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Growth of Si on the Si„111… surface

C. J. Lanczycki, R. Kotlyar, E. Fu, Y.-N. Yang, E. D. Williams, and S. Das Sarma
Department of Physics, University of Maryland, College Park, Maryland 20742-4111

~Received 24 March 1997; revised manuscript received 15 September 1997!

The homoepitaxial growth of Si on a Si(111) surface forT52802410 °C, and thicknesses up to 210
bilayers has been evaluated using scanning tunneling microscopy and detailed statistical analyses. In the early
stages of growth, the formation of and nucleation at antiphase domain boundaries and the formation of
metastable crystalline structures become increasingly important at lower temperatures. At larger film thickness,
the height-height correlation functions do not reveal the presence of scale-invariant morphologies. Instead,
anomalous formation of pyramidal structures with surrounding denuded zones is observed at temperatures of
360 °C and below. The pyramid size increases with increasing temperature and film thickness, but this increase
is not consistent with a simple coarsening process. Atomic-scale images indicate a correlation of these pyra-
mids with the metastable crystalline structures observed in growth nuclei at lower coverages. Potential mecha-
nisms for formation of these anomalous structures and their consequences for scale-invariant growth are
discussed. Our results indicate that the underlying crystal structure and its associated reconstructions can play
a significant role in determining surface growth morphologies, complicating their long-wavelength dynamic
scaling properties.@S0163-1829~98!00716-4#
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I. INTRODUCTION

The key concept in kinetic surface roughening is that
statistical scale invariance, which asserts that, at long eno
length and time scales, nonequilibrium growth of thin film
should exhibit dynamic scaling in length and time beca
there are no characteristic scales in the problem. For m
years, there has been a coordinated effort to develop a t
retical description of film growth in which the large-sca
evolution of structure could be described in terms of a f
key parameters that subsume all of the detailed atom
behavior of a given individual material.1–5 Additionally,
many attempts to model these processes have employed
detailed simulations,6 or focused on the layer-by-laye
growth regime.7 With the identification of kinetic roughening
as a scale-invariant phenomenon,1,2 much simpler models be
came relevant to the asymptotic properties of kinetica
rough surfaces. Interfaces undergo kinetic roughening wh
ever the adatoms deposited by an incident beam diff
slowly as compared to the deposition rate, so that they do
reach equilibrium positions. Generically, kinetic rougheni
manifests scale invariance, which can be characterized
theory based only on the presence of a noisy incident b
and the nature of physical processes occurring du
growth. At first, these models neglected surface diffus
effects following deposition.8 Later developments have a
lowed the appropriate incorporation of surface diffusion
processes,3–5 with a correlated improvement in the ability o
theory to describe the evolution of global structure.

However, experimental studies increasingly reveal9–13

that the complexities of surface diffusion can lead to
evolution of kinetically rough surfaces that display scale
variance characterized by a range of exponents. In addi
an Ehrlich-Schwoebel-type barrier14,15 to diffusion down-
wards across a step can have dramatic effects on gro
morphology and obscure noise-driven roughening effe
Such barriers have been studied experimentally,10–12
570163-1829/98/57~20!/13132~17!/$15.00
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simulationally,7,16 and theoretically.5,11,12,17,18They lead to
interfaces with mound or pyramidal structures where
coarsening-type phenomenon dominates. The appropriat
corporation of such specific diffusional behavior into d
namical scaling formalisms remains a theoretical challen

Growing kinetically rough surfaces have often been tak
as examples of self-affine objects, which possess the be
ior that on ‘‘short’’ length scales they appear rough wh
measurements at ‘‘larger’’ scales find the surface to be fl
This implies anisotropic scale invariance, whereby distan
measured normal to the substrate scale ash→ f ah ~a,1!
when lengths measured in the plane of the initial subst
are rescaled asL→ f L. Physically, we note that the lengt
scale at which the crossover from rough to flat occurs can
taken as the lateral correlation lengthj(t): on local scalesr
such thatr !j, the surface looks spatially rough, while fo
r @j it appears globally flat. Note that all of these discu
sions tacitly assume that the length scale defining the c
tallinity of the surface are very small compared toj(t).

The power-law scaling implied by these ideas define
set of scaling exponents. The roughness exponenta de-
scribes the spatial scaling, and the growth exponentb char-
acterizes the time development of the height fluctuatio
The dynamical exponentz5a/b describes the spread of la
eral correlations:j(t);t1/z. We note an implicitT depen-
dence in the growth characteristics due to the activated
ture of adatom diffusion, and the influence of finite size a
time effects.19 Becausej defines the length and time regime
over which scaling behavior can be observed, it is crucia
know the correlation length relative to the length scales
ing probed.

Most frequently one obtains the exponents from t
height-height correlation functionG(xW ,t)5^@h(xW1yW ,t)
2h(xW ,t)2#&1/2, and the interface widthW(R,t), where

^•••& is an average over all surface vectorsyW and R is the
lateral length scale over which the average height fluct
13 132 © 1998 The American Physical Society
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57 13 133GROWTH OF Si ON THE Si~111! SURFACE
tions are computed. For anisotropic, self-affine scale inv
ance wherea,1, one expects the scalingG(x);xa and
W(R);Ra for x,R,j(t). SinceG andW depend on time,
scale invariance also demands that bothG(t) andW(t);tb

for x,R.j(t). From the point of view of self-affine scaling
then,G andW provide equivalent information. We primaril
discuss data from the correlation function, butW has also
been examined and yields the same results. We note
situations exist where the growth can obey an anoma
scaling law ~in contrast to the usual self-affine scaling!.20

Experimentally, growing surfaces have been seen to exh
temporal and spatial power-law scaling behavior during lo
temperature growth.9–13 Using real-space scanning tunnelin
microscopy~STM! images, we can directly examine wheth
surfaces exhibit this scaling as the interface evolves.21–24

In this paper, we study the growth of Si on Si(111) wi
step separations.2000 Å and over a temperature range
approximately 280–410 °C where atoms exhibit relativ
slow surface diffusion and could be expected to lead to
netic roughening.13,25–34Due to the activated Arrhenius na
ture of surface diffusion, the mobility changes rapidly wi
temperature. We use STM along with extensive statist
image analyses of our experiments. We find that while
surface grows primarily via layer-by-layer island growt
small portions of the surface are covered with tall quasi
ramidal structures~except atT5410 °C!. These structures
have morphologies and microcrystallinities strongly rese
bling the structures formed at low coverages during nuc
ation at antiphase boundaries.25 As temperature is decrease
the number of these structures increases, while their typ
size decreases.35

The Si/Si~111! system, however, is far from simple. I
particular, the surface undergoes a complex large-scale
construction, which differs only slightly in energy from
many other metastable reconstructive structures.36,37 Previ-
ous studies have shown that the antiphase domain bound
of the surface reconstruction act as nucleation sites
growth.25 Furthermore, islands nucleating at these dom
boundaries are likely to form in one of the metasta
reconstructions,36,37 leading to the formation of additiona
domain boundaries during subsequent growth.25,32 This per-
turbation of the normal random nucleation process in gro
represents a potentially interesting challenge to theorie
the evolution of morphology, particularly those involvin
dynamic scaling approaches. Specifically, these processe
troduce new length scales in the problem that are subs
tially larger than atomistic lattice spacings, e.g., the 737
reconstruction unit cell on the Si~111! surface. This new
length scale complicates the interpretation of the grow
surface morphology in terms of dynamically scaling kine
roughening.

Global statistical measures such as the widthW and lat-
eral correlation lengthj can be used to gauge whether or n
the machinery of dynamic scaling should be relevant t
given surface. In particular, we would minimally expect th
~a! the surface widthW>c, wherec is the height of a single
monolayer@c53.14 Å on the Si~111! 737 surface#, and~b!
the correlation length isj'10a or greater, witha being the
size of the basic unit cell@a530 Å for the 737 Si~111!
reconstruction#. To our mind, fluctuations of less than
single layer or spanning distances of but a few underly
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cells cannot reliably confirm the presence of dynamic sc
ing.

Our results supplement existing experimental results a
nominal temperature slightly below our lowest quoted te
perature,T5280 °C. The previous experiments, perform
by Yang, Wang, and Lu using electron diffractio
techniques,13 studied Si/Si~111! growth atT5275 °C with a
flux of seven bilayers/min for times up to 20 min. With a
extensive HRLEED ~high-resolution low-energy electro
diffraction! study of the grown surfaces, they found scali
exponents ofa;1.0, b;1/4, and the average terrace si
grew as Aln t. These observations suggests very rou
growth of the interface consistent with the anomalous sca
behavior20 manifested by the linear stochastic Herrin
Mullins equation describing the surface diffusion of atom
on a growing interface:3 ]h/]t52n¹4h1D, whereD is a
stochastic term representing the shot noise in the incid
atomic beam. We note that atT5275 °C, their growth does
satisfy the minimal criteria for kinetic roughening note
above. But in growth atT5350 °C, they found layer-by-
layer growth with no kinetic roughening.13 Our STM data
complement those of Ref. 13 by focusing on the transitio
temperature regime starting just above 275 °C~where Yang
saw roughening and dynamic scaling! and considering the
crossover from this to smooth layer-by-layer growth. We e
amine this issue on morphological grounds and from
point of view of statistical scale invariance. Taken togeth
these data show that the roughening of the Si~111! surface is
quite temperature dependent, and that above 275 °C a r
transition to layer-by-layer growth occurs.

Yang, Wang, and Lu33 also observed that if they inten
tionally roughened the surface on a length scale less t
about 100 Å prior to growth, the LEED pattern develop
features characteristic of~112! and ~113! facets after the
deposition of many layers of Si. Under these roughen
growth conditions the original 737 reconstruction disap
peared after several layers of growth. The facet features
ported under such growth conditions33 are much better or-
dered and probably much larger than the quasipyram
structures we observe. In addition, Shigetaet al. have re-
ported the formation of hillocks during a growth regime
which initial RHEED oscillations had damped out.35

In contrast to the characteristic coarsening of pyramids
mounds expected due to Ehrlich-Schwoebel barriers,12,17 we
do not see any interface coarsening in our experimental
sults despite the appearance of small isolated patches
playing pyramidal structures. We attribute the appearanc
pyramidal structures in our experiments to metastable rec
structions at antiphase domain boundaries as explained
in this article.

II. EXPERIMENT

The experiments were performed in an UHV system w
a base pressure of 2310211 torr, equipped with a homemad
scanning tunneling microscope.23 Nominally flat Si~111!,
n-type wafers of resistivity 10–30V cm and 1533
30.4 mm3 in size were used as samples. Clean Si~111! sur-
faces~without any chemical precleaning! were obtained by
flashing to 1270 °C for one minute, after slowly degass
the sample at temperatures below 945 °C. Depending on
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13 134 57C. J. LANCZYCKI et al.
direction of the direct current during the flash, step up or s
down, the sample substrate had either uniform terra
;2000 Å wide or had direct-current-induced st
bunching.38 On the step-bunched samples, growth was st
ied on the terraces between the step bunches, where
crossing between the bunches yield an average step se
tion of 1–2 mm. From 1270 °C, the samples were cool
quickly to 945 °C and then slowly cooled to below 250 °C
a rate of;0.5 °C/s to produce a surface with few doma
boundaries.25 Another Si~111! wafer placed;2 cm from the
sample is used as the Si deposition source. The depos
rate in these studies was approximately seven bilayers
minute and was calibrated by performing depositions
step-bunched samples with wide terraces. On such sam
at temperatures where growth is primarily by island form
tion, one can directly observe the amount of Si depos
using STM. The images clearly show denuded zones aro
the step bunches~where deposited material has traveled p
marily to the step edges! and islands in the central regions
the terraces. For submonolayer deposition, the area cov
by the islands gives the amount deposited onto the region
the surface outside the denuded zones, and thus give a d
calibration of the deposition flux accurate to better than 1
~error arises primarily from defining the edge of the denud
zones.! The pressure during the deposition was less tha
310211 torr. The coverage due to deposition is expresse
units of bilayers~BL! of Si~111! where 1 BL is equal to
1.3631015 atoms/cm2.

Temperatures were calibrated using an optical pyrom
at elevated temperature, and an infrared pyrometer dow
approximately 400 °C. Below 400 °C the temperature w
extrapolated using the variation in the current used to h
the sample. As a result, systematic uncertainties in the t
peratures reported of640 °C at 280 °C and650 °C at
410 °C are possible. As will be discussed later, by comp
son with the work in Ref. 13, we conclude that for the sa
physical conditions our temperature calibration yields ab
lute numerical values approximately 10–20 degrees lo
than they would be on the temperature scale of Yang, Wa
and Lu.~Our quoted experimental temperatures are base
our calibration, but when comparing with Ref. 13 it is im
portant to factor in this difference.! Uncertainties in our rela-
tive temperatures are governed by uncertainties in the cur
measurement, and are less than610 °C at the lowest tem
perature, and less than65 °C at the highest growth tempera
ture.

An STM scan of a surface provides the surface hei
data with respect to an image-dependent reference. To
vert the raw STM output to an absolute height measure of
Si~111! surface we first performed a planar background s
traction on the data to compensate for any tilt of the subst
with respect to the STM tip. To convert the raw data in
absolute height units we next averaged roughly 10 line sc
of the surface, computing the mean height difference
tween adjacent regions showing a 737 reconstruction on
either side of a surface step. Our unit of height through
this paper is the vertical lattice constant of the 737 recon-
struction,c53.14 Å.

To characterize the distribution of atoms at the surface
sampled the height for each image and computed the p
ability P(h) of finding a surface point within thehth layer of
p
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the image. We show a typical histogram in Fig. 1 for a 5
3500 nm2 STM image after a total of 210 BL was depo
ited at T5320 °C. From these histograms we extracted
likelihood of finding an arbitrary surface point in the thre
most probable layers, as given in Table I. As is clear fro
Table I the growth realized in our experiments leads to s
faces with atoms predominantly residing in three layers~i.e.,
the typical interface widthW here is;1 BL!, even in the
presence of the pyramid formation, which will be describ
in the following section.

The surface regions, which appear as mounds or pyram
in the images, are defined and characterized by the follow
guidelines. We considered a region of connected surf
points to be a mound if its maximum height is withinHr% of
the reference maximum height of a mound, its area is wit
Ar% of the reference area of a mound, and its base is wi
Br% of the reference base of a mound. The optimal para
etersHr , Ar , andBr were determined empirically for eac
image, but on the average these values areHr530%, Ar

540%, andBr515%. To determine these reference para
eters we randomly selected several regions that exhib
mound formation in the image and calculated their area
height. The ensemble-averaged parameters were used a
erence values when we analyzed the entire surface. We s
these results in Table II where each entry includes the t
number of mounds in the image, the fraction of the surfa
covered by the mounds, the average area of the mound,

the average maximum height (h̄m) of the mound. As is evi-
dent from Table II the character of the mounds depends n
trivially on both the deposition time and the temperature
the substrate. In general, the mounds grow in area with
creasing temperature and deposition time. The density
mounds in the images, however, decreases with increa
temperature. Although not determined conclusively, we
serve that theh̄m values seem to be insensitive to the grow
temperature for a fixed number of deposited layers.

We have used our STM images to calculate a predic
diffraction profile where we numerically evaluate the sc
tered intensityI (kW i ,k') as

FIG. 1. Histogram plot of the image in Fig. 5~a!, giving the
probability P(h) that a random surface point is at heighth.
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TABLE I. Histogram analysis of 5003500 nm2 images. Based on the vertical lattice spacingc, we give
the total layers visible in the image (NL) and the percentage of the surface in the one, two, and three
probable layers (P1 ,P2 ,P3, respectively!.

Film thickness T5280 °C T5320 °C T5360 °C T5410 °C

NL59.5 NL57 NL52
30 BL No data P1549% P1540% P1562%

P2575% P2577% P25100%
P3593% P3598% P35100%

NL511.5 NL58.9
52 BL (T5280 °C! P1552% No data P1587% No data
67 BL (T5360 °C! P2575% P2597%

P3594% P3599%

aNL59.3 NL511
105 BL P1549% P1541% No data No data

P2579% P2581%
P3592% P3590%

NL511.2 NL59.9 NL53.6
210 BL No data P1552% P1542% P1551%

P2577% P2575% P2599%
P3589% P3592% P35100%

aSee Ref. 43.
ce
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ese
I ~kW i ,k'!5U(
xW

eikW i•xW^exp@ ik'„h~xW1x8W !2h~x8W !…#&U,
~1!

wherekW i is the parallel wave-vector transfer to the surfa
k' is the perpendicular wave-vector transfer~always taken at
the out-of-phase condition, namely,ck'5(2n21)p,n50,
,

61,62, . . . ), and ^•••& represents an ensemble avera
over pairs of points separated by the vectorxW in the STM
image. It has been shown39,40 that near the out-of-phase con
dition the full width at half maximum~FWHM! of the inten-
sity profile can be expressed as FWHM;6p/hc whereh is
proportional to the average terrace size. It can be furt
written ash;jW21/a,41 and in the case wherea51 ~as in
Ref. 13! h;j/W. Sinceh in our case is nonuniform during
much of the growth, and especially near the mounds, th
id,

ed
TABLE II. Characterization of the pyramidal structures, obtained from 5003500 nm2 STM images. The
number of pyramids observed, together with their average height (hav), average area covered per pyram
and average surface coverage are shown, computed as described in the text.

Film thickness T5280 °C T5320 °C T5360 °C T5410 °C

30 BL No data None observed None observed None observ

Sample: 18 Sample: 3
52 BL (T5280 °C! hav54.0c No data hav53.7c No data
67 BL (T5360 °C! Area5125 nm2 Area51280 nm2

Coverage50.9% Coverage51.5%

aSample: 18 Sample: 13
105 BL hav54.8c hav54.8c No data No data

Area5360 nm2 Area5450 nm2

Coverage52.5% Coverage52.3%

Sample: 9 Sample: 4
210 BL No data hav56.8c hav56.7c None observed

Area52250 nm2 Area57350 nm2

Coverage510% Coverage510%

aSee Ref. 43.
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13 136 57C. J. LANCZYCKI et al.
relations most likely are not strictly valid. However, th
physical expectation still is that the FWHM of the diffractio
beam profile increases with surface width and decreases
increasing correlation length.

III. RESULTS

A. Discussion of STM images

Growth was studied at room temperature, and atT5280,
320, 360, and 410 °C. The structures grown at room te
perature, although apparently quite rough, were not analy
because the STM images could not be interpreted due
lack of recognizable crystal features, consistent with ot
reports of amorphous growth below about 200 °C.42 Of
course, one could still go ahead and conduct an analys
the STM images obtained, but in our opinion such an ana
sis is not meaningful. Without identifying landmarks th
indicate the presence of an actual crystal structure on
surface, it is unclear to what extent tip effects~including
multiple tips and tip changes during a scan! are convolved
with the true surface structure. Therefore, we do not pres
data obtained following room-temperature growth.

To investigate the effect of temperature on the growth
have compared the structure of relatively thin films (30 a
52 BL! grown at four temperatures~Fig. 2!. The results are
qualitatively as expected: island size~surface width! in-
creases~decreases! with increasing temperature, with a con
comitant rise in the diffusion length~qualitatively manifested
by the distance between nucleating islands in the figures!. At
320 °C, the island size is small, on the order of 100 Å
size. A histogram analysis~see Table I! shows that 93% of
the surface is covered by the three most probable layers,
up to nine different layers exposed in the entire image aT
5320 °C. With increasing temperature, the lateral feat
size increases and the number of layers that are sim
neously visible decreases. AtT5410 °C, virtually all of the
growth is limited to two layers as expected for perfect lay
by-layer growth. Even at the lowest temperature (T5280 °C,
where roughness should be greatest!, Fig. 2~a! displays many
small features spanning mainly three layers with little glo
roughening evident.

Magnification of the same surfaces shows the atomic
ture of the growing film@Figs. 3~a! and~b!#. The films grown
at T5280 and 320 °C still have crystalline order, but the
are many domain boundaries and regions of metastable
constructions, such as 231 and 535, in addition to the
normal 737 structure. Similar structures occur after grow
at 360 °C as shown in Fig. 3~c!, but with a larger length
scale for the defect structure. Structures grown atT5410 °C
~not shown! continue this pattern, and appear similar to tho
reported previously in studies of nucleation at dom
boundaries.25

With increasing coverage, we expect the evolution o
scale-invariant morphology most clearly at our lower te
peratures. As we raise the temperature, we hope to illumi
how the Si/Si~111! surface crosses over to a layer-by-lay
growth mode from a kinetically rough mode, with the resu
of Ref. 13 atT5275 (350) °C being an example of th
latter ~former! mode. However, the morphological evolutio
we find at temperatures just aboveT5275 °C ~where we
emphasize the temperature calibration uncertainties note
ith
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Sec. II! is uniformly quite different from what we expect o
a scale-invariant kinetically rough surface. Namely, it sho
manifest fluctuations and substructures of a variety
heights and lateral extents.

At T5280 and 320 °C though@Figs. 4~a! and~b!, respec-
tively#, large regions of the surface remain surprisingly fl
and dominated by only two or three layers.43 But these flat
regions are punctuated by the appearance of much taller
ramidal structures. These pyramids are basically triangula
cross section and are surrounded by a zone denuded of
island structures. Heights lower than those of the surrou
ing flat areas are typically found in the denuded zones. A l
scan of Fig. 4~b! appears in Fig. 5~a! and clearly shows the
existence of a large layered structure amidst the backgro
of a relatively flat surface. The observation atT5360 °C
@Fig. 4~c!# is similar except that there are fewer pyramids
larger size. Finally, atT5410 °C@Fig. 4~d!# the film appears
uniformly smooth, and essentially identical to that observ
after 30 BL of growth@Fig. 2~d!#. The corresponding line
scan atT5410 °C @Fig. 5~b!# confirms that only two layers
are active at our highest temperature. While the overla
chiefly forms a 737 structure, one can also detect areas
231 reconstruction, as seen in Fig. 4~e!.

Although the pyramidal structures formed atT5320 and
360 °C are visually dramatic, the analysis of the height d
tribution in Table I illustrates that the majority of the surfa
structure is composed of flat regimes, and the entire imag
largely limited to three layers~89% atT5320 °C, and 92%
at 360 °C!. An analysis of the pyramidal structures them
selves, presented in Table II, shows that after 210 BL
growth they cover approximately 10% of the surface ar
and have an average maximum height of about seven la
(;22 Å! above the overall surface average. As observ
visually in Fig. 6, qualitatively the pyramids are of larg
size and fewer in number at elevated temperatures.

The characteristics of the islands can be further und
stood by imaging the same surfaces at different magnifi
tions. Larger area images are shown in Fig. 6. These
mm-size images show that the pyramidal structures are
formly distributed over the surface, and have a relativ
narrow distribution of size. Comparison of the growth pa
terns under the same conditions on the substrates of diffe
step density described in the experimental section showe
qualitative difference in the distribution of the pyramid stru
tures formed. Finally, at our highest growth temperature
T5410 °C @Fig. 6~c!#, there is no evidence at all of an
pyramid formation, or the presence of structures that co
be considered an early stage of a pyramidal structure. T
observation is consistent with the lack of kinetic roughen
at high temperature found previously for Si/Si~111!
growth.13

The atomic-scale structure of the pyramids is illustrated
the high-magnification images shown in Fig. 7. The filter
images clearly show that the pyramids maintain the ato
reconstructions characteristic of the Si~111! surface, and
have a structure that is aligned with the high-symmetry
rections of the surface. The ‘‘pyramidal’’ shape, however,
not a true pyramid but appears to be the result of the gro
of tall thin walls aligned along each of the three hig
symmetry directions. There is considerable variability in t
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FIG. 2. 500035000 Å STM images following deposition of~a! 52 BL of Si atT5280 °C, and 30 BL of Si at~b! T5320 °C, ~c! T
5360 °C,~d! T5410 °C. In~c! and ~d! the islands with intermediate shading possess the metastable 231 structure.
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shapes of the pyramids as can be seen in Fig. 4. Howe
the ‘‘hollow’’ structure shown in Figs. 7~a! and 7~b! is quite
common. The structure shown in Figs. 7~c! and 7~d! shows
another pyramid composed of what appear to be rows
parallel ridges that have grown together, yet with an ove
shape similar to that in Figs. 7~a! and 7~b!.

Under all the conditions reported, we continue to obse
well-defined crystalline structures, including the 737 recon-
struction and the related metastablen3n reconstructions,
and the 231 reconstruction. Small structures displayin
multiple layers of different reconstructions could be found
thicknesses as small as 20 BL forT5360 °C, as shown in
er,

of
ll

e

t

Fig. 8~a!, and were also observed on thicker films as sho
in Fig. 8~b!. Following 67 BL of deposition, well-defined
pyramid-type structures@as seen in Fig. 7~c!# were observed
at the three lowest temperatures studied. The structure
tend to show the same symmetry as seen in Figs. 4 and
which the ‘‘pyramids’’ are formed of three~or parts of three!
long thin walls oriented along the high-symmetry direction
The overall nature of the structures observed in the vary
stages of growth thus suggests that their growth does
result from the evolution of an initial triangular shaped
land. Rather, they may be the result of growth from the lo
thin islands of the metastable 231 reconstruction, visible in
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FIG. 3. Higher magnification (100031000 Å! STM images of the same surfaces imaged in Fig. 2, following growth of~a! 52 BL of Si
at T5280 °C and 30 BL of Si at~b! T5320 °C,~c! T5360 °C (5003500 Å image!.
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Fig. 8, which form due to nucleation at domain boundarie25

The evolution of the pyramids with deposition time at
given temperature seems to primarily consist of the gro
of a roughly fixed number of pyramids, as suggested by
numbers shown in Table I, rather than a continual nuclea
of new pyramids. This conclusion is also consistent with
rather uniform distribution of sizes observed in Figs. 6~a!
and 6~b!. However, since the pyramids were identified usi
parameters determined from the most readily observed s
tures, it is possible that the continuing~but slow! evolution
of new pyramid nuclei@the structures of Figs. 8~a! and 8~b!
h
e
n
e

c-

may be such a nucleus# is not represented in the tabulate
data.

In addition, we do not see any evidence of coalescenc
the mounds as they get larger. As the nucleation tend
occur near antiphase boundaries, after longer growth tim
coalescence may occur along the boundaries, or even l
throughout the surface. But at the temperature range and
thicknesses we are considering, diffusion appears to m
these processes difficult and lead to relatively isolated py
mids. Thus, our observation of the pyramidal structures
their evolution during growth appears unrelated~or, at least
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FIG. 4. 500035000 Å STM images following deposition~a! of 105 BL of Si at 280 °C@there is a doubled tip, with a tip separation
;500 Å ~Ref. 43!#, and of 210 BL of Si at the temperatures indicated:~b! T5320 °C, ~c! T5360 °C, ~d! T5410 °C, ~e! T5410 °C
(100031000 Å!.
ich
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not related in an obvious manner! to the nonequilibrium
coarsening phenomenon associated with the Ehrl
Schwoebel barrier.7,10,11,16–18

B. Quantitative and scaling analysis

Given the unusual growth characteristics shown in
STM images, it seems unlikely that the standard dyna
scaling predictions of scale-invariant growth should be ap
cable to our results. To confirm this, we have calculated
width ~i.e., the root-mean-square height fluctuations!
-

e
ic
i-
e

W~R,t !5K (
uxW u<R

@h~xW ,t !2h̄~ t !#2L 1/2

~2!

and the equal-time height-height correlation function

G~xW ,t !5S (
yW

@h~xW1yW ,t !2h~yW ,t !#2D 1/2

~3!

of each interface from its STM image. In Eq.~2!, the length
R defines the surface patch of sizeR3R over which the



e
u

u
ic
w

5

he
co

st

ion

nt

f
o
p
ny
n-
on

u
x

ve

for

d
ults

hat
on

ge
or-
th
ht:

ted
-
9.
im-

irst,

.
n of

n

10

13 140 57C. J. LANCZYCKI et al.
width is calculated,h̄(t) is the mean height of that surfac
patch, and the brackets indicate an average over all s
patches. While the results given are for individual STM im
ages, the values ofW and the plots ofG(x) shown herein do
not vary appreciably on different patches of surface. O
general conclusions regarding the presence of dynam
scaling and the morphological characteristics of the gro
films presented are fully consistent with all of our data.

Figure 9 shows the correlation function calculated after
and 105 BL of growth atT5280 °C@see Figs. 2~a! and 4~a!
~Ref. 43!#. We observe thatG saturates to a valueGsat asx
becomes large, with the value ofGsat increasing in time. The
correlation length, which we define as the distancex at
which G(x,t) first saturates, also rises in keeping with t
general expectation that at later times lateral dynamical
relations have spread over larger distances:j1055160620 Å
while j52570610 Å. However, Fig. 9 does not manife
linear behavior inuxW u ~as required by dynamic scaling! over a
satisfactorily wide range of lengths to permit the extract
of a meaningful scaling exponenta. At best, the 105 BL
films in Fig. 9 could be interpreted in terms of two differe
regimes, with aneffective roughness exponentaeff50.7
60.1 in the initial regime (x510230 Å! crossing over to an
effective roughness exponent ofaeff50.4560.05 (x550
2100 Å! prior to the saturation ofG(x).43 These effective
exponents are quoted merely as a convenient measure o
correlations in the evolving interface and not as true
asymptotic scaling exponents. The data for 52 BL, the up
curve in Fig. 9, saturate far too quickly for us to extract a
value foraeff . Indeed, the need for multiple decades of li
ear behavior to observe scaling in experimental situati
have been recently emphasized.53

The correlation lengths and widths determined from o
images are compiled in Table III, and we collect the e
tracted effective exponents in Table IV. Note that for allx
,j in our experiments, we do not find a large effecti

FIG. 4. ~Continued.!
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roughening exponent near unity as might be expected
growth in the presence of a mounding instability,13,17,33and
rather small values for the surface roughnessW. The criteria
on W andj for scale invariant kinetic roughening describe
in Sec. I are not satisfied in our data. However, our res
may not be inconsistent with Yang, Wang, and Lu,13 who
found a51 and strong kinetic roughening of Si~111! at T
5275 °C, as our experiments were performed at somew
higher temperatures~see temperature calibration discussi
above and below!.

The analysis of the interface width as a function of ima
area provides results similar to those obtained from the c
relation function, as shown in Fig. 10. The saturation wid
is measured to be less than a single-layer heig
W50.77c,43 with c the height of the 737 unit cell. Again,
one finds a ‘‘crossover’’ in the effective exponents extrac
from Fig. 10, ranging fromaeff50.78 to 0.46, and this tran
sition is consistent with the nonlinearity observed in Fig.

There are two reasons why one cannot interpret these
ages in terms of scale invariance and dynamic scaling. F
the small correlation length (<100 Å! is an upper limit on
the length scalex,j in which scaling can be observed
Hence, crossover effects associated with the saturatio
G(x) obscure the extraction of a reliable scaling exponenta.
At longer times this problem mitigates becausej;t1/z, but
for typical values ofz5224 this is a rather slow increase i
j. More importantly, the basic 737 unit cell of the Si~111!

FIG. 5. Sample line scans from STM images of Fig. 4 after 2
BL of growth at ~a! T5320 °C and~b! T5410 °C.
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FIG. 6. 2mm32 mm STM images measured after 210 BL of deposition at the indicated temperatures.~a! T5320 °C,~b! T5360 °C,~c!
T5410 °C.
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ing
surface itself has lateral dimensions ofa'30 Å, and mea-
suring correlations below this scale is essentially mean
less. To demonstrate the importance of this, the inset of
9 ~52 BL for a 1003100 nm2 STM image atT5280 °C!
seems to display compelling dynamic scaling behavior
to the linearity ofG(x) over x52230 Å, with aeff'0.5.
However such a measurement has dubious relevance to
large-scale surface roughness because the entire ‘‘scal
regime here corresponds tox<a: one is essentially probing
the roughness of the 737 unit cell. Therefore no particula
significance can be attached to this effective exponent e
-
g.

e

the
g’’

en

though the linear fit is quite good. In general, as is kno
theoretically, the regime over which we can detect scal
has intrinsic lower and upper limits: we can at best pro
scaling fora,x,j(t). The results atT5280 °C point out
that the numerical values of effective ‘‘exponents’’ can
deceptive and readily influenced by a variety of nonscal
effects.

A naive calculation of the exponentbeff from the dynami-
cal scaling relationW;tb for the two data points atT
5280 °C gives an order of magnitude estimatebeff50.24
60.05 ~statistically consistent withbeff50.3160.05 esti-
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FIG. 7. STM images of the pyramidal structures shown in a filtered format to emphasize the atomic ordering, and in a 3D sh
format to emphasize their height variation.~a! 6003600 Å filtered image after 210 BL growth atT5320 °C, ~b! same image shown in
shadowed format.~c! 3003300 Å filtered format image after 67 BL growth atT5360 °C,~d! same image shown in shadowed format.
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mated from the saturated value of the correlation functi
Gsat;tb). While comparable in magnitude to some of t
fourth-order nonlinear continuum theories of kine
roughening,4 this limited data set does not allow for a d
namic scaling interpretation for reasons discussed above

For growth of a 105 BL film atT5320 °C, we find that
W50.73c and fromG(x) in Fig. 11 we measurej105;180
620 Å. Again, asj105;6a is relatively small,G(x) pro-
vides only a qualitative estimate of the growth of corre
tions, and not a value meaningful in the context of the kine
roughening theory. Nevertheless, rotely calculating the ef
tive roughness exponent on@a,5a# gives a valueaeff50.32
60.05, much less than unity forx<j.

The correlation function after 210 BL of growth a
T5320 °C ~Fig. 11! exhibits a small but roughly linear re
gion overx5@a,j210;10a#, yielding aeff50.2960.03. The
surface width has grown toW50.97c, giving the naive esti-
mate of beff50.4060.05 ~from Gsat, we estimatebeff
50.4860.05). Once more, we emphasize that although s
,

-
c
c-

h

a largebeff qualitatively indicates a rapid growth inW, the
actual surface roughness is still rather small (W'c), and
dynamic scaling ofW with time is not confirmed by these
data althoughW andj are at the threshold where we expe
it to become observable.

An analysis of the 210 BL thick film grown atT5360 °C
yields similar results, as shown in the inset of Fig. 11. T
correlation length is approximately 500650 Å, and we com-
pute an effective exponent ofaeff50.6560.10 for x510
240 Å which changes toaeff50.3660.05 for x5502500
Å. A rapid rise in the surface width (beff50.7060.10) cor-
relates directly with the growth of the isolated pyramid
features.

We have calculated the diffraction profiles for our ST
images, as described above. The calculated profiles
noisy, presumably due to statistical averaging limitatio
even for our largest~2-mm! images. However, convolution
with a narrow instrumental response function yields profi
narrower but comparable in width~see FWHM in Table III!
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to those previously measured for the nonscaling growth
Si/Si~111! at 350 °C.13 These calculations are further ev
dence that kinetic roughening in the Si/Si~111! system ap-
pears to occur within a relatively narrow window of tempe
ture. The thickest films grown atT5320 °C and 360 °C also
yielded slightly asymmetric diffraction profiles. The asym
metry varied with the perpendicular wave-vector transf
suggesting that it arises from scattering from planes til
from the ~111! surface by roughly 20–30 degrees forT
5275 °C,33 and thus may be the result of scattering from t
pyramid structures. Interestingly, a naive computation of

FIG. 8. STM images showing regions of complex reconstruct
and multilayer growth. These filtered images are 6003600 Å. ~a!
20 BL growth atT5360 °C; ~b! 67 BL of growth atT5360 °C.
f

-

r,
d

e

average angle made by the pyramid sides with the Si~111!
surface from the data in Table II shows that ourT5280 °C
data falls in this range, and that the angle drops withT.
However, the variability of pyramid shapes seen in Fig
~and indeed, the variation in the slope on different sides
the same pyramid! does not allow for a good quantitativ
comparison.

IV. DISCUSSION

Our study of growth in the Si/Si~111! system indicates
dramatic changes in the nature of growth over a narrow te
perature range, with the length scale for island format
decreasing from approximately 500 Å at 360 °C to appro
mately 160 Å at 280 °C. This decrease in diffusion length
qualitatively consistent with previous LEED observations
which j fell in passing from perfect layer-by-layer growth
350 °C, to rough growth manifesting dynamic scaling a
the loss of overlayer order~e.g., disappearance of intensity
the 737 beams! at 275 °C.13 However, our additional STM
measurements have detected the formation of pyram
structures upon extensive deposition down to temperat
roughly 10–20 °C above their rough growth regime. This
quite different from the morphological changes expected
passing from kinetically rough scale invariant growth
layer-by-layer growth. Scale invariant growth should demo
strate a much more uniform distribution of feature sizes th
we observe. We first discuss the physical nature of the
served growth in light of previous observations, and th
theoretical issues pertaining to modeling such a mechan

At elevated temperatures where the diffusion length
exceeds typical terrace sizes, growth of Si on Si~111! pro-
ceeds via a layer-by-layer growth mode.44 This mechanism
dominates down to about 700 °C, at which point nucleat

n

FIG. 9. Correlation function,G(x), calculated from 500035000
Å2 STM images of surfaces following 52 and 105 BL~Ref. 43! of
growth atT5280 °C~at largex, the lower and upper plots, respe
tively!. The lack of a single linear region does not allow for th
definition of the scaling exponenta: for 105 BL, the best fit lines
shown give aeff50.4560.05 (x5502100 Å! and aeff50.69
60.10 (x510230 Å!. Inset:G(x) vs x for a 100031000 Å2 im-
age following 52 BL of growth atT5280 °C. Note that the linear
regime (aeff;0.5) physically corresponds to distancesx<a, where
a530 Å is the 737 unit-cell dimension.
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TABLE III. Measured surface widthW, correlation lengthj, and the FWHM of the calculated intensit
profile for 5003500 nm2 images. The width is given in terms of the height of the 737 unit cell,c. Errors
in W andj are;10%, and;20% for FWMH.

Film thickness T5280 °C T5320 °C T5360 °C T5410 °C

W50.70c W50.40c W50.38c
30 BL No data j560 Å j5130 Å j5220 Å

FWHM50.015 Å21 FWHM50.015 Å21 FWHM50.015 Å21

W50.65c W50.37c
52 BL (T5280 °C! j570 Å No data j5270 Å No data
67 BL (T5360 °C! FWHM50.015 Å21 FWHM50.015 Å21

aW50.77c W50.73c
105 BL j5160 Å j5180 Å No data No data

FWHM50.016 Å21 FWHM50.016 Å21

W50.97c W50.95c W50.50c
210 BL No data j5300 Å j5500 Å j5250 Å

FWHM50.026 Å21 FWHM50.037 Å21 FWHM50.020 Å21

aDouble tip effect should be small~Ref. 43!.
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and growth of islands becomes a competing process.45,46Ho-
mogeneous nucleation of islands which form in the 737
structure has been observed down to at least 350 °C.28,34,47

Simultaneous nucleation of islands of metastable struct
such as the 535 has also been extensively reported.29,42,46,48

In addition, heterogeneous nucleation, in which Si islan
nucleate preferentially at antiphase domains in the 737
structure, occurs as a competing process to homogen
nucleation.25,30,34A detailed analysis of the islands that for
during heterogeneous nucleation has shown that about
thirds of the time they form in metastable reconstructio
such as the 535 and 231 reconstruction.25 Continuing
growth on top of these islands often occurs in the form
metastable structures, consistent with LEED observation
the formation of mixed 535 and 737 periodicity during the
growth of thick layers of Si/Si~111!.29

We have shown here that the process of nucleation
es

s

us

o-
,

f
of

of

metastable structures at domain boundaries remains im
tant following tens of layers of growth, as shown in Fig. 3.
seems very likely that these metastable structures are
nuclei for the formation of small multilayer structures, su
as those shown in Figs. 8~a! and 8~b!, and that these are in
turn the origin of the pyramidal structures observed in s
thicker layers@e.g., Figs. 4~a!–4~c!, 6~a!, 6~b!, and 7#. We
postulate that the formation and growth of these structure
the result of a sort of kinetic instability in which preferenti
formation of new defect structures at the original antipha
domain boundaries causes runaway growth of the metast
pyramidal structures. For this to occur, the defect structu
created in each stage of the process would need to be
erential binding sites for incoming Si atoms. This is certain
a property of the observed pyramids, as shown by the p
ence of a ‘‘denuded zone’’ around the pyramids in Fig
4~a!–4~c!. It is clear that Si atoms deposited within a diffu
of
h is
TABLE IV. Effective ‘‘exponents’’ for 5003500 nm2 STM images. The upper value ofaeff is measured
on length scales near the saturation ofG(x), while the lower value~when present! is extracted from the
small-x, nonscaling region nearx5a; note that this latter value tends to be numerically greater. Valuesb
come from the increase inW with time. N/M5not measurable. The presence of scale-invariant growt
generally not well supported; see text.

Film thickness T5280 °C T5320 °C T5360 °C T5410 °C

30 BL No data aeff : N/M aeff : N/M aeff50.47(5)

52 BL (T5280 °C! aeff : N/M No data aeff50.36(5) No data
67 BL (T5360 °C! @aeff50.50(2)#

105 BL aaeff50.45(5) aeff50.32(5) No data No data
@aeff50.7(1)#

210 BL No data aeff50.29(3) aeff50.36(5) aeff50.43(5)
@aeff50.6(1)# @aeff50.65(10)#

beff 0.24-0.31 0.40-0.48 0.67-0.77 0-0.13

aDouble tip effect should be small~Ref. 43!.
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sion length of the growing pyramids have preferentially
tached to~and seemingly have ascended! the pyramids rather
than remaining free to coalesce into two-dimensional islan

Other possible explanations for the formation of the py
mid structures, which we reject, are mound formation due
an Ehrlich-Schwoebel barrier14,15 or impurity pinning. In the
case of an Ehrlich-Schwoebel barrier, strong thr
dimensional growth is expected at the earliest stages
growth because atoms that are deposited on top of exis
islands do not cross the island edges easily, and thus nuc
to form new islands on top of the old. This process leads
a characteristic ‘‘wedding cake’’ structure in growth49 or to
large-scale mound formation10–12 followed by coarsening.
Any stepped structures on Si should be subject to these
riers, and not just those near domain boundaries. Our ob
vation of relatively flat growth over the majority of the su

FIG. 10. Plot of the widthW(R) vs R, the patch size over which
W is computed, forT5280 °C for 52 BL (h) and 105 BL (n) of
growth. Fitting to the 40–320 Å region for 105 BL givesaeff

50.46 ~small dashes!, while aeff50.78 from 20–80 Å~long
dashes!. Compare with Fig. 9 above.

FIG. 11. G(x) for 500035000 Å2 STM images atT5320 °C.
After 105 BL ~bottom!, we findaeff50.3260.05 for @a,5a#. After
210 BL of growth~top! aeff50.2960.03 on@a,10a#. For x<a at
210 BL, aeff50.660.1. Inset:G(x) for a 500035000 Å2 STM
image after growth of 210 BL atT5360 °C. The best fit was for
@2a,17a#, for whichaeff50.3660.05; the fit forx510240 Å gave
aeff50.6560.10.
-
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face area~see Tables I and II! is not consistent with a simple
Ehrlich-Schwoebel mechanism. Furthermore, the comp
structures of the pyramids that we observe, such as tha
Fig. 7, where there is a deep pit in the center of the pyram
and the walls seem to join together is also not consistent w
a simple mechanism of preferential nucleation of islands
top of islands. Our observed pyramids, then, are not mou
or wedding cake structures.

It is of course difficult to absolutely rule out the possib
ity of impurities playing a role in forming these pyrami
structures. Indirect evidence against this possibility is
observation of Yang, Wang, and Lu33 of the formation of
very large well oriented facets following growth on an inte
tionally roughened surface. It seems reasonable that th
observed facets are much larger and better ordered vers
of the pyramids that we have observed. This result stron
suggests that it is the characteristics of the surface or
rather than impurities, that govern the nucleation of t
structures. Carbon is not likely to be the origin of the pyr
mids, since the surfaces can be flashed clean follow
growth without the formation of the characteristic step p
ning and ultimate faceting that occurs in the presence
carbon.50–52 We cannot rule out the effect of other impur
ties, such as hydrogen, on the basis of any direct observa
However, the consistency of the observations of crystall
structures similar to the metastable reconstructions
Si~111! over the full range of growth temperatures and co
ditions provides strong indirect evidence that the pyram
formation is an intrinsic property of Si growth on Si~111!,
and is not extrinsically caused by surface impurities.

Next, we consider these STM images from the point
view of kinetic roughening theory and scale invariance. F
reference, we recall that prior HRLEED experiments
Si/Si~111!13 at T5275 °C found thatW51.9c and FWHM
;0.22 Å21 after 70 BL of growth, increasing toW52.8c
and FWHM ;0.27 Å21 after deposition of 130 BL. AtT
5275 °C, scaling according to the noisy Herring-Mullin
equation was detected witha51,13 a value for which forma-
tion of pyramids with a preferred slope has also been p
dicted theoretically.17 At T5350 °C, flat nonkinetically
rough films were found with FWHM,0.03 Å21 that are
likely comparable to the structures we observe at our no
nal temperature of 410 °C~Ref. 13! ~and perhaps even lowe
due to the very small FWHM values in Table III!. We point
out here, however, the considerably greater ability
HRLEED to generate highly statistically averaged diffracti
profiles ~over a larger total area! as compared to STM ex
periments. As such, our simulated diffraction profiles are
tended to be a qualitative consistency check. Neverthel
our FWHM values do reflect the basic smoothness of
STM images and that roughness is increasing somewhat
added deposition. Further, they provide us with our best
rect comparison with the data in Ref. 13.

We have probed a temperature range between the kin
cally rough and layer-by-layer growth regimes. Based on
rough constancy ofaeff in time atT5320 °C~Table IV!, that
W;c andj;10a, and the reasonably linear plot in Fig. 1
at 210 BL forx,j, there is limited evidence to suggest th
dynamical scaling may be emergent atT5320 °C oncej
>10a. At higher temperatures, as well as forT5280 °C,
scale-invariant growth was not observed. Our best estim
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for the effectiveroughness exponent isaeff'0.3–0.5, which
is not consistent with unity and exceedsa for the known
solid-on-solid continuum dynamic growth universali
classes for a planar substrate.

Both STM and diffraction experiments seem to imp
similarly small correlation lengths:j,20a for all STM im-
ages andj,10a for the diffraction experiment13 at T
5275 °C @where in thea51 case, we estimate FWHM
5W/j ~Ref. 41!#. Since dynamical scaling is expected on
for x,j, sensitivity to finite size effects may account for th
large discrepancy ina between the two experiments. It
also possible, and we feel more likely given the uncertain
in temperature calibration, that our growth temperatures
actually somewhat higher on the temperature scale of Re
than one would naively expect. This would also explain
lower effective roughness exponent we extract.

Because FWHM;W1/a/j ~from the form forh given in
Ref. 41!, the similarities inj imply that the detected differ
ences in FWHM arise from significant differences inW for
the two experiments. Since a higher temperature is know
reduce the height fluctuations on a growing surface,19 the
lower values ofW in our STM experiment would produce
smaller FWHM. However, we doubt that a mere 5 °C
crease in temperature can result in such a drastic differe
as findinga51 and strong evidence of scaling at 275 °C v
HRLEED ~Ref. 13! versus our STM observation of~at best!
aeff;0.4 with no dynamic scaling at 280 °C. In our opinio
it appears likely that a systematic offset of about1(10
220) °C should be applied to our temperatures to comp
with those of Ref. 13.

Mechanistically, we hypothesize that asT is lowered be-
low our nominal 280 °C,W rises increasingly rapidly due t
progressively more robust growth and nucleation of py
mids. A widespread nucleation of pyramids in the diffracti
experiments of Ref. 13 would be consistent with a finding
a51.17 Hence, it seems reasonable to suppose that Ya
surface13 contained many more coalescing young pyrami
such as in Fig. 8, than appeared in our experiment. Dif
ences in the density of antiphase boundaries may also b
important factor influencing the comparison of these exp
ments since such boundaries can act as prefered nucle
sites on Si~111!.25,32 Due to these difficulties, it would be
desirable to acquire simultaneous diffraction and STM d
for the same surface.

V. CONCLUSIONS

By probing an intermediate temperature regime betw
the extremes of rough and smooth growth, we have sho
that nucleation and growth of metastable structures at
main boundaries plays an important role in the crossove
kinetically rough growth of Si on Si~111! with decreasing
temperature. The number density of the resulting pyram
structures increases as the growth temperature is reduce
low the threshold for layer-by-layer growth. There is roug
ening of highly localized areas of the surface resulting in
emergence of pyramidal structures. It is the growth of th
isolated objects alone that leads to the observed increas
the global surface roughness with time. However, there is
conclusive evidence for spatial and temporal dynamic s
ing in our data, since the correlation lengthj,10a and the
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width W,c are simply too small for widespread correlatio
to be observed. See Ref. 53 for a broad look at the issue
limited distance range and the implications for dynami
scaling.

Practically speaking, one expects a finite-temperat
window in which thick films might eventually yield scale
invariant morphologies. At high temperatures@T>410 °C
here, andT>350 °C in ~Ref. 13!#, atoms are so mobile tha
j is very large andW remains small and unchanged@Table
III and Figs. 2~c! and 4~c!#, while at low temperatures pro
hibitively long times are needed so thatj significantly ex-
ceeds the 737 unit cell size.

The roughening that was observed in our experiment
interesting for it is exclusively due to the formation of sma
areas of tall, pyramidal structures whose number density
creases with increasing temperature~Tables I and II!. In prin-
ciple, the pyramids may be caused by extrinsic effects,
we have argued that this is unlikely. The pyramidal stru
tures are intriguing as they demonstrate a range of sur
reconstructions while evolving rapidly during growth. Th
pyramids tend to be isolated by expanses of flat surface
cover a small fraction of the total surface area. This is like
due to our elevated growth temperatures~as compared with
Ref. 13! and the preferential nucleation of structures at a
tiphase boundaries.25 In HRLEED experiments13 at tempera-
tures slightly lower than ours, we posit that these pyram
have become widespread on the surface resulting in con
erable roughness and detectable dynamic scaling behav

Based on visible denuded zones around the pyramids
conclude that they draw in atoms from a relatively smoo
two- or three-layered surrounding surface. The smooth
gions comprise;90% or more of the surface and grow in
layer-by-layer fashion without demonstrating the local
netic instability manifested by the pyramids. Interesting
then, the surface exhibits two different growth modes sim
taneously: localized unstable pyramid formation occurs
antiphase boundaries within a background of layer-by-la
growth away from the pyramids.

The images presented here do not generally support sc
invariant kinetic roughening due to small correlation leng
j on the scale of the 737 reconstruction sizea. Comparing
our results with the diffraction experiment,13 it seems there is
also a required minimum height fluctuation amplitudeW in
order to encourage widespread growth. While not measu
directly, we argue that one should minimally requireW.c.
At later times one might detect a scale-invariant morpholo
but our results suggest continued increase in the size of
pyramids without significant coalescence even for our low
measured temperature, nominallyT5280 °C. We suspec
the scaling seen atT5275 °C for Si/Si~111! in Ref. 13 re-
sults from a situation in which widespread pyramid coal
cence did occur, and that their quoted temperature is
20 °C lower on our temperature scale. Hence, the emerge
of dynamic scaling in the Si/Si~111! system may be quite
sensitive to relatively small temperature differences and
details of substrate preparation~i.e., density of antiphase
boundaries!.

Any traces of kinetic roughening may simply be due
well-known islanding processes in the flat regions convolv
with the occasional emergence of localized rapidly grow
structures. The fact thatW,c makes this a reasonable su
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position, and the majority of the increase inW with time is
found to be due to the evolution of the individual pyramid
The STM images also show that these pyramids posse
well-defined characteristic size. That observation is pate
inconsistent with the concept of ascale-invariantsurface for
which structures on all scales should be simultaneou
present. In fact, our finding of the simultaneous presenc
two distinct growth modes is explicit evidence against sca
invariant growth over the time and length scales of our
servation.

This systematic STM study of Si/Si~111! growth suggests
that the emergence of scale-invariant kinetic roughening
require a rather subtle understanding of detailed growth p
cesses~e.g., pyramid formation! and the applicable atomisti
length scales~e.g., the 737 unit-cell size!. A brute force
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implementation of dynamic scaling machinery to an arbitra
growth problem may lead to extraction of effective dynam
cal critical exponents,53 which may not necessarily be mea
ingful with respect to the common continuum growth the
ries. Specifically, and as suggested by Figs. 9 and 11
Table IV, crossover effects induced by various length sca
associated with stable and metastable surface structures
reconstructions during kinetically rough real growth may
important.
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