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Growth pyramids on Si(111) facets: A CVD and MBE study
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The morphology of growth pyramids on($L1) facets has been studied with an atomic force microscope.
These facets with pyramids are formed upon chemical vapor depo$@iéb) growth on a hemispherical
substrate. Spiral as well as concentric step edge patterns have been observed on the growth pyramids. Based on
the step edge patterns the origin of the pyramids is attributed to different types of dislocations. Step edge
patterns indicate that growth during CVD is governed by step edge processes and that surface diffusion is not
rate limiting. The completely different growth mechanism of molecular-beam ep{MBf) is illustrated by
MBE overgrowth of a silicon layer on top of the CVD layer. MBE growth parameters have been studied by
comparing the growth pyramid morphology with simulation resii§163-182@98)04812-7

[. INTRODUCTION ing microscopy(STM) observations have demonstrated the
existence of growth spirals generated by dislocatfons.

The atomic-scale mechanisms involved in crystal growth Here, we first establish the nature of the pyramids as re-
strongly depend on the growth circumstances and crystallo/€aled by atomic force microscog@FM) images of the
graphic orientation of the substrate. Direct observation of théndividual step edgegsee Sec. I)l. Subsequently, we study
atomic-scale growth processes is often impossible, but thihe relation between the observed growth morphologies on
morphology of the layers formed during growth is intimately the (111) facets and the growth mechanisms that are respon-
related to the details of the growth process. Therefore, analys-'ble for them. Section IV discusses the features of the step
sis of as-grown layers is a major tool in the study of growth€dge patterns observed for the CVD grown layer as well as
mechanisms. The characteristic features observed in the stgbee'r implications for the growth process. For molecular-

edge patterns on the as-grown surfaces provide informatio am epitaxy(MBE) growth a strongly different surface

about basic growth processes like surface diffusion, islananorphology IS ?Xpe‘:t?d due to the different nature of its
nucleation, and growth at step edges. growth mechanism. Direct MBE growth on the as-prepared

Hemispherical substrates are ideally suited for studyinghemISpheres as performed for CVD growth does not yield

growth processes. Surfaces with different orientations and
step densities all experience the same growth conditions and
thus can be compared directly. This has for example been
demonstrated by Gardeniers for the case of homoepitaxial
growth of silicon by chemical vapor depositioitVD).!
There is also another important reason for using hemispheri-
cal substrates in epitaxial growth studies. On these substrates
the exact low index orientations are always available and,
therefore, facets can develop. Because of inaccuracies in the
preparation, flat substrate surfaces can never be prepared ex-
actly in a low index orientation. The resulting step density
will influence the growth mode and thus hide the processes
related to the growth on terraces. In this study we focus on
the (111) facets formed during homoepitaxial growth of Si
by CVD. These facets are not flat, but contain three-sided
growth pyramidgsee Fig. 1. Because the pyramids are very
shallow with sideplanes deviating less than 0.5° from the
(111 facet, these sideplanes must be considered as vicinal
(111) planes. The number of growth pyramids differs
strongly for the individual facets, but (@11 facets without
three-sided pyramids have been observed. Similar three-
sided pyramids have been reported earlier f¢lL BI) (Refs.

2-5 as well as for diamongl11) (Refs. 6—8 surfaces. The
origin of these pyramids was generally attributed to screw g|G. 1. Nomarski microscope image) of a single(111) facet
dislocations although the formation of defect-free pyramidaNith a number of shallow growth pyramids formed during CVD
was also claimed.In the latter case their formation should growth. AFM deflection imagéb) (90X 90 um?) of the central part

be intrinsically related to the growth on facets. For theof the (111) facet in(a). Site 5 indicates a valley, the other sites
growth of boron containing diamond films, scanning tunnel-correspond to pyramid tops.
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any indication of facet formation. Obviously the initial sur-
face irregularities on the substrate are too large to be over-
come by the MBE growth mechanisms. This problem is
solved by performing the MBE growth on top of a CVD
grown layer. The pronounced changes in the morphology of
the pyramids due to the overgrowth of the Z8+thick
MBE layer is shown in Sec. V. In the next section computer
simulations of the MBE growth process are used to relate the
influence of specific growth parameters to the experimentally
observed morphology.

Il. EXPERIMENTS

Monocrystalline hemispherical Si substrates with a 5-mm
radius have been produced by grinding and polishing. Sub-
sequently, the top layer was removed by isotropic etching
with a 1:8 solution of HR40%) and HNG, (65%).1° In this
manner the defect density at the surface of the hemisphere is
reduced.

With CVD, a 10um-thick epitaxial layer is grown on the
hemisphere. Growth is performed with S, in H, at a
pressure of 150 Torr and a temperature of 975 °C; the growth
rate is 0.2um/min. On one of the substrates an MBE layer is
grown on top of the CVD layer. This layer, which has a
thickness of 2.9um on the(111) facet, is deposited at a rate
of 0.6 um/h at 900 °C.

The details of the surface structures on tid1) facet FIG. 2. AFM deflection images of growth pyramid tops showing
resulting from CVD and the effects of subsequent over{@ the step edge spiral on pyramid top 1 affl the concentric
growth with MBE have been studied with AFM. Two AFM riangular step pattern on pyramid top 2. The regianandb ex-
image types have been used. The height images are usedhiyit concave and convex step edge structur(_es, respectlv_ely. Note
measure the slopes and height differences. We also use 2t the images are rotated with respect to Fig) limage sizes:
flection images, which represent the error signal in the feed—a) 2X2 pm’, (b) 44 pum®,

back loop of the constant force mode. The error signal ilane, which is 1/3111] because the cubic unit cell of the
proportional to changes in the height of the surface, i.e., iliamond lattice contains thréelementary double layer dis-
represents the derivative of the surface height profile. Thisances in th¢111] direction. Thus, the Burgers vector of the
deflection signal is better suited for illustrating the shallowdislocation generating the growth pyramid in Figa2has a
features like step edges. Both types of images are measuredmponent along111] equal to 1/3[111]. Burgers vectors
with the tip in contact with the sample, in a constant forceof perfect dislocations in the diamond lattice have to be the
mode. shortest translation vector of the lattice, i.e., i120].}* This
Burgers vector’'s component alohgjll] is indeed 1/3111].
. ORIGIN OF THE GROWTH PYRAMIDS The exact nature of the dislocation i.e., whether it is of the
screw type, edge type, or mixed type cannot be determined,
As shown in the large scan area image in Fi(h)we  since the direction of the dislocation line inside the crystal
have been able to locate the center part of the facet on theannot be deduced from observations of the surface of the
hemisphere under the AFM. Even though the surface is covfacet only.
ered by a thin native oxide layer, small scan area AFM im- We also observed growth pyramids with a step edge
ages reveal individual step edges. These step edge structuggucture different from that of pyramid 1. Figurébp dem-
directly demonstrate the nature of the growth pyramids a@nstrates the observation of a concentric triangular step edge
shown in Fig. 2a) for the pyramid top indicated as number 1 structure at the top of pyramid 2. The concentric step edge
in Fig. 1(b). The step edge spiral on this pyramid clearly Structure indicates that if the pyramid contains one or more
demonstrates the presence of a dislocation, ending exactly glislocations, the net Burgers vector does not have a compo-
the top of the pyramid. The Burgers vector of this dislocationent perpendicular to thel11ll) terrace. As proposed
is not necessarily perpendicular to the surface. It is sufficiengarlier; dislocations with a Burgers vector parallel to the
to have a component perpendicular to the surface terraceirface also generate growth steps. The mechanism for gen-
This will result in a step edge with a step height equal to thiserating these steps is related to the dissociation of the dislo-
perpendicular component. The height of the step edges oation in two partial dislocationd™® (e.g., 1/2110]
the side planes of the growth pyramids is determined using-1/6[211]+ 1/6[12 1]). The resulting partial dislocations
the vicinal angle measured from the height image and th&ave Burgers vector components, which are perpendicular to
step density measured from the corresponding deflection irthe (111) terrace. These perpendicular components have op-
age. A step height of 0.31/—0.04 nm was measured for all posite signs. Due to the energy involved in the creation of
side planes of the different pyramids. This is in very goodthe stacking fault in between the partial dislocations, their
agreement with the elementary step height on thd@13)  separation is limited. A splitting at the surface of the order of
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FIG. 4. AFM deflection image of the step edge pattern at the
valley in site 5. Image size:83 un?.

the two pyramid tops and the different structures at the two
tops, this cannot be a widely dissociated single dislocation
with Burgers vector 1/2110]. It should have a more com-
plex dislocation source, the exact nature of which cannot be
determined from its appearance at the surface. A macro-
scopically similar structure is formed by the tops 6 and 7 in
Fig. 1(b). A microscopic image of its step structure could not
be obtained due to the mechanical damage of the surface
near these tops.

FIG. 3. AFM deflection images of the step edge patterns at
pyramid top 3 in(a) and top 4 in(b). (The images are rotated over IV. CVD GROWTH FEATURES
a small angle with respect to Fig.)2n (b) an extra step edge, . . o
indicated with a bright dot, emerges at the end of the defect line, the Growth from SiHCl, involves diffusion through the gas
vertical position of which is indicated with an arrow. At the left- Phase, adsorption on the terrace, diffusion over the terraces
hand side of the step edge emergence point, the defect line visibAp step edges and, finally, the attachment of new growth units
disturbs the surface structure. To the right, in the region of thelo these step edges. During these processes the molecule dis-
arrow, no disturbance of the step edges is observed. Image @ges: sociates in a number of reaction steps, finally leaving a single
5X5 um?, (b) 2X2 um?. Si atom attached as the growth unit.

Under standard CVD conditions the diffusion length of

100 nm has been observEdThe sharp point in the middle the adsorbed species is much larger than the terrace I€hgth.
of the pyramid’s top terrace in Fig.(l2) indicates the pres- This fact is nicely demonstrated by the sharp corners in the
ence of such a pair of partial dislocations. An upper limit forstep edges at the intersections of the pyramid’'s side planes
its size, which has been determined from larger magnificatsee, e.g., Fig. )2 Diffusion limitations would have caused
tion images, indicates a splitting of the two partials of atthese corners to be heavily rounded off. The sharp corners
most 50 nm. Further details of the formation of steps at thisalso indicate that the growth rate strongly depends on the
dislocation center cannot be obtained due to the presence ofientation of the step edge. No significantly different growth
the native oxide on the surface and the small separation gfite is observed for concave and convex cusps in the step
the two partial dislocations. edge. This is especially evident for the two types of corners

A third type of step edge structure is observed on thendicated witha andb in Fig. 2(b). Similarly, step edges in
double pyramid, the tops of which are indicated as 3 and 4 irthe valley, shown in Fig. 4, also exhibit sharp corners. Thus,
Fig. 1(b). Two side planes of pyramid 3 have an equidistantthe step edge energy is so highly anisotropic that even reen-
pattern of straight step edgesee Fig. 8)]. The remaining trant corners remain sharp, in spite of their higher sticking
part exhibits an irregular step edge pattern, but it does ngtrobability.
contain an obvious step edge source. The step edges of this Another interesting feature is the narrow terrace width
pyramid seem to form concentric loops. However, a straightlistribution, yielding a regular step edge pattern with terrace
defect line starting at the center of the pyramid is disturbingwidths of about 45 nm on all side planes of the pyramids.
the terraces and the step edges. This line is abouuf5 Therefore, the activity of the step edge sources, having dif-
long and connects the pyramid tops 3 and 4. The defederent dislocation stuctures, should be quite similar for all
causing the straight line at the surface_is determined by thpyramids. The slightly larger terrace immediately at the top
crystal structure, as it is aligned alohtyl0]. The step edge of the pyramid or at the bottom of a valley does not seem to
structure at the other end of the defect line on pyramid top £ause a substantial disturbance of the terrace widths in its
is shown in Fig. 8). Here, we observe the generation of anneighborhood. The transition area between the side planes of
additional step edge by a dislocation emerging at the surfac¢he two pyramid tops 3 and 4 exhibits much larger terraces,
Furthermore, the step edges are not continuous at the defegxceeding a width of 100 nm. As Fig(t8 shows, the tran-
line. Because of the length of the defect line interconnectingition between the regions with low and high step densities is
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layer is the rippled structure on the side planes of the growth
pyramids. A third difference is observed at the intersection of
the side planes. After CVD this intersection is even on the
atomic scale sharply visiblesee Figs. @a,b]. During MBE

the intersection has broadened strongly, so that it appears as
a broad band in the Nomarski microscope image. The broad-
ening is induced by diffusion effects. This diffusion effect
also causes the corners of the small facets on top of the
pyramids to be rounded off. Finally, MBE overgrowth did
not yield a measurable increase in the size of the original
(112) facet. On the other hand, we observed in another ex-
periment that deposition of a &m CVD layer on top of a
10-um CVD layer increases the facet size with about 80%.
This is consistent with the orientation independence of MBE

growth in comparison with CVD growttf

AFM measurements on tH&11) facet shown in Fig. &)
have been used to characterize the structures quantitatively.
Fig. 5(b) shows a height image of the smaller of the two
faces on top of the growth pyramids together with part of the
larger one. The white spots in the image are caused by con-
tamination on the surface and are not due to the growth pro-
cess. The top facets are very flat with a vicinal angle smaller
than 0.05°. This means that the top faces are eKhtt)

FIG. 5. Nomarski microscope imade) of a (111) facet after ~ t€rraces or contain only a low density of step edges. No
overgrowth with MBE. AFM height imagéb) of the smaller of the ~ Step edges have been observed on the top faces, but detecting
two facets on top of the growth pyramids (a). The small white  them is difficult due to the large surface area and the pres-
spots are due to contamination on the surface. Image siz&ence of contamination. Figurg® shows a deflection image
40X 40 um?. of part of the top face with the rippled structure on the pyra-

mid’s side plane. Figure(B) shows a cross section along the
abrupt, but without the formation of a step bunch. The formline A-B in Fig. 6(a. The height profile clearly shows the
of this transition indicates that the growth rate at the stegpresence of a high step bunch at the edge of the grh&l)
edges is not limited by the amount of growth species abfacet on top of the pyramid. The ripples on the side plane are
sorbed on the terraces adjacent to the step edge. This indermed by smaller step bunches. They seem to be larger
cates a very large supersaturation on the terraces and/or sutlose to the edge of the top fatsee Fig. @)]. The first step
stantial diffusion across the step edges. bunch next to the edge of the top face generally has a height
that is about 25-30% of the bunch forming the edge. Figure
6(c) gives a detailed height profile of the edge of the larger of
the two top faces in Fig.(8). It shows that the lateral width

MBE growth on top of the CVD layers leads to changesof the step bunch is about 0/&m. A height difference of
in the surface morphology. Here, we again focus on the efabout 30 nm on a lateral width of 0&m yields an average
fects observed for th€11ll) orientation. The most pro- terrace width of 5 nm for the terraces in the step bunch. Thus
nounced feature observed after MBE growth on top of thehe step bunch can still be considered a4 Hl) face with a
CVD layer is the formation of a small flat facet on top of the large vicinal angle. The ratio between the diameter of the top
growth pyramids. This is demonstrated in the Nomarski mi-face and the height of the step bunch at its edge is approxi-
croscope photo in Fig.(8), which shows d111) facet with  mately 1000 for both the small and the large top facets. At
two growth pyramids. A second important difference be-the corners of the top facets a smaller step height is mea-
tween the morphology of the MBE top layer and the CVD sured. At these places the height of the bunch is reduced

V. MBE GROWTH FEATURES
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FIG. 6. (a) AFM deflection image (2820 um?) of part of the smaller facet and the step bunch pattern on the side glan@ross
section showing average height profile of au@+wide area along the linA-B indicated in(a). (c) Height profile of the step bunch at the
edge of the larger facet on the growth pyramid top in Fi@.5
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FIG. 8. Typical simulation result showing the cross section of
c) d) one of the three pyramid side planes. A top face with a low density
801_8 of steps, a step bunch, and a sideplane can be distinguished. The
mE—I=¥ B \B=p = length of the top facel,, and the corresponding height of the step
il I Lo e

bunch at its edgeil, are used to characterize the structure.

FIG. 7. Schematic top viewa) and cross section of one side
plane (b) of the growth pyramid. The Schwoebel parametgr,
models the effect of the asymmetric sticking probability, as drawn
in (c). Overhangs created during the simulation are removed in the dA;

manner shown irfd). W:C[(l_a)(Ai_Ai+1)+a(Ai—1_Ai)]: 1)

where the ared,; and the effective Schwoebel parameger
are defined in Figs.(d), and 1c), respectively. The propor-
because the steps in the lower part of the bunch have spfonality constaniC represents the growth rate. The position
off. of the step edgex;, can be calculated from the correspond-
Several of the above mentioned features will be used ifNg areasA; using
the next section for comparison with results of numerical
simulations. A

Xj= s (2

VI. MBE GROWTH MODEL
The time evolution ofA; according to Eq(1) may lead to

The influence of two important growth parameters on thegyerhangs, which is physically incorrect. In these cases the
form of the growth pyramid after MBE growth has been step edge positions are corrected by redistributing the over-
simulated using a continuum model. One parameter detehang volume over the step edges below it in the manner
mines the rate at which new terraces nucleate on the uppghown in Fig. 7d).
terrace of the growth pyramid. Due to the high elastic strain  part of the material deposited on the upper terrace is not
near the dislocation core, the prObab”lty for StiCking adatomSncorporated in a Step edge, but is accumulated on that ter-
to step edges is smaller near the core than far away from itace. For simplicity we assume the fraction of deposited ma-
This determines the rate at which new layers are formed. Iferial that is accumulated on the top terrace to be equal to the
the simulation this has been modeled by creating new terschwoebel parameter A new terrace is generated on top of
races on top of the pyramid after a minimum number ofthe growth pyramid if the accumulated amount of growth
growth units has accumulated on the upper terrace. The othghits on the upper terrace exceeds a critical surface/area
growth parameter determining the morphology of the growth  The injtial structure used in the simulations has equal ter-
pyramid is the so-called Schwoebel parametdihis param-  race widthsT. The influence of an upper terrace with an
eter describes the asymmetric sticking probability for growthinitially larger size has been neglected as its influence gradu-
units arriving at step edges from the upper and the lowepyly fades away during the evolution of the structure. In most
terrace, respectively. It determines how fluctuations in thggses a relatively flat top face, bordered by a step bunch,
step edge positions propagate along the step edge train. Prefavelops during the simulatiofsee Fig. § Characteristic
erential attachment from the upper terrace leads to an inst@aaqyres like the size of the top fade, and the height of the
bility causing step bunching. On the other hand, preferentia‘})tep bunchH, are used for comparing the simulation results
sticking from the lower terrace stabilizes an equidistant stegy the measured form of the growth pyramid. In the simula-
pattern. Nucleation of islands on the terraces also gives thﬁons, we found a constant ratid/L. This ratio is deter-

effect of increasing the incorporation of material from the mined by the geometry of the pyramid, according to
lower terrace. This contribution can be included in an effec-

tive Schwoebel parameter. It shows that growth by island
nucleation leads to a stabilization of an equidistant step edge H/L= jtan B, ()
pattern’

Simulations have been performed, starting from the strucwhere g is the vicinal angle of the pyramid’s side plane. In
ture indicated schematically in Figsiafh. The evolution of  the results presented hereafter, we have simulated the growth
the atomic layer areas on one of the three pyramid sides isf a layer with total thickness equal to that grown in the
calculated from: MBE experiment(i.e., 9200 layers with a thickness of 0.31
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20 pm FIG. 11. Simulated sideplane cross sections whth=35 um?

© (@ and A,=0.35 um? (b) for the same value of the Schwoebel
parametera=0.45.
FIG. 9. Sideplane cross sections from simulations with different

Schwoebel parameters; a=0.40 in (a), a=0.45 in (b), anda
=0.50 in(c), respectively. The critical surface arfa=35 um?.

a factor 10. The corresponding slope of the top surface is
now 0.05°, which is the experimentally determined upper
limit for this slope.

nm). All results scale linearly with the initial terrace size, The dependence of the top surface slope on the critical
Numerical results, e.g., for the size of the top face, have beegurface coverage suggests that we can determine a lower
calculated withT =45 nm. limit for the critical surface coverage needed for terrace

The Schwoebel parametes, has the most pronounced nucleation. However, foa=0.45, A, amounts to 27% of the
influence on the form of the growth pyramid, as demon-upper terrace area upon nucleation of the new terrace. A
strated by the simulation results in Fig. 9. Higher values ofmuch smaller critical surface area would be expected. Fur-
the Schwoebel parameter result in a decrease in the size @fermore, the surface coverage required for the nucleation
the top face and a smaller magnitude of the ripples on th@ioes not change with the reduction &f by the factor 100.
sideplane. A Schwoebel parameter of 0.40 results in a roudiihis paradoxical result can be understood by realizing that in
sideplane, while the irregularities on the sideplane are althe simulation modeA, is a terrace size independent value,
ready fairly small fora=0.50. For Schwoebel parameter which just determines when a new terrace is generated. Re-
values above 0.50, the ripples on the sideplane rapidly varducing A, yields a higher terrace generation rate and thus a
ish, as demonstrated by the simulation results&er0.50  |arger slope on the pyramid’s top face. The surface coverage
anda=0.55 in Fig. 10. These results are in accordance withupon nucleation changes with the value of the Schwoebel
the expected stabilization of an equidistant step edge pattefsarameter(from 23% ata=0.40 to 31% ata=0.50, but
in case of preferential sticking from the lower terrace. Notremains very high. For obtaining more realistic surface cov-
only the sideplane itself, but also the transition to the sideerages, the model should also account for the effects of the
plane at the bottom of the step bunch becomes smooth faack of an alternative nucleation site during accumulation of
a=0.50 and above. The flat top face does not vanishefor growth species on the top terrace. It results in an increased
>0.5, as the barrier for nucleating a new isldntbdeled by  probability for incorporation of growth species at the step
the critical surface areA.) yields an increased contribution edges of the top terrace. A smaller effective Schwoebel pa-
from the upper terrace to the first step edge. rametera on the top surface can be used to model this effect.

Based on the experimentally observed sideplane morphoBy causing a slower accumulation of growth species on the
ogy, the Schwoebel parameter is estimated to fall in theipper terrace it will yield a smaller actual surface coverage
range 0.40-0.50 for the MBE growth conditions used in theduring nucleation of new terraces.
experiment. For this parameter range the length of the top
face,L, varies from 35 to 14«m, which is the same order of
magnitude as the experimentally observed size. It should be
noted, however, that the length of the top face not only de- The work presented in the previous chapters leads to a
pends on the Schwoebel parameter, but also on the critic@lumber of conclusions. First of all, we have given direct
surface ared. For the simulation results mentioned above,experimental evidence that the formation of growth pyramids
a critical surface areA.=35 um?® has been used. Decreas- on the (111) facet is due to the presence of dislocations.
ing the value ofA; yields smaller top surfaces with a higher These dislocations can yield spiral as well as concentric step
slope. This is evidenced, for example, by the simulation reedge patterns, depending on the orientation of the disloca-
sult shown in Fig. 1(b), which has been obtained with a 100 tion’s Burgers vector. Secondly, the step edge morphology
times smaller value oA, . The size of the top face is reduced of the CVD grown layers clearly shows that diffusion of the
with a factor 3.6 and the terrace length on the top face witlgrowth species over the terrace does not limit the growth

rate. For the CVD experiments described here, the morphol-

VII. CONCLUSIONS

20nml ogy of the observed structures is completely determined by
10pm the dependence of the growth rate on the step edge orienta-
tion. The surface structures studied in this paper may serve
‘ as a useful template for investigating the importance of sur-
@ ®) face diffusion for other growth conditions. This has been

demonstrated in Sec. IV, which describes how MBE over-

FIG. 10. Simulated sideplane cross sections whth=35 um? growth affects the surface morphology. The results confirm
shown at a larger scale far=0.50 (a) anda=0.55 (b). the strong influence of surface diffusion during MBE growth.
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