VOLUME 81, NUMBER 22 PHYSICAL REVIEW LETTERS 30 NVEMBER 1998

Unstable Growth on Rough Surfaces
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We present experimental data for the morphological evolution of InAs buffer layers which are
interpreted using continuum equations of motion and kinetic Monte Carlo simulations. Our analysis
reveals the presence of an instability even as an initially rough surface smooths during growth.
This instability is due to the step-edge barrier and causes a characteristic length to emerge while
the surface roughness is decreasing, well before the formation of the mounds. The smoothing is
well described by a linear continuum equation identical to that which describes the early stages of
spinodal decomposition and has important practical implications for the growth of device buffer layers.
[S0031-9007(98)07810-7]

PACS numbers: 68.55.Jk, 64.60.—i, 68.35.Bs, 68.45.Da

The formation of large-scale morphologies during epi- Growth of InAs buffer layers was performed in a Fisons
taxial growth has received considerable attention from botlv80 molecular-beam epitaxy chamber using “epi-ready”
the experimental and theoretical communities in receninAs(001) + 0.1° substrates obtained from Wafer Tech-
years. Moundlike structures have been observed in semitologies. Following desorption of the oxide, InAs buffer
conductor [1-3], metal [4,5], and other [6] systems undeitayers of various thicknesses were grown at 300n an
a variety of growth conditions. The observed structuresAs overpressure using a /N ratio on the order of 10.
range in height from tens to hundreds of angstroms anditomic force microscopy (AFM) measurements were per-
in lateral extent, up to several microns. Most theoreticaformed on these buffer layers under ambient conditions
treatments of unstable epitaxial growth have assumed thasing a Quesant Instruments QScope operating in contact
the initial surface is smooth and that mound formation ismode with an etched silicon Ultralever tip.
evident from the onset of growth [7—12]. In particular, Figure 1 shows AFM images of surfaces with three
there have been studies that have yielded analytical resulbaiffer layer thicknesses together with representative line
on several aspects of mound coarsening [10,12]. scans of their heights. The surface at 600 A [Fig. 1(a)]

The experimental situation is not at all like this, how- shows remnants of deep pits that commonly occur as a
ever, especially during the growth of actual device ma+esult of oxide desorption. At 1500 A [Fig. 1(b)], the
terials. Semiconductor substrates, for example, are quiteurface shows some signs of organized hillocks, with the
rough after oxide desorption and, in fact, become smoothdargest hillocks no more than 20 A high. Considerably
during the growth of buffer layers. This important regime later in the growth, a2 wm [Fig. 1(c)], there is clear evi-
has received no theoretical treatment in spite of the fact thatence of mounds on the surface with heights of up to 60 A
it clearly influences the initial stages of mound formationand lateral dimensions of up foum. Although hillocks
and leads to obvious questions concerning the mechanismesentually become mounds (see below), we distinguish be-
that are active during the smoothing of initially rough tween them because the height of hilloclecreasesvith
surfaces. buffer layer thickness, but that of mounth&reasesven

In this Letter, we present results from continuum equathough the lateral size of both increases.
tions of motion, kinetic Monte Carlo (KMC) simulations, Large-scale features are believed to form during epitax-
and the growth of InAs buffer layers which indicate theial growth as a result of asymmetric barriers for surface
presence of dinear instability during the smoothing of diffusion across or near steps [13,14]. During smooth
an initially rough surface. This instability is presumed tolayer-by-layer growth, atoms that are deposited on top of
be due to the presence of an asymmetric step-edge barriexisting two-dimensional islands diffuse onto lower ter-
[13], but its effectiveness is mediated by surface diffusionraces, so that one layer is completed before a new layer
In particular, we find that long wavelength modes are unstarts to grow. An enhanced step-edge barrier prevents
stable and short wavelength modes decay, with a critiatoms from diffusing downwards, and it is more likely for
cal wavelength that depends on material parameters aradnew nucleus to form on top of existing islanisfore
growth conditions. This linear instability leads to the for- the layer underneath is completed. Kinetic Monte Carlo
mation of features we call “hillocks” and is qualitatively simulations of simple models for epitaxial growth have
distinct from the instability which is operative during later confirmed that the inclusion of step-edge barriers indeed
stages of growth that leads to the appearance and subggoduces an instability that leads to the formation and
quent coarsening of mounds. growth of mounds [8,15,16]. The behavior shown in
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FIG. 1. Morphology and representative line scans of surface height ifothg (horizontal) direction for InAs buffer layers
of thickness: (a) 600 A, (b) 1500 A, and &)um.

Fig. 1 is similar to that of GaAs(001) [2] and strongly W2 = {(h — (h))?), as a function of time. Sinc#? is the
suggests that there is an enhanced step-edge barrier in batitegral of S(k), the latter can be conveniently interpreted
systems. as the distribution of roughness over the various length

Continuum theories have also been developed over thecalesk~!. Two things are immediately apparent from
past several years to describe unstable growth of surfacélse data. First, the surface roughness decreases for a con-
[7-9,12]. In these theories, a form for the mass currensiderable time period before eventually increasing at later
on the surface consistent with observations in KMC simutimes. Second, long wavelength modes are unstable and
lations is postulated. This current typically is of the form there appears to be a well-defined wave number separating

stable and unstable modes that is independent of time.
j = Vh(a — BIVhI>) + kV|VA|*. 1) The foregoing is precisely what would be expected

. . from a completelflinear evolution equation,
Here a, B, and k are positive, material, and tempera- pletely q

ture dependent parameters, and the corresponding terms h _ —aV2h — KV 3)
phenomenologically account for step-edge barriers, sta- at

bilization of height gradients, and surface diffusion, re-This is identical to the early-stage or linear theory of spin-
spectively. For the current assumed above, the evolutiondal decomposition [18] and indicates that the nonlinear
equationz, =V - jis

% — V2h(BIVA® — @) + Vh - BYIVA]> — «V*h. 10.0 | T
) 8.0 -

Equations of this type have been used [7—-9,12] only in the 02
regime where mound coarsening is fully developed. Little 6.0 L . ]
or no attention has been paid to transient behavior from R
initial conditions even though our, as well as other ¥ 40 |
[2], experiments suggest this is relevant. We show : Too0ss
below that this continuum model qualitatively describes oo t=5s
the experimentally observed behavior when growth is 20 ¢ P
initiated on rough surfaces and, more important, that the +— 1=30s
evolution of hillocks is governed by different terms than 0.0 ‘ ‘
those which drive the evolution of mounds at later times. 0.0 0.2 0.4 0.6 0.8

Figure 2 summarizes the results of integrating Eq. (2) k

with initial conditions corresponding to a rough starting . _ )
surface [17]. Shown is the spherically averaged strucE!C: 2. Evolution of the structure facto§(k) (in arbitrary
ture factor,S(k) = (heh_y), at different times, obtained units) and surface roughnedg” for the continuum model
1AM kM =k/s 2 - described by Eg. (2). All simulations were performed on a
from the Fourier transform of the usual height correlation|2g x 128 lattice with parametersy = 1.0, 8 = 50.0, and

function, {(h;h;). Also shown is the surface roughness,«x = 5.0.
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term in Eq. (2) plays almost no role in the evolution of the

0.42
system until much later times. The key elements of this 3.0 S
linear theory are the existence of a critical wave number, G 0 o= h=4
k. = y/a/«, below which all modes are unstable, and a s om v
maximally unstable wave numbek,, = k./~/2, which 2.0 | 0s0 Tohao

"o 5 10 15 20

defines a characteristic length, = 27 /k, [10]. For Thickness (ML)

the simulation parameters used, the critical wave num-
berk. = 0.45, as is clearly evident in Fig. 2. The length
l,, corresponds to the average distance between hillocks 10 ¢
while the surface is smoothing. If Eq. (2) is integrated
further, the peak of the correlation functisitk) eventu-
ally shifts to longer wavelengths, an indication of nonlin- 0 ‘ ‘ *
earity in the system [18]. The morphology in this later "0.00 0.10 0.20 0.30
regime exhibits coarsening, as seen in studies of similar K
equations [5,7-9,12].

One curious aspect of the early-stage behavior is thdt!G. 3. Evolution of the structure factos(k) (in arbitrary
the nonlinearity plays such a small role in the evolution ofunits) and surface roughnesg® for the KMC model. Al

the system. This occurs because, for a weak instabiIit}ga?;acgvgfrg?g&rggj%gg&ﬁéﬁ:@ﬂgfggﬁs ;Ler{oggngs %]Na:quare

(a small) and strong surface diffusionc (large), only 023 ev, E; = 0.03 eV, F = 1/6 monolayersML) s™!, and
a very narrow band of wavelengths is unstable. SinceT = 800 K.

the amplitude of these unstable wavelengths grows like

ak?t H
"', the system can evolve for a long time before the i |ter times whet; is decreased because the laryeis
nonlinearity is manifested. This is in contrast to what

reached only at a later time. As in the continuum model,

is commonly observed in spinodal decomposition, whergy,o gimy|ations eventually produce mounds that arise from
typically the instability is strongd large) and the surface e pijiocks already created by the linear instability mecha-
tension, which controls the width of the interface between,icm \which coarsen with time [16]. In that regime, the

phases, is weakk(small). For this case, Broad band  ,pjinear effects become important, and we observe (not
of wavelengths is unstable and, hence, the linear theor¥hown) that the peak of the structure factor shifts to smaller
breaks down from the outset. values ofk.

To clarify the dominant mechanisms in the early- tpq coniinuum theory and simulation results make two

stage regime, we have also performed KMC SimUIation%jefinite predictions: The structure factor exhibits an insta-

of a solid—on—sglidl model plre_viou(sjly_employedblto Sn.’dybility even in the early stages of growth, and the surface
coarsening and slope evolution during unstable epitaxq, ,uhness decreases in the presence of this instability until
ial growth [16]. Atoms are deposited at random onto

areaching a minimum. These predictions can be checked

surface at a raté” and are allowed to hop to a nearest-p . ¢ : : :
. ; urther analysis of the experimental results. Figure 4
neighbor site at the rate™! = (2kzT/h)exd—(Es + y y P g

nExy + AmO(Am)Eg)/kgT], wheren is the number of

nearest neighborsAm is the difference of next-nearest 4.0 ‘ ‘

neighbors in the plane benea#imd above the hopping 08

atom before and after the haop,is the substrate tempera- ; 06

ture, and®(x) = 1 for x > 0, and 0 otherwise. The total 3.0 ! E 04
2

energy barrier is comprised of a surface diffusion term,
Eg, a contribution from each nearest neighbigy, and an
enhancement near step edggs,

Figure 3 shows results of KMC simulations performed
on an initially rough surface [19]. The evolution of the
structure factor and surface roughness are qualitatively 1.0 {/
similar to that seen in the continuum model. The correla-
tion function clearly exhibits a long-wavelength instability

0.0
00 05 10 15 20
Thickness (um)

2.0 ¢

S(k)

o—a h=0.06pm

with k. = 0.16 and a prolonged regime in which the lin- 0.0 : e
ear theory holds. The surface reaches a point of minimum 4.0 8.0 12-(_31 16.0 20.0
roughness after approximately five layers are deposited, K (um ™)

at which point it is organized into hillocks with feature FIG. 4. Evolution of the structure facto§(k) (in arbitrary

sizely. We_ expect, in general, th_at the point of minimum units) and surface roughne®g’ for InAs buffer layers. Each
roughness is reached when the hillock size gnare com-  data point represents an average over at least four independent
parable. We have checked that this point is indeed attainetlFM images of lateral sizé0 wm.
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