognized
that the detailed behavior of film roughening andfrom island edges [25,26 ].

This discrepancy is likely due to limitations of morphology also depends sensitively on the exis-
tence of any counterbalancing downhill currents,our model. The structure of the growing

Cu/Cu(100) film perhaps reflects thermodynamic Jdown. These could result from various features of
the deposition dynamics near step edges, such asfactors to a greater extent than for Ag/Ag(100)

or Fe/Fe(100). Indeed, the temperature for the downward funneling and ‘knockout’ processes
[16–20]. Molecular dynamics (MD) studies pro-transition to reversible island formation during

deposition is much lower for Cu (~230 K) than vide no evidence that ‘knockout’ or other transient
processes contribute significantly to Jdown forfor Ag (~320 K) or Fe (~500 K ) [12,25,26 ], and

the rates of post-deposition coarsening, and island metal(100) homoepitaxy [16–20]. Thus, below we
only consider downward funneling (see Fig. 6 forrestructuring and diffusion are higher for Cu [48–

50]. Thus, Cu islands could significantly restruc- a schematic).
A more detailed picture of growth is based onture subsequent to collision (a feature neglected

in our model ), and perhaps diffusion of adatoms consideration of the variation of these currents
with local slope, m. The currents are parallel to m,up steep {111} facets and across step edges is

more significant. Thermodynamic effects for and, by symmetry, vanish for m=0. The magni-
tude of Jup first increases with increasing m=|m|,Cu/Cu(100) are likely reflected in the observed

staircase-like T-dependence of the selected slope but then decreases for larger m due to narrow
terraces inhibiting lateral mass flow. The magni-during growth [46 ], and in the feature that

‘vacancy mounds’ formed during ion bombard- tude of Jdown should increase roughly linearly with
increasing step-density, and thus with m. Alsoment of Cu(100) select similar slopes to growth

mounds for the same T [51]. A study of these currents are in opposite directions. Under
conditions of mounding, the magnitude of theCu/Cu(100) homoepitaxy at 300 K [52] revealed

smoother growth (b#0.45) and a smaller selected total current, Jtot=Jup+Jdown, will first increase
from zero as m increases from zero, but thenslope (2.5°) than at 200 K, and was in fact
decrease through zero at some m=m0, becomingdescribed in terms of thermodynamic driving
negative for large m [55–57]. (A more detailedforces (e.g. coarsening due to capillarity, and a
discussion of this behavior is given below.) Thus,downhill current driven by step-edge line tension).
from an initially flat surface, the slopes of moundHowever, our model with irreversible island forma-
facets tilted in the direction of m will grow untiltion (where the downhill current has a different
selecting the stable value m0.origin) produces to some extent the observed

In the 2+1 dimensional systems of interest here,trends, so it is difficult to ascribe the observed
the square substrate symmetry tends to producebehavior unambiguously to reversibility.
mounds with square pyramidal symmetry, with

4. Lateral mass currents controlling film growth

Villain [53] provided the following explanation
for the occurrence of ‘unstable’ epitaxial growth
on perfect ‘singular’ surfaces or substrates in the
presence of a step-edge barrier. Such a barrier
leads to biased reflection of diffusing adatoms
from descending steps and incorporation at
ascending steps. This produces a destabilizing lat-
eral mass current, or ‘Schwoebel’ current, Jup, in
the uphill direction, and results in the formation Fig. 6. Schematic of the uphill ‘Schwoebel’ current, Jup, and the

downhill ‘downward funneling’ current, JDF.of mounds that may coarsen during deposition
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facets oriented in the [100] and [010] principal into or aggregating with islands. Thus, sc measures
the width of the zone adjacent to ascending stepslattice directions [33–35,40,41,44–46 ]. Thus, not

just the slope of mound facets, but also their denuded of islands. Since sc is known to scale like
Lav [59], one can set sc=ALav, with A of orderorientation is selected. A simple mathematical

form for the dependence of Jtot on m that produces unity. For a larger M
x
, corresponding to the step-

flow regime, the form of the current crosses overselection of this specific orientation is given in
Refs. [55–57], although the actual physical form to Jup

x
~F/M

x
. Assuming a simple interpolation

between large and small M
x
, they write [54]must of course be more complicated. However,

since we know a priori the selected [100] and [010]
Jup
x
3FS(sc)2M

x
g(scMx

), with g(z)=1/(1+z2).orientations of the mound facets, here, it is natural
to consider just the dependence of the [100] com- (3)
ponent, J

x
, of the currents on the [100] compo-

Here, the factor S=1−exp[−Ese/(kBT )] rescalesnent, m
x
, of the slope, thus determining the selected

Jup
x

to account for a finite step-edge barrier. Thisslope in this direction. The direction of increasing
form of Jup

x
assumes that behavior is controlled by(decreasing) film height will be identified as right

a single characteristic length, sc. We emphasize( left), for m
x
>0 (<0). The discussion below is

that other choices of g(z), satisfying g(0)=1 andnaturally cast in terms of the rescaled slope
g(z)~1/z2, for a large z, are equally plausible. AM

x
=am

x
/b, where ‘a’ is the horizontal lattice

more sophisticated analysis, by Villain andspacing, and ‘b’ is the vertical interlayer spacing,
coworkers [60,61], of the step-flow regime forso M

x
=2m

x
(E2m

x
) for bcc (fcc) metals. For

larger M
x

suggested a more complicated form forsimplicity, both currents and distances will be
the uphill current,specified in units where a=1.

We adopt the standard approach to quantify Jup
x
3FssscMx

/[(1+scMx
)(1+ssMx

)], (4)
the lateral mass currents by simulation of depos-

involving a second characteristic ‘Schwoebelition on vicinal surfaces with various global slopes,
length’, ss#exp[Ese/(kBT )]−1, which vanishes asm(m

x
,0), which are preserved during deposition.

S (or Ese) vanishes. However, Eq. (4) does not
See Appendix B for a further discussion. Most incorporate a sophisticated analysis of island
studies determine only the variation of J tot

x
with nucleation, and thus of the small M

x
regime.

m
x
≥0. We find it instructive to separately deter- In analyzing uphill current data for our model

mine and plot Jup
x
≥0 and |Jdown

x
|≥0 versus (Fig. 7), we find it most instructive to display the

m
x
≥0, the crossing point of these curves determin- slope dependence of Jup

x
/M

x
, rather than of Jup

x
.

ing the selected slope, m0x. The data shown below Such data are shown in Fig. 8 for the case of small
are obtained after deposition of 20 ML for the step-edge barrier with C#0.1. Simulation snap-
case of small step-edge barrier with C#0.1. shots of the surface configurations for different T
Specifically, simulation parameters are chosen are shown in Fig. 9. One finds an initial decrease
as Ed=450 meV, Ese=30 meV (so C#0.07), of Jup

x
/M

x
as M

x
increases from zero, consistent

n=1011 s−1, and F=0.7 ML min−1, reasonably with the form (4), or with a modified form (3)
describing Fe/Fe(100) homoepitaxy. with, say, g(z)=1/(1+z)2.

4.2. Downhill (stabilizing) current4.1. Uphill (destabilizing) current

For metal(100) homoepitaxy at lower T, theFor an infinite step-edge barrier, Johnson et al.
dominant contribution to the downhill current[54] argue that the uphill Schwoebel current satis-
comes from the downward funneling processfies Jup

x
~F(sc)2Mx

, for a small M
x
. This corres-

described in Section 1 [16–21], and we writeponds to atoms deposited on terraces within a
Jdown#JDF. This process must be incorporated intodistance, sc, of an ascending step reaching that

step, and those deposited further away nucleating the modeling [21–26,42,43] to consistently repro-
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Fig. 7. Simulation results for the temperature dependence of Jup
x
/F versus M

x
. Parameters were chosen to roughly match Fe/Fe(100):

Ed=450 meV, Ese=30 meV (so C#0.07), n=1011 s−1, and F=0.7 ML min−1 [14,15,36–38].

and descending steps (weighted by step height).
Since this net step-density should scale like the
global surface slope, one expects that

JDF
x

#−FCDFM
x
, (5)

as recognized in early studies of funneling [16–
20]. Our simulation results confirm a near-linear
dependence of JDF

x
on M

x
. However, we should

emphasize that the coefficient of proportionality,
CDF, is non-trivial, as it is determined by the
‘locally equilibrated’ film morphology, rather than
by that of a perfect vicinal surface. Since the
precise value of CDF affects slope selection, weFig. 8. Data in Fig.7 plotted as Jup

x
/[FS(Lav)2Mx

] versus
LavMx

for T=250, 275, 300, and 350 K, for which one has present a detailed analysis below.
Lav#8, 11, 14, and 20 (in units of ‘a’) and S#0.75, 0.72, 0.69, To this end, it is instructive to first determine
and 0.63, respectively. the relationship between JDF

x
and M

x
for perfect

vicinal surfaces (ascending from left to right for
M
x
>0). Detailed analysis of our model induce the observed roughening [36–38,40,41]. On

a vicinal surface, one expects that the magnitude Appendix C shows that CDF=3/8 for a perfect
‘staircase’ of single steps, and CDF=(2+k)/8 forof the downhill ‘downward funneling’ current,

JDF
x

, is primarily controlled by the net step-density, height−k steps. This suggests that for a sufficiently
high T, where the surface has predominantly singlei.e. the difference between densities of ascending
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Fig. 9. Snapshots of a 170a/E2×170a/E2 region of 0.5 and 50 ML films obtained in simulations at 200 K (h/F#102) and 300 K
(h/F#106), as indicated, for a perfect vicinal surface, using parameters as in Fig.7. Darker regions have lower height.

steps, one should find that CDF#3/8, and also
that CDF should increase for a lower T where a
greater number of multiple steps likely occur due
to higher local slopes. Indeed, the simulation data
for our model shown in Fig. 10 for a small step-
edge barrier with C#0.1 are entirely consistent
with this proposed trend.

Of course, a picture of the growing surface as
a staircase of equal height steps is overly simplistic.
Consider the evolution of a surface during depo-
sition from an initial perfect staircase of single-
steps, with a small M

x
>0. Initially, isolated islands

are formed on the broad terraces, but this has
little effect on JDF

x
since there are equal contribu-

tions to the current to the left and right from
Fig. 10. Simulation results for the temperature dependence of

funneling off left and right island edges, respec- |JDF
x
|/F versus M

x
, using parameters as in Fig.7. The slopes

tively. As growth continues, islands merge with give CDF#0.491, 0.467, 0.440, 0.413, and 0.392, at T=225, 250,
275, 300, and 350 K, respectively.ascending steps, which effectively replaces straight



200 M.C. Bartelt, J.W. Evans / Surface Science 423 (1999) 189–207

steps with meandering steps (cf. Fig. 9), and should and there is a kinetic phase transition from
‘mounding’ to ‘smooth growth’ with b#0. Thenot significantly affect JDF

x
. However, any islands

reaching descending steps effectively replace a selected slope, M0x, also decreases to zero as T
decreases toward this transition.single-step-up configuration with a paired double-

step-up and single-step-down configuration, which The observed variation of M0x with T does not
correspond to the previously described behaviorincreases |JDF

x
| (see Appendix C ).

of the ‘local slope’ obtained from the local step-
density. The latter increases monotonically with
decreasing T and is non-zero for smooth growth5. Mounding, slope selection, and the kinetic phase

transition (below the transition) with b#0. This difference
should be expected since the selected ‘global’ slope
of the sides of large mounds is determined fromFor the formation of mounds, the uphill current

must be sufficiently strong that J tot
x
=Jup

x
+ the net step-density, in contrast to the ‘local slope’

that is determined from the total step-density.Jdown
x

>0 for a small M
x
. Let JDF

x
=−FCDFM

x
,

and assume that Jup
x
#AFS(Lav)2M

x
for small However, it is plausible that the ‘local slope’ and

the selected slopes would be similar in magnitudeM
x
, with A of order unity. Then one requires that

∂Jup
x

/∂M
x
#AFS(Lav)2 exceeds |∂JDF

x
/∂M

x
|# for T well above the transition. This is found in

our simulations mimicking Fe/Fe(100) growth atFCDF, as is expected for a moderate and higher T
(where Lav is large). Then, as noted in Section 4, 300 K, both slope estimates agreeing with experi-

mental observations. A similar consistency isthe mound facets oriented in the [100] direction
select a slope, M0x, which satisfies the condition expected for Ag/Ag(100), where experimental data

for the selected slope are not available. We haveJup
x
=|JDF

x
|. For a large selected slope corresponding

to the step-flow regime (scMx
&1), the expression already noted that our model does not describe

behavior for multilayer Cu/Cu(100). Finally, we(4) of Villain et al. [60,61] for Jup
x#BFs/(1+ssMx

), with B of order unity, implies note that the selected slope, M0x, from simulation
results for the currents corresponds to that forthat M

0x
#[(1/s2s+4B/CDF)1/2−1/ss ]/2, which is

expected to increase with decreasing T (corre- very large coarsened mounds, and thus only to
experimental behavior for sufficiently thick filmssponding to increasing ss). The same trend is found

using Jup
x
3FS/M

x
from Eq. (3), or other modified (cf. Ref. [52]).

expressions for Jup
x

[62]. However, corrections to
Jup
x

for smaller slopes could produce the opposite
trend. Thus, for a precise and general analysis of 6. ‘Anomalous’ behavior for low temperature
the behavior of M0x, it is appropriate to utilize the
simulation results for the currents from Section 4. 6.1. Long-range lateral correlations at low T

In Fig. 11, we show simulation results for the
behavior of Jup

x
and |JDF

x
| versus M

x
, for a small For low T, where terrace diffusion is inoperative,

one does not expect significant island formation,step-edge barrier with C#0.1 and for a broad
range of T. For a higher T, the scenario indicated so submonolayer lateral spatial correlations in the

adlayer should be of a short range. However, high-above for mound formation and slope selection
applies. However, the selected slope, M0x, varies resolution diffraction studies have revealed that

large lateral correlation lengths of ~10a persist toonly weakly (decreasing slightly) over a broad
range of T. As the temperature decreases further temperatures as low as 80 K [63,64]! One possible

source of such a correlation derives from the veryand thermal diffusion is strongly inhibited, one
finds that Jup

x
is reduced significantly, and the low activation barriers that exist for both thermal

diffusion along close packed step edges, and forvalue of ∂Jup
x
/∂M

x
at M

x
=0 decreases below

|∂JDF
x
/∂M

x
|#FCDF. At this point, the uphill diagonally adjacent adatoms to move into a neigh-

boring configuration [25,26,65]. Together, theseSchwoebel current becomes too small to counter-
balance the downhill downward funneling current, could allow significant restructuring or ‘clumping’
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Fig. 11. Temperature dependence of the variation of the uphill and downhill currents with slope (data from Figs. 7 and 9). This
sequence illustrates the kinetic phase transition as T decreases and the curves for the two currents ‘uncross’.

of the adlayer deposited at a low T where most still be quite rapid due to a much lower activation
barrier. Thus, although atoms deposited on suchatoms land near to other adatoms (M. Breeman,

pers. commun.; see also [66]). Another possible microfacets may be thermally accommodated
before reaching 4FH sites at the bottom, one mightsource of ‘clumping’ at low T in metal(100) homo-

epitaxial systems derives from the feature that expect that they will quickly diffuse randomly
around the microfacets until they become trappeddeposited atoms have a significant excess kinetic

energy upon impact. Whereas one does not find a at the 4FH sites at the bottom which provide
‘sinks’ for the diffusing adatoms [22]. This type ofsignificant ‘transient mobility’ of isolated deposited

atoms [16–20], there may be some ‘transient thermal motion might be viewed as constituting a
downhill Schwoebel current that would effectivelyclumping’ of atoms deposited near to other ad-

atoms [25,26,67]. Finally, we note that these low recover the same growth behavior as for ‘perfect’
downward funneling [22].T clumping processes would likely provide an

additional contribution to the uphill current, not However, the steep local microprotrusions, typi-
cally present in low T growth, present a variety ofincluded in our modeling. This would modify slope

selection at a lower T and the kinetic phase complicated local geometries. Some of these will
likely trap deposited adatoms at epitaxial non-4FHtransition.
sites more effectively than do the 3FH sites on the
sides of simple {111} microfacets. We can catego-6.2. Breakdown of downward funneling
rize such ‘trap sites’ according to the number ( p)
of supporting atoms in the layer beneath, and theIn the initial MD studies demonstrating the

existence of the downward funneling process in number (q) of in-layer nearest-neighbor atoms,
and denote these as Sqp sites. Thus, 4FH adsorptionmetal(100) homoepitaxy [16–20] and in subse-

quent more detailed analyses [68], it was noted sites are Sq4 sites, and 3FH sites on {111} microfac-
ets are S12 (and S21) sites. [S12 sites are not epitaxialthat depositing atoms can be caught at threefold

hollow (3FH) sites on the sides of sufficiently large with respect to the growing fcc or bcc crystal.] We
expect that the Sq3 sites could play a particularly{111} microfacets, rather than funneling to the

bottom. Such microstructures might be more prev- important role as ‘traps’, and such sites should
have (statistically) significant populations at leastalent at lower T where there are larger ‘local

slopes’. However, for metal(100) homoepitaxial for q=0 and q=1. Although the S03 sites may not
trap that effectively, certainly S13 sites will be muchgrowth, we expect a further important effect at

least partly compensating for this breakdown. In more likely to trap than 3FH S12 sites (see Fig. 12).
The barrier to escape from S13 sites will no doubtthe lower T regime around 100 K, diffusion of

isolated atoms on {100} terraces is typically negli- be higher than the diffusion barrier on {111}
facets, so adatoms trapped at such sites will havegible, but diffusion on {111} microfacets may well



202 M.C. Bartelt, J.W. Evans / Surface Science 423 (1999) 189–207

known that in simplistic ‘epitaxial growth’ models
with bulk defects, such as ‘ballistic deposition’ [69]
and ‘random sequential adsorption’ [70,71],
roughening is described by non-linear Kardar–
Parisi–Zhang ( KPZ) evolution. Here, one has
W~h1/4 (in 2+1 dimensions), if enclosed voids
are ignored in the determination of W [32]. The
origin of the KPZ non-linearity is simply that for
deposition on a vicinal substrate, the volume den-
sity of bulk defects formed depends on the sub-
strate tilt. Since this is expected to be a feature of
more realistic models (cf. Ref. [72]), it is reason-
able to expect KPZ-type roughening for low T
deposition in metal(100) homoepitaxy.

Fig. 12. Schematic of key trap sites, S21, S12, S03, S13 and S23, that
induce a breakdown of downward funneling deposition 7. Conclusions
dynamics, and enhance overhang and defect formation.

We have provided a comprehensive analysis of
more difficulty in reaching lower 4FH sites. the temperature (T ) dependence of roughening for
Trapping at these sites can thus significantly influ- a realistic model of metal(100) homoepitaxy. In
ence the film growth mode and morphology, as particular, we identified a kinetic phase transition
discussed below. from a regime of ‘mounding’ at higher T, to one

of reentrant ‘smooth growth’ at lower T. All
6.3. Multilayer growth at T#0 K quantities of interest vary strongly with T in the

mounding regime, including the effective exponent
At T#0 K, an atom that is accommodated at for roughening. Thus, the concept of universal

a non-4FH site will not be able to escape via any (asymptotic) exponents [32] has limited practical
thermal diffusion process (although the possibility applicability in the regime of interest for these
of ‘knockdown’ by subsequently deposited atoms experiments.
exists). Thus, one should expect a breakdown of In closing, we comment briefly on other related
the predictions of growth models incorporating work, and on natural extensions to this study.
simple downward funneling. It is clear that once Recently, it was observed that the presence of
non-4FH epitaxial sites can be populated, the long-range attractions between diffusing adatoms
possibility exists for the formation of overhangs, and step-edges induces a destabilizing uphill cur-
and even enclosed voids or defects. Indeed, the rent. This leads to mounding, even in the absence
spontaneous creation of voids has been observed of an Ehrlich–Schwoebel barrier [73]. It is not yet
in recent MD studies of low-T metal(100) homo- clear whether this effect is significant in metal(100)
epitaxy [27,28]. No doubt, a detailed analysis of homoepitaxy. Another study proposed a transition
the mechanistic genesis of their formation would from ‘mounding’ to smooth growth as T increases
reveal the key role of trapping at Sq3 sites. The above some ‘high’ critical value (which is distinct
other key observation of these MD studies was from the low-T transition discussed above) [62].
rough film growth. Certainly, precise characteriza- However, the underlying analysis utilized an
tion or prediction of roughening would depend on expression for Jup based on perfect vicinal surfaces

in the step-flow regime, so its accuracy is unclearthe details of the breakdown of funneling, and of
the formation of overhangs and voids. However, near a transition where the selected slope vanishes

and island nucleation becomes significant. Futuresome generic insight into the roughening of films
incorporating bulk defects is available. It is well studies should systematically explore the influence
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of reversibility in submonolayer island formation
on subsequent multilayer growth. Reversibility
results in enhanced depletion of nearby 2D island
pairs in the submonolayer regime [29,74]. This
leads to greater ‘ordering’ of 2D islands, and thus
of the multilayer mounds, as well as enhanced
splitting of diffraction profiles [21]. Finally, for a
reliable analysis of the unusual features of growth
at low T, it would be appropriate to introduce
refined system-specific models accounting for both
intralayer ‘clumping’ of nearby adatoms, and trap-
ping of deposited atoms at non-4FH sites.

Fig. 13. Bird’s-eye view of the geometry of a growing surface
Acknowledgements during metal(100) homoepitaxy. Subarrays of vertical columns

are indicated by + and −.
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94AL85000. mass currents

For elucidation of the morphology of growing
Appendix A: Discrete treatment of deposition

films, the behavior of the lateral mass currents of
dynamics

deposited atoms for a ‘locally equilibrated’ grow-
ing surface is relevant (rather than behavior for a

A bird’s-eye view of the surface of a growing perfect vicinal surface) (see Fig. 9). Thus, whereas
currents determined after incremental depositionfilm for fcc or bcc metal(100) homoepitaxy reveals

two interpenetrating subarrays of vertical columns on a perfect vicinal surface display a qualitatively
reasonable m-dependence [42,43,54], more pro-of atoms, labeled ‘+’ and ‘−’ in Fig. 13. Atoms

at the top of one set of columns are in even layers, longed deposition is appropriate. For larger
slopes, m

x
≥m0x, equilibration is presumably rapid,and those in the other are in odd layers. For

growth with no overhangs or internal vacancies, and we emphasize that behavior in this regime is
actually sufficient to determine m0x! However, forthe top atoms in adjacent columns of different

subarrays have a height difference of unity. This slopes m
x
<m0x, an infinite growing surface will

facet into regions of selected slope, ±m0x, and so,geometry is equivalent to that of the so-called
single-step model for film growth [75]. As in strictly, J’s should be measured for a judicious

choice of finite deposition time or finite systemprevious studies [16–26 ], we naturally replace
deposition with continuous lateral coordinates size (&Lav). In the simulations, we used perfect

vicinal surfaces of single-steps where 20 ML werewith deposition on top of ‘discrete’ columns chosen
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Fig. 14. Top and side views of a periodic vicinal staircase of single-steps (up from left to right). Here, k=1, L=4, and l=9/2, and
pA=1/2, dA=−1/2, pB=1, dB=−1/2.

deposited. The currents were then monitored for on top of the two subarrays of vertical columns
an additional 0.2 ML. of atoms composing the film. Now, one determines

the lateral displacement for each discrete position,
and obtains a mean after summing over one period.

Appendix C: Analysis of the downward funneling Specifically, we let pi denote the probability of
current funneling down for an atom deposited on top of

site i, and di the extra lateral displacement to the
lower 4FH site on funneling down, compared withWe consider atoms depositing on two classes of
the hopping in-plane (di is measured in units ofperiodic vicinal surfaces, oriented in the [100]
‘a’, and is negative if along −x.) Then, the totaldirection. We determine the mean lateral displace-
lateral displacement of atoms deposited within ament of deposited atoms, sDF�, and thus the
period (la) is sTOT=∑ipidi, and the mean laterallateral flux, JDF

x
=FsDF�, due to the downward

displacement is sDF�=sTOT/(2l).funneling deposition dynamics. Furthermore, we
Class 1: A perfect staircase with steps of heightnote the consistency between continuum and
k atoms and terraces with L fully exposed atoms,discrete treatments of deposition [16–20]. In the
ascending from left to right (see Fig. 14). Here,former, atoms impinge on the surface with con-
the lateral periodicity is l=L+k/2, in units oftinuous lateral positions chosen randomly well
‘a’, and the global slope is M

x
=k/l. In this case,above the surface. One determines the lateral dis-

one finds a mean lateral displacement to the leftplacement for each position, and obtains a mean
of sDF�=k(k+2)/(8l), in units of ‘a’, so |JDF

x
|displacement after integrating over one period of

=F(k+2)M
x
/8, and CDF=(k+2)/8, as stated inthe vicinal surface (and then normalizing). In the

latter, atoms deposit randomly at discrete locations the text. We note that our result CDF=3/8 for
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Fig. 15. Top and side views of a periodic vicinal staircase of pairs of double-step up and single-step down, from left to right. Here,
k=1, L=9, and l=19/2, and pA=1/2, dA=+1/2, pB=1, dB=+1/2, pC=1/2, dC=−1, pD=1, dD=−1, pE=1, dE=−1/2.

Fig. 16. Snapshots of 170a/E2×170a/E2 regions of periodic vicinal staircases with (a) single-steps up, and (b) pairs of double-step
up and single-step down. Darker regions have a lower height. (c) Corresponding simulation results for |JDF

x
|/F versus M

x
. The slopes

give CDF#0.377 (Class 1) and CDF#0.629 (Class 2).

k=1 (Fig. 14) appears inconsistent with a calcu- Class 2: A staircase composed of pairs of steps
of height k+1 atoms up, and height 1 atomlation in Refs. [42,43], but this is only because

part of JDF
x

was assigned to (i.e. subtracted from) down, and lateral periodicity l=L+k/2 (see
Fig. 15). Here, the global slope is M

x
=k/l, as inJup

x
in that analysis.
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