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Evolution of Mound Morphology in Reversible Homoepitaxy on Cu(100)
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Evolution of mound morphology in reversible homoepitaxy on Cu(100) was studied via spot-profi
analysis (SPA) LEED and scanning tunneling microscopy. The mound separation shows coarseni
growth time withLstd , t1y4, in support of theory based on capillarity between mounds. The grow
ultimately reaches a steady state characterized by a selected mound angle of,5.6±. We suggest that
this results from a downhill current driven by step edge line tension in balance with an uphill curr
due to the Schwoebel barrier effect. Also, we have clarified the interpretation for the evolution of
SPA-LEED profile from a ring structure to a single time-invariant peak. [S0031-9007(97)02851-2]

PACS numbers: 68.55.Jk, 61.14.Hg, 61.16.Ch
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Recently, a number of epitaxial growth experiments
have shown a pyramidlike mound morphology with a well-
defined mound separation and a selected mound slo
[1–6]. The origin of this phenomenon is ascribed to a
growth instability caused by the step barrier (or Schwoebe
barrier) which resists step-down diffusion of deposited
atoms [7]. As a result, the probability for the nucleation o
upper-level islands onto lower-level islands is enhanced
Repeated application of this process in successive laye
leads to the observed pyramidlike mound morphology
As deposition proceeds, the mounds grow bigger an
steeper (i.e., unstable), and coalescence will occur wi
the filling of gaps between mounds and developmen
of new top layers. This results in the coarsening o
the island size distribution, i.e., the distribution become
dominated by larger islands at the expense of smaller one
as characterized by the increase in the average mou
separationLstd with growth time t. In general,Lstd is
found to follow a power law [3–6,8–10],

Lstd ~ tn, (1)

with the exponent n depending on the coarsening
mechanism.

Mullins first obtained Eq. (1) withn ­ 1y4 by solving
a continuity equation,≠hy≠t ­ 2=4h, whereh is the sur-
face height and the=4h term describes capillary-induced
mound coalescence which eliminates smaller mounds
favor of larger ones [10]. Recently, Siegert and Plischk
[8] and Huntet al. [9] also obtainedn , 0.25 from nu-
merical integration of the continuity equation with addi-
tional terms incorporating the Schwoebel barrier effect
This kind of coalescence only occurs when a local equ
librium can be established between diffusing atoms an
growing mounds. The process requires detachment of a
atom from the step edges of small mounds in a time sca
roughly equal to,1yF (F is the flux), i.e., areversible
growth. However, if such a detachment is not allowed
i.e., for an irreversible growth, Stroscioet al. obtained
n , 0.18, for which they introduced a term for a so-called
local “corner” free energy in the continuity equation in-
0031-9007y97y78(14)y2791(4)$10.00
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stead of the=4h term [4]. This exponent agrees with the
measured value ofn , 0.16 from the FeyFe(100) growth
at a temperatureT ­ 293 K [4] at which the growth has
previously been shown to be irreversible [11], and also
supported by a recent kinetic Monte Carlo simulation
Amar and Family [12]. The other recent experiments
FeyMg(100) [5], GeyGe(100) [3], and Rhymica [6] show
n , 0.23, 0.4, and 0.33, respectively. These values on
are inconsistent with each other and also with any exist
models except forn , 0.23. However, these systems ar
either anisotropic or heteroepitaxial, thus introducing e
tra complexities which are not considered in existing th
ories. Also, in these experiments it is not clear wheth
the growth is reversible or irreversible. From Monte Ca
simulations on a simple square lattice system [13], it is
deed found that the value ofn is sensitive to the growth
temperatureT , but not to the step barrier in a range
0.05–2.0 eV. Another feature in the mound growth is t
selected mound slope. It is argued [4,8] that this resu
from a balance between an uphill current formed by
flection of diffusing atoms by the Schwoebel barrier a
descending step edge and a downhill current described
a phenomenological term~ m3, wherem is the mound
slope. The microscopic origin of thism3 term is unclear
at present. Current understanding of mound growth is s
very limited, particularly for the case of reversible growt

In this Letter, we report our study of unstable mou
growth on CuyCu(100) in the reversible growth regime
near room temperature, using spot-profile-analysis lo
energy electron diffraction (SPA-LEED) and scannin
tunneling microscopy (STM). The study includes th
coarsening mechanism and the microscopic origin of
downhill current responsible for the selected mound slo
in reversible growth. The other purpose of this study
to interpret a single time-invariant SPA-LEED profile
large thicknesses and to distinguish this from a self-affi
scenario.

SPA-LEED and STM experiments were performed
different ultrahigh vacuum chambers with similar ba
pressuress,4.0 3 10211 Torrd. The Cu(100) substrate
© 1997 The American Physical Society 2791
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was cleaned by Ne1 sputtering and then annealed
,500 ±C for 5–10 min. After the cleaning, no impuritie
were detectedin situ with Auger electron spectroscopy
The average terrace size on the clean Cu(100) sur
is determined by STM to be,850 Å. However, STM
imaging is usually performed on terraces larger th
2000 Å. Copper was evaporated from a 99.9999% p
Cu source onto the substrate atT , 303 K for the
SPA-LEED experiment and at,299 K for the STM
experiment, with the same deposition rate ofF , 0.0208
monolayer (ML)ys. Temperature was measured with t
thermocouple attached on or near the sample for the S
LEED and STM studies, respectively.

CuyCu(100) provides a simple square lattice syste
ideal for testing existing models without extra complexit
and its many aspects have been investigated [2,14–
For example, we have observed with STM that sm
islands in the top layer of typical size,40 Å gradually
disappear over a period of,75 min at room temperature
From this it can be calculated that the average time
an atom detachment is,18 sec which is much less tha
1yF , 48 sec. This clearly indicates that the CuyCu(100)
growth near room temperature is reversible, a neces
condition for the capillary-induced coalescence of moun
Also, the Schwoebel barrier for the system does exist
evidenced by faceting at low temperatures [2].

LEED spots at antiphase conditions during the Cy
Cu(100) growth start with a ring structure plus a sha
central peak. The diffraction ring is known to result fro
a well-defined island separationL due to a limited adatom
diffusion length [14,15]. Shown in Fig. 1 is a set o
the (00) angular profiles, scanned across the diffract
ring along thef110g direction, for deposition at differen
thicknesses andT , 303 K. The central peak oscillate
and damps out over several layers, indicating a multila
island (or mound) growth. In the meantime, the diame
of the diffraction ring Lp s~ 1yLd, which is given by
the separation of the two side peaks in Fig. 1, decrea
with deposition until a thickness of,20 ML, implying
a coarsening of mounds (see STM images in Fig
below). The coarsening starts after the island coalesce
has occurred in the submonolayer regime. Figure 2 i
log-log plot of Lp vs growth timet sor thickness­ Ftd
in a range of 1.1–20 ML. The solid line is a leas
squares fit of Eq. (1) to the data which givesn ­ 0.25 6

0.01, in excellent agreement with the capillary-induce
coalescence mechanism [8–10].

Another interesting phenomenon shown in Fig. 1
that when the thickness increases above,20 ML the
split peaks gradually broaden and merge into a sin
broad peak. This single peak broadens further with
position until reaching a steady shape above,100 ML.
This steady profile is similar to that observed for th
FeyFe(100) growth with SPA-LEED, in which a self-affin
growth was concluded [18]. The questions raised n
are: What is the real surface morphology at large thic
nesses? Why does the diffraction profile evolve into
2792
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FIG. 1. SPA-LEED angular profiles measured for depositio
at different thicknesses (ML) andT , 303 K, wherekk is the
scattering vector parallel to the surface.

single broad peak instead of the ring structure if th
moundlike morphology persists at large thicknesse
These questions can be answered by examining ST
data. Figure 3 is a set of STM images at different thic
nesses andT , 299 K. From the images we can see th
evolution of the mound morphology and the coarsenin
of the mound size distribution. One important poin
should be noted: As the upper-level islands develo
the lower-level islands become interconnected. This h
the fact that, while there is a well-defined mound sep
ration for the upper layers, this well-defined separatio
is lost for the lower layers. SPA-LEED is at a nearl
normal incidence, and incident electrons can reach a
be scattered from all exposed surface atoms even in d
valleys. The shape of the angular profile will depend o
the relative contributions of scattering from upper an

FIG. 2. A log-log plot of the diameter of the diffraction ring
Lpstd vs growth timet or thicknesss­ Ftd. The solid line is a
least-squares fit of Eq. (1) to the data, and the slope gives
coarsening exponentn.
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to

FIG. 3. STM images of the first derivative measured for deposition at different thicknesses andT , 299 K. The first five images
show an area1000 3 1000 Å2 while the last one is5000 3 5000 Å2. Small clusters in some of the images may be attributed
mobile small Cu clusters. Some specks are noise enhanced by the derivative mode.
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lower layers. Since the upper layers necessarily const
a smaller fraction of the total terrace area than the lo
layers after,20 ML, the SPA-LEED profile in this case
mainly reflects the distribution of irregular terrace siz
in the lower layers with a corresponding change to
single broad peak. The steady profile above 100
indicates that the step density becomes time invari
in other words, the mound slope stabilizes, rather t
developing a self-affine morphology. By estimating t
average terrace sizes, , 43 Åd from the full width at half
maximum (FWHM) of the profile in the steady grow
regime, the saturated average mound angle is calcu
to be f0 ­ tan21sdy,d , 2.4±, where d ­ 1.8077 Å is
the atomic step height.

In contrast to LEED, RHEED (reflection high-energ
electron diffraction) is at a glancing incidence, a
incident electrons can only hit and be scattered fr
the top few atomic layers. Because of the existence
a well-defined mound separation for the upper laye
the RHEED profile is expected to remain split at lar
thicknesses. This has actually been demonstrated
simulation, by Amar and Family [19], for the SPA-LEE
and RHEED profiles from theirreversible FeyFe(100)
mound growth with a deposition rate of,0.0257 MLys
(comparable to ours). They found that the SPA-LEE
profile turns into a single steady peak after,20 ML
but the RHEED profile remained split. They interpr
the loss of the ring structure in the SPA-LEED profi
at large thicknesses to be the result of mound e
roughening (kinks) due to limited edge diffusion, an
therefore, not necessarily due to the loss of a character
length among mounds. In ourreversible growth, the
edge diffusion is sufficient, as implied by the smoo
step edges in STM images, thus edge roughening is
relevant here.
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Now, we will quantify the time dependence of th
average mound separationLstd and mound slopemstd
in a much wider thickness range of 0.42–145 ML fro
STM images. To do so, we calculated a height-heig
correlation function from STM images, which is defined
Gsrd ­ kehsrdehs0dl, whereehsrd ­ hsrd 2 khl is the height
relative to the mean heightkhl, r is the lateral distance
and thek· · ·l is the spatial average over the surface. T
average mound separation and slope are determined
L ­ 2rc and m ­ wyrc [4], whererc is the position of
the first zero crossing ofGsrd and w ­ fGs0dg1y2 is the
rms surface roughness. Using this method to determ
L gives a much better statistical average than the met
of counting the number density of moundssL ­ N21y2d.
The results are plotted in Fig. 4. The least-squares
to the data gives the coarsening exponentn ­ 0.23 6

0.01, consistent with the SPA-LEED measurement a
supporting the capillary-induced coalescence mechan
Also consistent with the SPA-LEED measurement, t
average mound slopem in Fig. 4 increases gradually
with growth time and saturates at a value ofm0 ­ 0.042
(or f0 ­ 2.4±) after ,90 ML. In contrast, saturation of
the mound slope occurs much more rapidly (at,3 ML)
for irreversible growth of FeyFe(100) [4]. However,
the STM images at large thicknesses in Fig. 3 sugg
an underestimate of the mound slope obtained. This
because the STM images show some mounds with
tops containing one or two small islands. Thus, t
mound slope obtained above is an average value, ra
than just for the mound step walls. Although simil
mound formation also exists in irreversible growth
FeyFe(100) [4] and in kinetic Monte Carlo simulation
[19], the population of flat tops here is higher. This
because in reversible growth islands which nucleate
the top terrace can also undergo dissociation proces
2793
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FIG. 4. A plot of the average mound separationL (left axis)
and average mound slopem (right axis) vs growth timet or
thickness. The solid line is a least-squares fit of Eq. (1) to
data which givesn.

Thus, the probability to form a stable island on the t
terrace will be reduced in our case as compared to
irreversible growth case. Dissociation of top terrac
during the time (10–15 min) between deposition and ST
imaging is negligible as indicated by a time sequence
STM images. To eliminate this effect, we have measu
the mound step wall angles directly from STM images a
found that the average step wall angle is saturated a
,90 ML with a saturation angle of,5.6 6 1.3±. It will
be more reasonable to use this angle as the selected m
angle here. In comparison, for an irreversible growth
CuyCu(100) at low temperatures [2], the mound sides w
found to consist of the (113) facet at 160 K and the (11
facet at 200 K. Apparently, these mound angles are m
larger than observed here, indicating the existence o
smoothing mechanism in our reversible growth.

At this point, one more question needs to be answe
What process competes with the uphill current associa
with the Schwoebel barrier to limit the mound slope
a much smaller value than that observed for irrevers
growth [2,4]? To see this, we have measured a ti
sequence of STM images after stopping the deposi
at 140 ML. We found that the average terrace wid
expands at a rate of,0.2 Åy min, but the step wall
angle decreases more slowly at a rate of,0.01±y min.
This smoothing effect on the morphology during t
10–15 min between deposition and STM imaging
negligible. The physical origin of this smoothing mech
nism was found by us on the same system [16] to
driven by the line tension of curved step edges, for wh
the step free energy can be written asm ­ m0 1 syR
[20], where m0 is the straight step free energy an
s is the edge line tension for a terrace of radiusR.
Therefore, in order to lower the free energy, atoms w
be driven to migrate from up-terrace edges to dow
terrace edges in a mound, forming a net downhill c
rent, J2 ­ s1 2 Prdk≠my≠R ­ 2s1 2 PrdksyR2 ,
2s1 2 Pr dksy,2 ­ 2s1 2 Pr dksm2, where Pr is the
probability per unit time that an atom which diffuses
2794
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the down step will be reflected,k is a kinetic coefficient,
and, is the terrace width. Sincem ø 1 here, this term
s~ m2d will be dominant over the phenomenologica
term s~ m3d mentioned above if it exists. The net uphill
current in the steady growth regime can be written a
J1 ­ PrFy2m. From J2 1 J1 ­ 0, we obtain the se-
lected mound slope,m0 ­ fPrFy2s1 2 Pr dksg1y3. The
smoothing kinetics described above could be faster duri
deposition since the newly deposited adatoms will b
driven to migrate to descending terrace edges by a late
pressure gradient caused by the line tension differenc
After deposition, an atom first has to dissociate from th
up-terrace edge before it can be driven to migrate to t
down-terrace edge.

Finally, we discuss the kinetic roughening properties o
this system. From STM images we calculated anoth
height-height correlation function defined asG0srd ­
kfhsrd 2 hs0dg2l for which G0srd , r2a for r ø L [19].
For mound growth, one expectsa ­ 1 in the steady
growth regime since there is only one length sca
among mounds [8]. Also, the rms surface roughness,w,
calculated above increases with growth time, asw , tb .
From a plot ofw anda vs t, we obtainb , 0.45 6 0.01,
anda , 0.92 in the steady growth regime. The value o
a agrees with prediction, but the largeb is due to the
slow saturation of the mound slope for reversible growth
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