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Growth of Si on the Si(111) surface
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The homoepitaxial growth of Si on a Si(111) surface Tor 280-410 °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 propertieq.S0163-18208)00716-4

. INTRODUCTION simulationally/'® and theoretically:}21"18They lead to
interfaces with mound or pyramidal structures where a
The key concept in kinetic surface roughening is that ofcoarsening-type phenomenon dominates. The appropriate in-
statistical scale invariance, which asserts that, at long enougtorporation of such specific diffusional behavior into dy-
length and time scales, nonequilibrium growth of thin films namical scaling formalisms remains a theoretical challenge.
should exhibit dynamic scaling in length and time because Growing kinetically rough surfaces have often been taken
there are no characteristic scales in the problem. For mangs examples of self-affine objects, which possess the behav-
years, there has been a coordinated effort to develop a thefr that on “short” length scales they appear rough while
retical description of film growth in which the large-scale measurements at “larger” scales find the surface to be flat.
evolution of structure could be described in terms of a fewrhijs implies anisotropic scale invariance, whereby distances
key parameters that subsume all of the detailed atomistigyeasured normal to the substrate scalehasf®h (a<1)
behavior of a given individual material> Additionally,  when lengths measured in the plane of the initial substrate
many attempts to model these processes have employed vef)e rescaled ak— fL. Physically, we note that the length
detailed simulation§, or focused on the layer-by-layer scale at which the crossover from rough to flat occurs can be
growth regi.me7. With the identification of kinetic roughening  taken as the lateral correlation lengift): on local scales
as a scale-invariant phenomerigimuch simpler models be- s ch thatr<¢, the surface looks spatially rough, while for
came relevant to the asymptotic properties of kinetically,s. £ it appears globally flat. Note that all of these discus-
rough surfaces. Interfaces undergo kinetic roughening whersjons tacitly assume that the length scale defining the crys-
ever the adatoms deposited by an incident beam d'ﬁus?allinity of the surface are very small compared&d).
slowly as compared to the deposition rate, so that they do not e power-law scaling implied by these ideas defines a
reach equilibrium positions. Generically, kinetic rougheningge; of scaling exponents. The roughness exporerde-
manifests scale invariance, which can be'chgra.cterized bYcribes the spatial scaling, and the growth exporgahar-
theory based only on the presence of a noisy incident beamerizes the time development of the height fluctuations.
and the nature of physical processes occurring duringne gynamical exponemt= /B describes the spread of lat-
growth. At fir_st, these .n_]odels neglected surface diffusion, correlations£(t) ~t¥2. We note an implicitT depen-
effects following depositiofi. Later developments have al- gence in the growth characteristics due to the activated na-
lowed the appropriate incorporation of surface diffusionaly,re of adatom diffusion, and the influence of finite size and
processes;® Wit_h a correlated_ improvement in the ability of time effects® Because defines the length and time regimes
theory to describe t_he evolution .Of gl_obal structure. _ over which scaling behavior can be observed, it is crucial to
However, experimental studies increasingly re¥edl o the correlation length relative to the length scales be-

that the complexities of surface diffusion can lead to th(—:~Ing probed.

evo_Iution of kinetic_ally rough surfaces that display scale' i.n— Most frequently one obtains the exponents from the
variance characterized by a range of exponents. In addition, . . . . ~ -~

an Ehrlich-Schwoebel-type barrtéts to diffusion down- Neightheight correlation  functionG(x,t)=([h(x+y.{)
wards across a step can have dramatic effects on growthh(x,)’))% and the interface widthW(R,t), where
morphology and obscure noise-driven roughening effects(- - -) is an average over all surface vectgrandR is the
Such barriers have been studied experimentdily? lateral length scale over which the average height fluctua-
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tions are computed. For anisotropic, self-affine scale invarieells cannot reliably confirm the presence of dynamic scal-
ance wherea<1, one expects the scaling(x)~x* and ing.
W(R)~ R for x,R<&(t). SinceG andW depend on time, Our results supplement existing experimental results at a
scale invariance also demands that bGift) and W(t) ~t? nominal temperature slightly below our lowest quoted tem-
for x,R> £(t). From the point of view of self-affine scaling, Perature,T=280°C. The previous experiments, performed
then,G andW provide equivalent information. We primarily by Yang, 3Wan'g, and Lu using electron diffraction
discuss data from the correlation function, btthas also  techniques; studied Si/Si111) growth atT=275 °C with a
been examined and yields the same results. We note thHkx of seven bilayers/min for times up to 20 min. With an
situations exist where the growth can obey an anomalougxtensive HRLEED (high-resolution low-energy electron
scaling law (in contrast to the usual self-affine scalif§ diffraction) study of the grown surfaces, they found scal!ng
Experimentally, growing surfaces have been seen to exhibRxponents ofa~1.0, 8~1/4, and the average terrace size
temporal and spatial power-law scaling behavior during low-grew as int. These observations suggests very rough
temperature growtf.*® Using real-space scanning tunneling growth of the interface consistent with the anomalous scaling
microscopy(STM) images, we can directly examine whether behaviof® manifested by the linear stochastic Herring-
surfaces exhibit this scaling as the interface evofve&' Mullins equation describing the surface diffusion of atoms

In this paper, we study the growth of Si on Si(111) with on a growing interfacé:gh/st=—»V*h+D, whereD is a
step separations 2000 A and over a temperature range of stochastic term representing the shot noise in the incident
approximately 280—410 °C where atoms exhibit relativelyatomic beam. We note that at=275 °C, their growth does
slow surface diffusion and could be expected to lead to kisatisfy the minimal criteria for kinetic roughening noted
netic roughening®#*~>*Due to the activated Arrhenius na- above. But in growth aff =350 °C, they found layer-by-
ture of surface diffusion, the mobility changes rapidly with layer growth with no kinetic roughening.Our STM data
temperature. We use STM along with extensive statisticaf0mplement those of Ref. 13 by focusing on the transitional
image analyses of our experiments. We find that while théemperature regime starting just above 275(bere Yang
surface grows primarily via layer-by-layer island growth, Saw roughening and dynamic scalingnd considering the
small portions of the surface are covered with tall quasipy-crossover from this to smooth layer-by-layer growth. We ex-
ramidal structuregexcept atT=410 °Q. These structures amine this issue on morphological grounds and from the
have morphologies and microcrystallinities strongly resem{point of view of statistical scale invariance. Taken together,
bling the structures formed at low coverages during nuclethese data show that the roughening of th@ Bl) surface is
ation at antiphase boundari®@sAs temperature is decreased, quite temperature dependent, and that above 275 °C a rapid
the number of these structures increases, while their typicdransition to layer-by-layer growth occurs.
size decreases. Yang, Wang, and Li also observed that if they inten-

The Si/S{111) system, however, is far from simple. In tionally roughened the surface on a length scale less than
particular, the surface undergoes a complex large-scale rebout 100 A prior to growth, the LEED pattern developed
construction, which differs only slightly in energy from features characteristic afl12) and (113 facets after the
many other metastable reconstructive structétésPrevi-  deposition of many layers of Si. Under these roughened
ous studies have shown that the antiphase domain boundarigeowth conditions the original X7 reconstruction disap-
of the surface reconstruction act as nucleation sites fopeared after several layers of growth. The facet features re-
growth?® Furthermore, islands nucleating at these domairported under such growth conditidAsare much better or-
boundaries are likely to form in one of the metastabledered and probably much larger than the quasipyramidal
reconstructions®3’ leading to the formation of additional structures we observe. In addition, Shigetzal. have re-
domain boundaries during subsequent grofeti. This per-  ported the formation of hillocks during a growth regime in
turbation of the normal random nucleation process in growttwhich initial RHEED oscillations had damped oiit.
represents a potentially interesting challenge to theories of In contrast to the characteristic coarsening of pyramids or
the evolution of morphology, particularly those involving mounds expected due to Ehrlich-Schwoebel barfietéye
dynamic scaling approaches. Specifically, these processes ide not see any interface coarsening in our experimental re-
troduce new length scales in the problem that are substamults despite the appearance of small isolated patches dis-
tially larger than atomistic lattice spacings, e.g., the 77 playing pyramidal structures. We attribute the appearance of
reconstruction unit cell on the @il1) surface. This new pyramidal structures in our experiments to metastable recon-
length scale complicates the interpretation of the growingstructions at antiphase domain boundaries as explained later
surface morphology in terms of dynamically scaling kineticin this article.
roughening.

Global statistical measures such as the withand lat-
eral correlation lengtlf can be used to gauge whether or not
the machinery of dynamic scaling should be relevant to a The experiments were performed in an UHV system with
given surface. In particular, we would minimally expect thata base pressure ob210™ ! torr, equipped with a homemade
(a) the surface widttW=c, wherec is the height of a single scanning tunneling microscope.Nominally flat S{111),
monolayef c=3.14 A on the Sil11) 7x 7 surfacé, and(b) n-type wafers of resistivity 10-30 cm and 1%3
the correlation length i§~ 10a or greater, witha being the X 0.4 mn? in size were used as samples. Cleafi 8l) sur-
size of the basic unit cela=30 A for the 7x7 Si(111)  faces(without any chemical precleanipgvere obtained by
reconstructioh To our mind, fluctuations of less than a flashing to 1270 °C for one minute, after slowly degassing
single layer or spanning distances of but a few underlyinghe sample at temperatures below 945 °C. Depending on the
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direction of the direct current during the flash, step up or step 060F T T
down, the sample substrate had either uniform terraces 3
~2000 A wide or had direct-current-induced step 0.50F

bunching® On the step-bunched samples, growth was stud- E
ied on the terraces between the step bunches, where steps (4
crossing between the bunches yield an average step separa-
tion of 1-2 um. From 1270 °C, the samples were cooled < 0.30E
quickly to 945 °C and then slowly cooled to below 250 °C at & E
a rate of~0.5 °C/s to produce a surface with few domain
boundarieg® Another S{111) wafer placed~2 cm from the
sample is used as the Si deposition source. The deposition
rate in these studies was approximately seven bilayers per
minute and was calibrated by performing depositions on
step-bunched samples with wide terraces. On such samples
at temperatures where growth is primarily by island forma- 0 2 4 6 8 10
tion, one can directly observe the amount of Si deposited Layer Number

using STM. The images clearly show denuded zones around
the step bunche@vhere deposited material has traveled pri-
marily to the step edgesind islands in the central regions of
the terraces. For submonolayer deposition, the area covered

by the islands gives the amount deposited onto the regions dfie image. We show a typical histogram in Fig. 1 for a 500
the surface outside the denuded zones, and thus give a diregt500 nnf STM image after a total of 210 BL was depos-
calibration of the deposition flux accurate to better than 10%ted atT=320 °C. From these histograms we extracted the
(error arises primarily from defining the edge of the denudedikelihood of finding an arbitrary surface point in the three
zones) The pressure during the deposition was less than 4nost probable layers, as given in Table I. As is clear from
X 10" ** torr. The coverage due to deposition is expressed iable | the growth realized in our experiments leads to sur-
units of tgllayers(BL) of Si(111) where 1 BL is equal to faces with atoms predominantly residing in three layees,
1.36x10"° atoms/crf. the typical interface widthW here is~1 BL), even in the

Temperatures were calibrated using an optical pyromet&fresence of the pyramid formation, which will be described
at elevated temperature, and an infrared pyrometer down tQ o following section.

approximately 400 °C. Below 400 °C the temperature was

; lated using th iation in th i d 1o h The surface regions, which appear as mounds or pyramids
extrapolated using the variation In the current used to negf, i, images, are defined and characterized by the following
the sample. As a result, systematic uncertainties in the tem:-

peratures reported of=40°C at 280 °C andt50°C at gu!delines. we cons!dgred a region .Of c.onnfecfced surface
o . . . .points to be a mound if its maximum height is withih % of
410°C are possible. As will be discussed later, by compan;[he reference maximum height of a mound, its area is within
son with the work in Ref. 13, we conclude that for the same o 9 - o
physical conditions our temperature calibration yields abso?'r 7 Of the reference area of a mound, and its base is within
lute numerical values approximately 10-20 degrees lowePr% of the reference base of a mound. The optimal param-
than they would be on the temperature scale of Yang, WangtersH, A, andB, were determined empirically for each
and Lu.(Our quoted experimental temperatures are based omage, but on the average these values tre30%, A
our calibration, but when comparing with Ref. 13 it is im- =40%, andB,=15%. To determine these reference param-
portant to factor in this differenceUncertainties in our rela- eters we randomly selected several regions that exhibited
tive temperatures are governed by uncertainties in the curremtound formation in the image and calculated their area and
measurement, and are less thai0 °C at the lowest tem- height. The ensemble-averaged parameters were used as ref-
perature, and less than5 °C at the highest growth tempera- erence values when we analyzed the entire surface. We show
ture. these results in Table Il where each entry includes the total
An STM scan of a surface provides the surface heighhumber of mounds in the image, the fraction of the surface
data with respect to an image-dependent reference. To cogovered by the mounds, the average area of the mound, and
vert the raw STM output to an absolute height measure of thg, average maximum heigkﬁn() of the mound. As is evi-
S'(lil) surface we first performed a planar .background SUbEjent from Table Il the character of the mounds depends non-
traction on the data to compensate for any tilt of the SUbStrat?rivially on both the deposition time and the temperature of

with respect to the STM tip. To convert the raw data Intothe substrate. In general, the mounds grow in area with in-

absolute height units we next averaged roughly 10 line scans ~ " " ; )
of the surface, computing the mean height difference petreasing temperature and deposition time. The density of

tween adjacent regions showing a7 reconstruction on mounds in the images, however, _decreases V\./ith increasing
either side of a surface step. Our unit of height throughou{emperature._Although not determl'ned co'rTcIuswer, we ob-
this paper is the vertical lattice constant of thg 7 recon- ~ Serve that théy, values seem to be insensitive to the growth
struction,c=3.14 A. temperature for a fixed number of deposited layers.

To characterize the distribution of atoms at the surface we We have used our STM images to calculate a predicted
Samp|ed the he|ght for each image and Computed the pro[g.lffractlon prOfll? where we numerlca”y evaluate the scat-
ability P(h) of finding a surface point within thieth layer of  tered intensityl (k; ,k,) as

FIG. 1. Histogram plot of the image in Fig.(d, giving the
probability P(h) that a random surface point is at heidht
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TABLE I. Histogram analysis of 500500 nnf images. Based on the vertical lattice spadingve give
the total layers visible in the imageN() and the percentage of the surface in the one, two, and three most
probable layers®,,P,,P3, respectively.

Film thickness T=280°C T=320°C T=360°C T=410°C
N.=9.5 N =7 N =2
30 BL No data P1=49% P1=40% P1=62%
P,=75% P,=77% P,=100%
P3;=93% P;=98% P3;=100%
N =115 N =8.9
52 BL (T=280°0 P,=52% No data P.=87% No data
67 BL (T=360°0O P,=75% P,=97%
P3=94% P3;=99%
aNL:93 NL:ll
105 BL P,=49% P,=41% No data No data
P,=79% P,=81%
P3;=92% P3;=90%
210 BL No data P,=52% P.1=42% P,=51%
P,=77% P,=75% P,=99%
P3;=89% P3;=92% P3;=100%
3See Ref. 43.

1Ky k) =] ekiXexdlik, (h(x+X")—h(x)])],

where IZH is the parallel wave-vector transfer to the surface,
k, is the perpendicular wave-vector transfafways taken at
the out-of-phase condition, namelgk, =(2n—1)m,n=0,

+1,+2,...), and{---) represents an ensemble average
over pairs of points separated by the vectoin the STM
image. It has been sho
(1) dition the full width at half maximun{FWHM) of the inten-
sity profile can be expressed as FWHM 7w/ ¢ wherez is

Othat near the out-of-phase con-

proportional to the average terrace size. It can be further
written asy~ éW~ Y 4 and in the case where=1 (as in

Ref. 13 n»~&/W. Since in our case is nonuniform during
much of the growth, and especially near the mounds, these

TABLE II. Characterization of the pyramidal structures, obtained from>6800 nnf STM images. The
number of pyramids observed, together with their average heigh}, (average area covered per pyramid,
and average surface coverage are shown, computed as described in the text.

Film thickness T=280°C T=320°C T=360°C T=410°C
30 BL No data None observed None observed None observed
Sample: 18 Sample: 3
52 BL (T=280°0Q ha,=4.0c No data h,=3.7c No data
67 BL (T=360°0 Area=125 nn? Area=1280 nn?
Coverage=0.9% Coverage 1.5%
aSample: 18 Sample: 13
105 BL h,=4.8& h,~=4.8c No data No data
Area=360 nn? Area=450 nn?
Coverage=2.5% Coverage2.3%
Sample: 9 Sample: 4
210 BL No data h,~=6.8 h,,=6.7c None observed
Area=2250 nnf  Area=7350 nnt
Coverage=10% Coverage 10%

aSee Ref. 43.
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relations most likely are not strictly valid. However, the Sec. I) is uniformly quite different from what we expect of
physical expectation still is that the FWHM of the diffraction a scale-invariant kinetically rough surface. Namely, it should
beam profile increases with surface width and decreases witanifest fluctuations and substructures of a variety of

increasing correlation length. heights and lateral extents.
At T=280 and 320 °C thougfFigs. 4a) and(b), respec-
1. RESULTS tively], large regions of the surface remain surprisingly flat

and dominated by only two or three layédfsBut these flat
. regions are punctuated by the appearance of much taller py-

Growth was studied at room temperature, andat280,  ramidal structures. These pyramids are basically triangular in
320, 360, and 410 °C. The structures grown at room temgross section and are surrounded by a zone denuded of any
perature, although apparently quite rough, were not analyzed|and structures. Heights lower than those of the surround-
because the STM images could not be interpreted due 10 jaq fiat areas are typically found in the denuded zones. A line
lack of recognizable crystal features, consistent with otheg 5 of Fig. 4b) appears in Fig. @) and clearly shows the

) . .

reports of amorphogs growth below about 200™Q0f . existence of a large layered structure amidst the background
COUrse, one could St'l.l go ahea_d and an.dUCt an analysis Qﬁ‘( a relatively flat surface. The observation Bt360 °C
the .STM |mages'obta|ned., but In our opinion such an analy[Fig. 4(c)] is similar except that there are fewer pyramids of
sis is not meaningful. Without identifying landmarks that Ig\rger size. Finally, aT =410 °C[Fig. 4d)] the film appears

indicate the presence of an actual crystal structure on the : : . .
surface, it is unclear to what extent tip effedtacluding uniformly smooth, and essentially identical to that observed

multiple tips and tip changes during a sgame convolved ~after 30 BL of Ogrowth[F|g. 2d)]. The corresponding line
with the true surface structure. Therefore, we do not preseric@n afl =410 °C[Fig. 5b)] confirms that only two layers
data obtained following room-temperature growth. are active at our highest temperature. While the overlayer

To investigate the effect of temperature on the growth wechiefly forms a 77 structure, one can also detect areas of
have compared the structure of relatively thin films (30 and?< 1 reconstruction, as seen in Fige
52 BL) grown at four temperaturg#ig. 2). The results are  Although the pyramidal structures formedTt 320 and
qualitatively as expected: island siZsurface width in- 360 °C are visually dramatic, the analysis of the height dis-
creasegdecreaseswith increasing temperature, with a con- tribution in Table | illustrates that the majority of the surface
comitant rise in the diffusion lengtiyualitatively manifested structure is composed of flat regimes, and the entire image is
by the distance between nucleating islands in the figufds largely limited to three layeré89% atT=320 °C, and 92%
320 °C, the island size is small, on the order of 100 A inat 360 °Q. An analysis of the pyramidal structures them-
size. A histogram analysigsee Table )l shows that 93% of selves, presented in Table Il, shows that after 210 BL of
the surface is covered by the three most probable layers, withrowth they cover approximately 10% of the surface area,
up to nine different layers exposed in the entire imag& at and have an average maximum height of about seven layers
=320 °C. With increasing temperature, the lateral featurg~22 A) above the overall surface average. As observed
size increases and the number of layers that are simultasdsually in Fig. 6, qualitatively the pyramids are of larger
neously visible decreases. At=410 °C, virtually all of the size and fewer in number at elevated temperatures.
growth is limited to two layers as expected for perfect layer- The characteristics of the islands can be further under-
by-layer growth. Even at the lowest temperatufe-¢80 °C,  stood by imaging the same surfaces at different magnifica-
where roughness should be greatesig. 2a) displays many tions. Larger area images are shown in Fig. 6. These 2-
small features spanning mainly three layers with little globalum-size images show that the pyramidal structures are uni-
roughening evident. formly distributed over the surface, and have a relatively

Magnification of the same surfaces shows the atomic nanarrow distribution of size. Comparison of the growth pat-
ture of the growing filn{Figs. 3a) and(b)]. The films grown  terns under the same conditions on the substrates of different
at T=280 and 320 °C still have crystalline order, but therestep density described in the experimental section showed no
are many domain boundaries and regions of metastable reualitative difference in the distribution of the pyramid struc-
constructions, such as>X1 and 5x5, in addition to the tures formed. Finally, at our highest growth temperature of
normal 7X7 structure. Similar structures occur after growth T=410 °C [Fig. 6(c)], there is no evidence at all of any
at 360 °C as shown in Fig.(8, but with a larger length pyramid formation, or the presence of structures that could
scale for the defect structure. Structures growma#10 °C  be considered an early stage of a pyramidal structure. This
(not shown continue this pattern, and appear similar to thoseobservation is consistent with the lack of kinetic roughening
reported previously in studies of nucleation at domainat high temperature found previously for SiEil
boundarie$® growth3

With increasing coverage, we expect the evolution of a The atomic-scale structure of the pyramids is illustrated in
scale-invariant morphology most clearly at our lower tem-the high-magnification images shown in Fig. 7. The filtered
peratures. As we raise the temperature, we hope to illuminatienages clearly show that the pyramids maintain the atomic
how the Si/S{111) surface crosses over to a layer-by-layerreconstructions characteristic of the(Xil) surface, and
growth mode from a kinetically rough mode, with the resultshave a structure that is aligned with the high-symmetry di-
of Ref. 13 atT=275 (350) °C being an example of the rections of the surface. The “pyramidal” shape, however, is
latter (formen mode. However, the morphological evolution not a true pyramid but appears to be the result of the growth
we find at temperatures just aboWe=275 °C (where we of tall thin walls aligned along each of the three high-
emphasize the temperature calibration uncertainties noted symmetry directions. There is considerable variability in the

A. Discussion of STM images
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(d)

FIG. 2. 50005000 A STM images following deposition @) 52 BL of Si atT=280 °C, and 30 BL of Si atb) T=320°C,(c) T
=360 °C,(d) T=410 °C. In(c) and(d) the islands with intermediate shading possess the metastatilesfructure.

shapes of the pyramids as can be seen in Fig. 4. HowevefFig. 8a), and were also observed on thicker films as shown
the “hollow” structure shown in Figs. (&) and qb) is quite  in Fig. 8b). Following 67 BL of deposition, well-defined
common. The structure shown in Figgc)yand 7d) shows pyramid-type structurelas seen in Fig. (€)] were observed
another pyramid composed of what appear to be rows oéit the three lowest temperatures studied. The structures all
parallel ridges that have grown together, yet with an overaltend to show the same symmetry as seen in Figs. 4 and 7, in
shape similar to that in Figs.(& and %b). which the “pyramids” are formed of thre@r parts of threg
Under all the conditions reported, we continue to observdong thin walls oriented along the high-symmetry directions.
well-defined crystalline structures, including th& 7 recon-  The overall nature of the structures observed in the varying
struction and the related metastabix n reconstructions, stages of growth thus suggests that their growth does not
and the 21 reconstruction. Small structures displaying result from the evolution of an initial triangular shaped is-
multiple layers of different reconstructions could be found atland. Rather, they may be the result of growth from the long
thicknesses as small as 20 BL fore=360 °C, as shown in thin islands of the metastablex2l reconstruction, visible in
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(©)

FIG. 3. Higher magnification (10001000 A STM images of the same surfaces imaged in Fig. 2, following growi@d2 BL of Si
at T=280 °C and 30 BL of Si atb) T=320°C,(c) T=360 °C (500<500 A image.

Fig. 8, which form due to nucleation at domain boundaffes. may be such a nucleliss not represented in the tabulated
The evolution of the pyramids with deposition time at adata.

given temperature seems to primarily consist of the growth In addition, we do not see any evidence of coalescence of
of a roughly fixed nhumber of pyramids, as suggested by théhe mounds as they get larger. As the nucleation tends to
numbers shown in Table |, rather than a continual nucleatiomccur near antiphase boundaries, after longer growth times
of new pyramids. This conclusion is also consistent with thecoalescence may occur along the boundaries, or even later,
rather uniform distribution of sizes observed in Figéa)6 throughout the surface. But at the temperature range and film
and @b). However, since the pyramids were identified usingthicknesses we are considering, diffusion appears to make
parameters determined from the most readily observed struthese processes difficult and lead to relatively isolated pyra-
tures, it is possible that the continuirfigut slow evolution  mids. Thus, our observation of the pyramidal structures and
of new pyramid nuclefthe structures of Figs.(8 and 8b)  their evolution during growth appears unrelated, at least
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FIG. 4. 50005000 A STM images following depositiofa) of 105 BL of Si at 280 °(there is a doubled tip, with a tip separation of
~500 A (Ref. 43], and of 210 BL of Si at the temperatures indicatén): T=320 °C, (c) T=360 °C, (d) T=410°C, (e) T=410°C
(1000x 1000 A).

not related in an obvious manpeto the nonequilibrium R — 12
coarsening phenomenon associated with the Ehrlich- W(R,H)=( > [h(x,t)—h(t)] 2
Schwoebel barrief10-11:16-18 IxXI<R

and the equal-time height-height correlation function
B. Quantitative and scaling analysis

1/2
Given the unusual growth characteristics shown in the Z iy SO (g +)12
STM images, it seems unlikely that the standard dynamic Gixb (% [hOx+y.H=h(y.t)] ) ®
scaling predictions of scale-invariant growth should be appli-

cable to our results. To confirm this, we have calculated thef each interface from its STM image. In E@), the length
width (i.e., the root-mean-square height fluctuations R defines the surface patch of siBXR over which the
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Height (layers)

FIG. 4. (Continued)

Height (layers)

width is calculatedh(t) is the mean height of that surface E
patch, and the brackets indicate an average over all suck 1f
patches. While the results given are for individual STM im-
ages, the values & and the plots of5(x) shown herein do
not vary appreciably on different patches of surface. Our 2 ]
general conclusions regarding the presence of dynamical 100 200 300 200 500
scaling and the morphological characteristics of the grown () X (nm)
films presented are fully consistent with all of our data.

Figure 9 shows the correlation function calculated after 52 FIG. 5. Sample line scans from STM images of Fig. 4 after 210
and 105 BL of growth al =280 °C[see Figs. @) and 4a)  BL of growth at(a) T=320 °C and(b) T=410 °C.

(Ref. 43]. We observe thaG saturates to a valuBsy asx roughening exponent near unity as might be expected for
become_s large, with th_e value Gfsat_mcreasmg in time. The growth in the presence of a mounding instabifity/=3and
correlation length, which we define as the distanc@t  rather small values for the surface roughnéssThe criteria
which G(x,t) first saturates, also rises in keeping with the on W and ¢ for scale invariant kinetic roughening described
general expectation that at later times lateral dynamical cofin Sec. | are not satisfied in our data. However, our results
relations have spread over larger distangggs=160£20 A may not be inconsistent with Yang, Wang, and uyho
while &5,=70=10 A. However, Fig. 9 does not manifest found @=1 and strong kinetic roughening of ($11) at T
linear behavior irfx| (as required by dynamic scalingvera =275 °C, as our experiments were performed at somewhat
satisfactorily wide range of lengths to permit the extractionhigher temperaturetsee temperature calibration discussion
of a meaningful scaling exponent. At best, the 105 BL above and beloy

films in Fig. 9 could be interpreted in terms of two different 1he analysis of the interface width as a function of image
regimes, with aneffective roughness exponentr;=0.7 &€ provides results similar to those obtained from the cor-
, o= 0.

+0.1 in the initial regime %= 10— 30 A) crossing over to an relation function, as shown in Fig. 10. The saturation width

; is measured to be less than a single-layer height:
effective roughness exponent of.=0.45+-0.05 (x=50 _ 43 . - :
100 A) prior to the saturation 06G(x).*® These effective W=0.77,” with ¢ the height of the ¥ 7 unit cell. Again,

N ted | ient ft ne finds a “crossover” in the effective exponents extracted
exponents are quoted merely as a convenient measure o m Fig. 10, ranging fromu.;=0.78 to 0.46, and this tran-

correlations in the evolving interface and not as true Ofgjtion js consistent with the nonlinearity observed in Fig. 9.
asymptotic scaling exponents. The data for 52 BL, the Upper Tnere are two reasons why one cannot interpret these im-
curve in Fig. 9, saturate far too quickly for us to extract anyages in terms of scale invariance and dynamic scaling. First,
value for aes. Indeed, the need for multiple decades of lin- the small correlation length<(100 &) is an upper limit on
ear behavior to observe scaling in experimental situationghe length scalex<& in which scaling can be observed.
have been recently emphasizéd. Hence, crossover effects associated with the saturation of
The correlation lengths and widths determined from ourG(x) obscure the extraction of a reliable scaling exponent
images are compiled in Table Ill, and we collect the ex-At longer times this problem mitigates becauset?, but
tracted effective exponents in Table IV. Note that for»ll for typical values ofz=2—4 this is a rather slow increase in
<¢ in our experiments, we do not find a large effective £&. More importantly, the basic X7 unit cell of the Si111)
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(©

FIG. 6. 2umXx2 um STM images measured after 210 BL of deposition at the indicated temperd&)i€s. 320 °C,(b) T=360 °C,(c)
T=410°C.

surface itself has lateral dimensions @£30 A, and mea- though the linear fit is quite good. In general, as is known
suring correlations below this scale is essentially meaningtheoretically, the regime over which we can detect scaling
less. To demonstrate the importance of this, the inset of Fighas intrinsic lower and upper limits: we can at best probe
9 (52 BL for a 100100 nnf STM image atT=280 °Q scaling fora<x<<{(t). The results a =280 °C point out
seems to display compelling dynamic scaling behavior dughat the numerical values of effective “exponents” can be
to the linearity of G(x) over x=2—30 A, with a~0.5.  deceptive and readily influenced by a variety of nonscaling
However such a measurement has dubious relevance to tleffects.

large-scale surface roughness because the entire “scaling” A naive calculation of the exponefty from the dynami-
regime here corresponds xe<a: one is essentially probing cal scaling relationW~t# for the two data points afl

the roughness of the>¥7 unit cell. Therefore no particular =280 °C gives an order of magnitude estimgg;=0.24
significance can be attached to this effective exponent evert 0.05 (statistically consistent with3.+=0.31+0.05 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 shadowed
format to emphasize their height variatigia) 600X 600 A filtered image after 210 BL growth d@t=320 °C, (b) same image shown in
shadowed format(c) 300X 300 A filtered format image after 67 BL growth &it=2360 °C,(d) same image shown in shadowed format.

mated from the saturated value of the correlation functiona large 8.4 qualitatively indicates a rapid growth W, the
Gear-t?). While comparable in magnitude to some of the actual surface roughness is still rather smalf~c), and
fourth-order nonlinear continuum theories of kinetic dynamic scaling oW with time is not confirmed by these
roughenind’ this limited data set does not allow for a dy- data althoughW and ¢ are at the threshold where we expect
namic scaling interpretation for reasons discussed above. it to become observable.

For growth of a 105 BL film aff =320 °C, we find that An analysis of the 210 BL thick film grown &t=360 °C
W=0.7% and fromG(x) in Fig. 11 we measuré;os~180 yields similar results, as shown in the inset of Fig. 11. The
+20 A. Again, asé;ps~6a is relatively small,G(x) pro-  correlation length is approximately 58®0 A, and we com-
vides only a qualitative estimate of the growth of correla-pute an effective exponent af.4=0.65+0.10 for x=10
tions, and not a value meaningful in the context of the kinetic— 40 A which changes ta.z=0.36+0.05 for x=50—500
roughening theory. Nevertheless, rotely calculating the effecA. A rapid rise in the surface widthg.¢=0.70+0.10) cor-
tive roughness exponent ¢a,5a] gives a valuenz=0.32  relates directly with the growth of the isolated pyramidal
+0.05, much less than unity for<¢. features.

The correlation function after 210 BL of growth at  We have calculated the diffraction profiles for our STM
T=320 °C (Fig. 11) exhibits a small but roughly linear re- images, as described above. The calculated profiles are
gion overx=[a,&,;0~10a], yielding ae¢=0.29+0.03. The noisy, presumably due to statistical averaging limitations
surface width has grown t¢/=0.97c, giving the naive esti- even for our larges{2-um) images. However, convolution
mate of B.x=0.40=0.05 (from Gy wWe estimateB¢  with a narrow instrumental response function yields profiles
=0.48+0.05). Once more, we emphasize that although sucharrower but comparable in widilsee FWHM in Table II)
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FIG. 9. Correlation functionG(x), calculated from 50085000
A2 STM images of surfaces following 52 and 105 BRef. 43 of
growth atT=280 °C(at largex, the lower and upper plots, respec-
tively). The lack of a single linear region does not allow for the
definition of the scaling exponet: for 105 BL, the best fit lines
shown give aez=0.45-0.05 (x=50—100 A) and a.z=0.69
+0.10 (x=10—30 A). Inset: G(x) vs x for a 1000< 1000 A? im-
age following 52 BL of growth af =280 °C. Note that the linear
regime (4~ 0.5) physically corresponds to distancesa, where
a=30 A is the 7x 7 unit-cell dimension.

average angle made by the pyramid sides with th{&13)
surface from the data in Table Il shows that du+280 °C
data falls in this range, and that the angle drops with
However, the variability of pyramid shapes seen in Fig. 7
(and indeed, the variation in the slope on different sides of
the same pyramijddoes not allow for a good quantitative
comparison.

IV. DISCUSSION

Our study of growth in the Si/§l11) system indicates
dramatic changes in the nature of growth over a narrow tem-
perature range, with the length scale for island formation
decreasing from approximately 500 A at 360 °C to approxi-
mately 160 A at 280 °C. This decrease in diffusion length is
qualitatively consistent with previous LEED observations in
which £ fell in passing from perfect layer-by-layer growth at
350 °C, to rough growth manifesting dynamic scaling and
the loss of overlayer ordée.g., disappearance of intensity in

FIG. 8. STM images showing regions of complex reconstructionth€ 7X7 beamgat 275 °C'* However, our additional STM
and multilayer growth. These filtered images are 6600 A. (a3 ~ measurements have detected the formation of pyramidal
20 BL growth atT=360 °C;(b) 67 BL of growth atT=360 °C. structures upon extensive deposition down to temperatures

roughly 10—20 °C above their rough growth regime. This is
to those previously measured for the nonscaling growth ofjuite different from the morphological changes expected in
Si/Si(111) at 350 °C'® These calculations are further evi- passing from kinetically rough scale invariant growth to
dence that kinetic roughening in the Si/Bil) system ap- layer-by-layer growth. Scale invariant growth should demon-
pears to occur within a relatively narrow window of tempera-strate a much more uniform distribution of feature sizes than
ture. The thickest films grown dt=320 °C and 360 °C also we observe. We first discuss the physical nature of the ob-
yielded slightly asymmetric diffraction profiles. The asym- served growth in light of previous observations, and then
metry varied with the perpendicular wave-vector transfertheoretical issues pertaining to modeling such a mechanism.
suggesting that it arises from scattering from planes tilted At elevated temperatures where the diffusion length far
from the (111) surface by roughly 20-30 degrees for  exceeds typical terrace sizes, growth of Si ofiLl$l) pro-
=275 °C3 and thus may be the result of scattering from theceeds via a layer-by-layer growth motfeThis mechanism
pyramid structures. Interestingly, a naive computation of thedlominates down to about 700 °C, at which point nucleation
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TABLE lll. Measured surface widthV, correlation lengtt¢, and the FWHM of the calculated intensity
profile for 500< 500 nntf images. The width is given in terms of the height of the 7 unit cell, c. Errors
in W and ¢ are ~10%, and~20% for FWMH.

Film thickness T=280°C T=320°C T=360°C T=410°C
W=0.7c W=0.40 W=0.3&
30 BL No data £=60 A £=130 A £=220A
FWHM=0.015 A~ FWHM=0.015 A°! FWHM=0.015 A™?
W=0.65% W=0.37c
52 BL (T=280°0Q £=70 A No data £=270 A No data
67 BL (T=360°0Q FWHM=0.015 A"* FWHM=0.015 A!
AW=0.7Tc W=0.7%
105 BL £=160 A £=180 A No data No data
FWHM=0.016 A’ FWHM=0.016 A?
W=0.9% W=0.9% W=0.5@
210 BL No data £=300 A £=500 A £=250 A

FWHM=0.026 A' FWHM=0.037 A FWHM=0.020 A1

@Double tip effect should be smalRef. 43.

and growth of islands becomes a competing prote®o-  metastable structures at domain boundaries remains impor-
mogeneous nucleation of islands which form in th&7  tant following tens of layers of growth, as shown in Fig. 3. It
structure has been observed down to at least 358#3€Y  seems very likely that these metastable structures are the
Simultaneous nucleation of islands of metastable structuresuclei for the formation of small multilayer structures, such
such as the &5 has also been extensively report@d?4®4®  as those shown in Figs(® and 8b), and that these are in

In addition, heterogeneous nucleation, in which Si islandgurn the origin of the pyramidal structures observed in still
nucleate preferentially at antiphase domains in the77 thicker layers[e.g., Figs. 4a)—4(c), 6(a), 6(b), and 7. We
structure, occurs as a competing process to homogeneopsstulate that the formation and growth of these structures is
nucleatior?3%34A detailed analysis of the islands that form the result of a sort of kinetic instability in which preferential
during heterogeneous nucleation has shown that about twdermation of new defect structures at the original antiphase
thirds of the time they form in metastable reconstructionsdomain boundaries causes runaway growth of the metastable
such as the %5 and 2<1 reconstructiod® Continuing  pyramidal structures. For this to occur, the defect structures
growth on top of these islands often occurs in the form ofcreated in each stage of the process would need to be pref-
metastable structures, consistent with LEED observations dadrential binding sites for incoming Si atoms. This is certainly
the formation of mixed %5 and 7< 7 periodicity during the a property of the observed pyramids, as shown by the pres-
growth of thick layers of Si/$i11).%° ence of a “denuded zone” around the pyramids in Figs.

We have shown here that the process of nucleation ofi(a)—4(c). It is clear that Si atoms deposited within a diffu-

TABLE IV. Effective “exponents” for 500< 500 nnf STM images. The upper value afy is measured
on length scales near the saturationGfx), while the lower valugwhen presentis extracted from the
smallx, nonscaling region near=a; note that this latter value tends to be numerically greater. Valugs of
come from the increase W with time. N/M =not measurable. The presence of scale-invariant growth is
generally not well supported; see text.

Film thickness T=280°C T=320°C T=360°C T=410°C

30 BL No data aeii: NIM aeii: N/M aefr=0.47(5)

52 BL (T=280°0 aer: NIM No data ae=0.36(5) No data

67 BL (T=360°0O [@er=0.50(2)]

105 BL 8aesi=0.45(5) aeq=0.32(5) No data No data
[aer=0.7(1)]

210 BL No data ae=0.29(3) aes=0.36(5) aefr=0.43(5)

[@er=0.6(1)]  [aer=0.65(10)

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

@Double tip effect should be smalRef. 43.
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o n T R face aredsee Tables | and)llis not consistent with a simple
S s s s ] Ehrlich-Schwoebel mechanism. Furthermore, the complex
S g 8 8 5 o structures of the pyramids that we observe, such as that in
o o | Fig. 7, where there is a deep pit in the center of the pyramid
o S ] and the walls seem to join together is also not consistent with
e | a simple mechanism of preferential nucleation of islands on
top of islands. Our observed pyramids, then, are not mounds
o 5 1 or wedding cake structures.
It is of course difficult to absolutely rule out the possibil-
1 ity of impurities playing a role in forming these pyramid
structures. Indirect evidence against this possibility is the
4 observation of Yang, Wang, and $uof the formation of
very large well oriented facets following growth on an inten-
1 T 1000 0000 tionally roughened surface. It seems reasonable that these
R (A) observed facets are much larger and better ordered versions
of the pyramids that we have observed. This result strongly
suggests that it is the characteristics of the surface order,
rather than impurities, that govern the nucleation of the
structures. Carbon is not likely to be the origin of the pyra-
mids, since the surfaces can be flashed clean following
growth without the formation of the characteristic step pin-

sion length of the growin ramids have preferentiall at-ning and ultimate faceting that occurs in the presence of
9 g g Py b Y 8 carbon®-52We cannot rule out the effect of other impuri-

tached tdand seemingly have ascendéde pyramids rather ies, such as hydrogen, on the basis of any direct observation.

than remaining free to coalesce into two-dimensional island ! 2 . )
Other possible explanations for the formation of the pyra- owever, the consistency of the observations of crystalline

mid structures, which we reject, are mound formation due tc;»tructures similar to the metastable reconstructions of
an EhrIich-Scr;woebeI barri’érlsbr impurity pinning. In the Si(112) over the full range of growth temperatures and con-

case of an Ehrlich-Schwoebel barrier, strong three-d't'ons provides strong indirect evidence that the pyramid

dimensional growth is expected at the earliest stages J]ormf'mon IS an intrinsic property of Si gro_wth 0_”_(‘511)'
growth because atoms that are deposited on top of existin%nd IS not extrms!cally caused by ;urface impurities.
islands do not cross the island edges easily, and thus nucleate Next, we f:onS|der these STM images fro.m thg point of
to form new islands on top of the old. This process leads tar/é?e\?:eorfci:n?zg rroel::%rl]le?rlwr;% tp?r(iac?rryHall?nEEsECSIee;(np:/:r?rig(r:](tas. Foonr
a characteristic “wedding cake” structure in groitor to e ! o

large-scale mound formatidh'? followed by coarsening. S'/S'(lll),lf atT=275°C found thatV=1.% and FWHM
Any stepped structures on Si should be subject to these ba'rv—o'22 A" after 70 ?Il‘ of growth, Increasing tw=2.8
fiers, and not just those near domain boundaries. Our obse@nd FWHM ~0.27 A" after deposition of 130 BL. AT

vation of relatively flat growth over the majority of the sur- :275,°C’ scaling according tcfg the noisy Her_ring-MuIIins
equation was detected with=1," a value for which forma-

————— T tion of pyramids with a preferred slope has also been pre-
’ 1 dicted theoreticall}y/ At T=350°C, flat nonkinetically
rough films were found with FWHM<0.03 A™! that are
likely comparable to the structures we observe at our nomi-
nal temperature of 410 °(Ref. 13 (and perhaps even lower
due to the very small FWHM values in Table)lIWe point
out here, however, the considerably greater ability of
HRLEED to generate highly statistically averaged diffraction
profiles (over a larger total argaas compared to STM ex-
periments. As such, our simulated diffraction profiles are in-
tended to be a qualitative consistency check. Nevertheless,
our FWHM values do reflect the basic smoothness of the
10 100 rrra— STM images and that roughness is increasing somewhat with
ok e i added deposition. Further, they provide us with our best di-
10 100 1000 rect comparison with the data in Ref. 13.
x (4) We have probed a temperature range between the kineti-

FIG. 11. G(x) for 5000x 5000 A STM images aff =320 °C. cally rough and Iayer—_by—_layer growth regimes. Based on the
After 105 BL (bottom, we find ae=0.32+0.05 for[a,5a]. After ~ FOUgh constancy ke in time atT =320 °C(Table V), that
210 BL of growth(top) aes=0.29+0.03 on[a,10a]. Forx<a at ~W~C and £~10a, and the reasonably linear plot in Fig. 11
210 BL, aer=0.6+0.1. Inset:G(x) for a 5000<5000 2 STM at 210 BL forx<¢, there is limited evidence to suggest that
image after growth of 210 BL af =360 °C. The best fit was for dynamical scaling may be emergent &t 320 °C oncef
[2a,17a], for which aez=0.36+0.05; the fit forx=10—40 Agave = =10a. At higher temperatures, as well as for=280 °C,
ae=0.65+0.10. scale-invariant growth was not observed. Our best estimate

Width (A)

FIG. 10. Plot of the widttW(R) vs R, the patch size over which
W is computed, foif =280 °C for 52 BL (J) and 105 BL (\) of
growth. Fitting to the 40-320 A region for 105 BL givegg
=0.46 (small dashes while a.z=0.78 from 20-80 A(long
dashes Compare with Fig. 9 above.

G(x)
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for the effectiveroughness exponent g~ 0.3—0.5, which  width W< ¢ are simply too small for widespread correlations
iS not consistent with unity and exceedsfor the known to be observed. See Ref. 53 for a broad look at the issue of a
solid-on-solid continuum dynamic growth universality limited distance range and the implications for dynamical
classes for a planar substrate. scaling.

Both STM and diffraction experiments seem to imply  Practically speaking, one expects a finite-temperature
similarly small correlation lengths;<20a for all STM im-  window in which thick films might eventually yield scale-
ages andé<10a for the diffraction experimef® at T jnvariant morphologies. At high temperaturg§=410 °C
=275°C [where in thea=1 case, we estimate FWHM here, andr=350 °C in(Ref. 13], atoms are so mobile that
=W/ ¢ (Ref. 41]. Since dynamical scaling is expected only ¢ js very large andV remains small and unchanggBable
for x<¢, sensitivity to finite size effects may account for the ||| and Figs. Zc) and 4c)], while at low temperatures pro-
large discrepancy inx between the two experiments. It is hibitively long times are needed so thatsignificantly ex-
also possible, and we feel more likely given the uncertaintiegeeds the X 7 unit cell size.
in temperature calibration, that our growth temperatures are The roughening that was observed in our experiments is
actually somewhat higher on the temperature scale of Ref. 1fteresting for it is exclusively due to the formation of small
than one would naively expect. This would also explain thegreas of tall, pyramidal structures whose number density de-
lower effective roughness exponent we extract. creases with increasing temperat(fables | and I). In prin-

Because FWHM WY*/¢ (from the form for given in  ciple, the pyramids may be caused by extrinsic effects, but
Ref. 41), the similarities in¢ imply that the detected differ- we have argued that this is unlikely. The pyramidal struc-
ences in FWHM arise from significant differenceswhfor  tures are intriguing as they demonstrate a range of surface
the two experiments. Since a higher temperature is known teeconstructions while evolving rapidly during growth. The
reduce the height fluctuations on a growing surfécthe  pyramids tend to be isolated by expanses of flat surface and
lower values ofW in our STM experiment would produce a cover a small fraction of the total surface area. This is likely
smaller FWHM. However, we doubt that a mere 5 °C in-due to our elevated growth temperatutas compared with
crease in temperature can result in such a drastic differenqef. 13 and the preferential nucleation of structures at an-
as findinga=1 and strong evidence of scaling at 275 °C viatiphase boundari€s.In HRLEED experiments at tempera-
HRLEED (Ref. 13 versus our STM observation ¢4t best  tures slightly lower than ours, we posit that these pyramids
ae~ 0.4 with no dynamic scaling at 280 °C. In our opinion, have become widespread on the surface resulting in consid-
it appears likely that a systematic offset of abot{10 erable roughness and detectable dynamic scaling behavior.
—20) °C should be applied to our temperatures to compare Based on visible denuded zones around the pyramids we
with those of Ref. 13. conclude that they draw in atoms from a relatively smooth

Mechanistically, we hypothesize that @ss lowered be- two- or three-layered surrounding surface. The smooth re-
low our nominal 280 °CW rises increasingly rapidly due to gions comprise~90% or more of the surface and grow in a
progressively more robust growth and nucleation of pyraiayer-by-layer fashion without demonstrating the local ki-
mids. A widespread nucleation of pyramids in the diffractionnetic instability manifested by the pyramids. Interestingly,
experiments of Ref. 13 would be consistent with a finding ofthen, the surface exhibits two different growth modes simul-
a=1. Hence, it seems reasonable to suppose that Yangtmneously: localized unstable pyramid formation occurs at
surfacé® contained many more coalescing young pyramidsantiphase boundaries within a background of layer-by-layer
such as in Fig. 8, than appeared in our experiment. Differgrowth away from the pyramids.
ences in the density of antiphase boundaries may also be an The images presented here do not generally support scale-
important factor influencing the comparison of these experiinvariant kinetic roughening due to small correlation lengths
ments since such boundaries can act as prefered nucleatigron the scale of the X 7 reconstruction siza. Comparing
sites on Si111).>32 Due to these difficulties, it would be our results with the diffraction experimehtjt seems there is
desirable to acquire simultaneous diffraction and STM datalso a required minimum height fluctuation amplitudein
for the same surface. order to encourage widespread growth. While not measured
directly, we argue that one should minimally requite>c.

At later times one might detect a scale-invariant morphology,
but our results suggest continued increase in the size of the

By probing an intermediate temperature regime betweepyramids without significant coalescence even for our lowest
the extremes of rough and smooth growth, we have showmeasured temperature, nominally=280 °C. We suspect
that nucleation and growth of metastable structures at dahe scaling seen & =275 °C for Si/S{111) in Ref. 13 re-
main boundaries plays an important role in the crossover tsults from a situation in which widespread pyramid coales-
kinetically rough growth of Si on $111) with decreasing cence did occur, and that their quoted temperature is 10—
temperature. The number density of the resulting pyramic®0 °C lower on our temperature scale. Hence, the emergence
structures increases as the growth temperature is reduced l#-dynamic scaling in the Si/€i11) system may be quite
low the threshold for layer-by-layer growth. There is rough-sensitive to relatively small temperature differences and to
ening of highly localized areas of the surface resulting in thedetails of substrate preparatidne., density of antiphase
emergence of pyramidal structures. It is the growth of thesdoundaries
isolated objects alone that leads to the observed increase in Any traces of kinetic roughening may simply be due to
the global surface roughness with time. However, there is navell-known islanding processes in the flat regions convolved
conclusive evidence for spatial and temporal dynamic scalwith the occasional emergence of localized rapidly growing
ing in our data, since the correlation lengtkt 10a and the  structures. The fact tha/<c makes this a reasonable sup-

V. CONCLUSIONS
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position, and the majority of the increaseW with time is  implementation of dynamic scaling machinery to an arbitrary
found to be due to the evolution of the individual pyramids.growth problem may lead to extraction of effective dynami-
The STM images also show that these pyramids possesscal critical exponents® which may not necessarily be mean-
well-defined characteristic size. That observation is patentlyhgful with respect to the common continuum growth theo-
inconsistent with the concept ofszale-invariantsurface for  ries. Specifically, and as suggested by Figs. 9 and 11 and
which structures on all scales should be simultaneouslyaple IV, crossover effects induced by various length scales
present. In fact, our finding of the simultaneous presence Oissociated with stable and metastable surface structures and

two distinct growth modes is explicit evidence against scalereconstructions during kinetically rough real growth may be
invariant growth over the time and length scales of our obimportant.

servation.
This systematic STM study of Si/8il1) growth suggests
that Fhe emergence of scale-mvangnt kinetic 'roughenmg can ACKNOWLEDGMENTS
require a rather subtle understanding of detailed growth pro-
cessese.g., pyramid formationand the applicable atomistic This work has been supported by the US-ONR and the
length scaleqe.g., the X7 unit-cell size. A brute force NSF-MRSEC at the University of Maryland.
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