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STM observation of pit formation and evolution during

the epitaxial growth of Si on Si(001) surface*
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Pit formation and surface morphological evolution in Si(001) homoepitaxy are investigated by using scanning

tunneling microscopy. Anti-phase boundary is found to give rise to initial generation of pits bound by bunched Dp

steps. The terraces break up and are reduced to a critical nucleus size with pit formation. Due to anisotropic kinetics, a

downhill bias diffusion current, which is larger along the dimer rows through the centre area of the terrace than through

the area close to the edge, leads to the prevalence of pits bound by {101} facets. Subsequent annealing results in a

shape transition from {101}-faceted pits to multi-faceted pits.
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1. Introduction

Si(001)-2x 1 surface has attracted considerable in-
terest due to its relatively simple structure and tech-
nological importance.[! =20 Great efforts focus on the
construction of nano-meter sized structures on the
surface aiming at the establishment of semiconduc-
tor nanotechnologies. Kinetic instabilities in homoepi-
taxy are actively exploited to produce highly regu-
lar patterns on crystalline surfaces.!'! Depending on
Si deposition condition and Si(001) wafer miscut an-
gle, various patterns are formed, such as ripples,?
step fingers,® mounds,[ triangles, and ridges.”!
The morphological instabilities are attributed to the
anisotropic kinetics inherent to the (2x1)-dimer re-
construction of Si(001) surface. Anisotropic diffusion
of adatoms on the terraces and across the step edges, !
and much higher adatom incorporation probability at
the end of dimer rows than at the sidel”) are the key
ingredients for the spatial pattern formation.

Surface defects such as vacancies, steps, and anti-
phase boundaries (APBs), often play an essentially
important role in the control of growth process and

fabrication of desired nanostructures. Si(001)-2 x n
surface with vacancy line structure from Ni con-
tamination was used for spontaneous fabrication of
nanowire arrays.[® The flow of steps in epitaxial film
facilitates smooth growth by suppressing the island
nucleation.!®! Kissing sites occur at the end of APBs
on Si(001) surface and are of great importance for eval-
uating the feasibility to use the surface for a specific
device or process.') In this study, we show the pit for-
mation on the base of APB combining with anistropic
kinetics provides an interesting means for tailoring

surface structures.

2. Experimental

Our experiments were conducted in an ultrahigh
vacuum (UHV) system (~ 5x 10~ Pa) equipped with
scanning tunneling microscopy (STM), low-energy
electron diffraction (LEED), and Auger electron spec-
troscopy (AES). Si(001) wafers were degassed below
600 °C overnight with a basic pressure better than
3 x 1078 Pa, and then slowly heated up to 900 °C
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prior to quick flashing to 1200 °C. The Si(001) wafer
miscut angle is smaller than 0.15° and the average of
terrace width is larger than 50 nm. Si deposition was
performed using an electron bombardment source at
a deposition rate of 0.5~6 ML/min. All STM images
were recorded at room temperature with a tunneling
current of ~ 0.2 nA.

3. Results and discussion

Figure 1 shows the well-faceted pits after the
growth of 27-ML Si on Si(001) surface. We measured
statistically the slopes of the facets surrounding the
initially formed pits [see Fig. 1(a)] and found that the
facets have the miller index of {113} facet. An STM
image of typical pit bound by {113} facets and a line
scan through the pit are shown in Fig. 1(b).
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Fig. 1. (a) STM image (500 x500 nm?) of 27-ML epitaxial
Si film with initially formed pits on Si(001) surface grown
at Ts = 650 °C, F' = 2.7 ML/min. (b) Top: STM image
(26 x26 nm?) of a well-faceted pit, bottom: a linear scan
through the pit showing the slope of facets.

A model structure of {113}-faceted pit forming
on the base of APBs is shown as Fig. 2. Due to the
2x1 dimer reconstruction of Si(001) surface, APBs
occur when two independently nucleated adatom is-
lands with internal misaligned dimer rows meet [see
Fig. 2(a)].l''/ An APBI1 forms when two adatom is-
lands meet at Sp step, and APB2 forms when two
The APB2 is
observed to be the preferential site for Si island

adatoms islands meet at Sp step.

nucleation,'?! whereas APBI is found to lead to for-
mation of two out-of-phase Dy steps [Figs. 2(b) and
2(c)].13 Since the lifting of 2x1 reconstruction and
the annihilation of two out-of-phase Dg steps require
much high activation energy, the pit formation is
closely associated with APBI.

The appearance of {113} facets was observed in
epitaxial Si layers on SiOs-patterned Si(001) surfaces

and related to growth kinetics.'* A step-related ki-
netic pathway for bunching of Dy steps was proposed
to lead to {113} facets.['”] Both rebonded and nonre-
bonded Dg steps are found to be energetically stable
according to the theoretical study.l'® The rebonded
Dg step reduces dangling bond density at the expense
of strain energy, whereas nonrebonded Dy step re-
leases the strain energy with high dangling bond den-
sity. The competition between dangling bond reduc-
tion and strain energy release leads to the alternat-
ing bunching of rebonded and nonrebonded Dg steps.
The facets formed by the alternating bunching has
the miller indices of {113}. Thus, we propose the
facets surrounding the pits are formed by alternating
bunching of rebonded and nonrebonded Dy steps [see
Figs. 2(d) and 2(e)].

Fig. 2. Model structure showing pit formation on the base
of APB (large ball representing the top layer Si atom,
smaller ball the lower layer atom) (a) APB structure; (b)
two out-of-phase nonrebonded Dy steps with two adatoms
to saturate the dangle bonds, (¢) rebonded Dy steps, (d)
pit bound by bunching of rebonded Dy step on nonre-
bonded Dpg step, and (e) pit bound by bunching of nonre-
bonded Dp step on rebonded Dg step.

Figure 3 shows pit formation and surface morpho-
logical evolution during the growth of Si on Si(001)
at a substrate temperature of 650 °C and a flux of
2.7 ML/min. In the initial growth stage, Si adatom
islands nucleate on the large terraces and lead to APB
formation when the dimer rows in neighbouring is-
lands are misaligned. On the base of APBs, pits bound
by bunching of Dg steps are formed leading to the ter-
race breaking [see Figs. 1(a) and 3(a)]. When the top
terrace size is reduced to be smaller than the crit-
ical base size for second layer island nucleation,®
APB cannot emerge to lead to pit formation since
only one island nucleates on the terrace. In a previous
study, a typical critical size of ~ 650 dimers for second
layer island nucleation was obtained when depositing
Si on Si(001) surface at growth temperature of 650 °C
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and flux smaller than 2.0 ML/min.'"l The equilib-
rium adatom concentration, external deposition, and
adatom incorporation at island edge contribute to the
incoming Si flux for determining the critical nucleus
size. We found a critical nucleus size larger than 10000
dimers when the equilibrium adatom concentration is
not dominant and the island edge effect cannot be ne-
glected.
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Fig. 3. STM images of Si(001) surfaces after Si deposi-
tion at Tg = 650 °C, F' = 2.7 ML/min for (a) 30 min; (b)
90 min; (c) 150 min; (d) 250 min. Scan areas and black
to white gray scales are (a) 600 x600 nm?, and 9 nm; (b)
2000 x2000 nm?, and 35 nm; (c) 2000 x2000 nm?2, and
45 nm; (d) 3725 x3725 nm?, and 66 nm.

Kinked steps are formed when the pits coalesce
[see Figs. 1(a) and 3(a)]. No Ehrlich-Schwoebel (ES)
barriers that suppress downward interlayer transport
of adatoms are reported so far for either Sy or Sy steps
on Si(001) surface. Dg step, however, is predicted to
be associated with a relatively high ES barrier.[!5] Be-
cause the diffusion barrier for adatoms across kinked
steps is smaller than the Dy steps, an additional down-
hill bias current is generated with the kinked step for-
mation and the critical size for second layer island nu-
cleation becomes larger because of the reduced incom-
ing flux. Due to the diffusion anisotropy and higher
probability for adatom sticking to the end of dimer
row than the side, the bias current along the dimer row
through the centre area of top terrace is larger than
that through the area close to the edge, which leads
to the prevalence of {101}-faceted pits [see Figs. 3(b)
and 3(c)]. With increasing downhill bias current, top
terraces merge and the average pit top size enlarges
through pit coalescing and annihilating. The correla-
tion of top terraces plays an important role in surface
roughening and leads to increasing critical thickness
for epitaxial growth.

The average top size of pit and the average dis-
tance between nearest-neighbour pits are found to be
~13500 nm? and ~140 nm for 405-ML thick film [see
Fig. 3(c)]. The average pit top size and spacing in-
crease to ~21500 nm? and ~170 nm for 675-ML thick
film [see Fig. 3(d)]. By controlling Si growth condition
and Si wafer miscut angle, the surface with desired pit
size and spacing can be grown.

Subsequent annealing of 675-ML thick film at
above 650 °C results in a shape transition from {101}-
faceted pit to multi-faceted pit. Figure 4(a) shows
a large area STM image of surface morphology after
annealing. Figures 4(b) and 4(c) show the STM im-
ages of a typical {101 }-faceted pit, and a multi-faceted
pit. The {11n} facets appear and expand with {101}
facets shrinking. {001} facets emerge at the bottom
of multi-faceted pits. The surface free energy gov-
erns the pit shape transition and {11n} facet forma-
tion during annealing. Recently, the pits with {11n}
facet walls are observed for the growth of Si on pit-
patterned Si(001).1!]
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Fig. 4. (a) STM image (1000 x 1000 nm?) of 675-ML epi-
taxial Si film grown on Si(001) surface at Ts = 650 °C,
F = 2.7 ML/min and annealed at above 650 °C, (b) STM
image (200 x200 nm?) of a typical {101}-faceted pit, (c)
STM image (220 x220 nm?) of a typical multi-faceted pit.

4. Conclusions

In conclusion, the pit formation on the base
of APB and anisotropic kinetics inherent to the
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2x1 dimer reconstruction of Si(001) surface induce
patterning on the surface. Initially, pit bound by
{113} facets is formed, which is attributed to the al-
ternating bunching of rebonded and nonrebonded Dg
steps. {101}-faceted pits prevail in consequent epi-
taxy. During annealing, {101 }-faceted pit evolves into

multi-faceted pit to lower the surface free energy. By

optimizing growth condition and substrate miscut an-
gle, nanopatterned Si(001) surface with desirable pit
size, shape and spacing can be fabricated, which can
be used as template for growing quantum nanostruc-
tures such as negative Ge islands,?? inverse Ge dome,

and quantum dot molecules. 23]
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