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Using low-energy electron microscopy we have found a new phase transition on the Si(001) surface at
miscut angles smaller than —O. I '. The surface phase separates into facets with —300 A terrace width,
and regions with much larger, wavy terraces. This wavy phase is stabilized by a reduction of surface-
stress-induced strain energy. A theoretical study by TersoA and Pehlke compares favorably with our ob-
servations.

PACS numbers: 6l. l4. Hg, 61.16.Di, 68.35.Bs, 68.35.Rh

The step structure of Si(001) surfaces intentionally
miscut towards (111)has been the subject of many recent
studies [1-7]. This lively interest was sparked by experi-
rnental observations of a double-step predominance at
larger miscut angles, with a phase transition to single-
height steps at smaller rniscut angles. Much less work
has been done on samples cut very close to the (001)
direction. Diffraction techniques and scanning tunneling
microscopy (STM), used with much success on the vici-
nal surfaces, are not very suitable for small miscuts, due
to limited coherence length in the case of diffraction, and
due to the limited field of view in STM. In this study we
have used low-energy electron microscopy (LEEM) to
show that in addition to the double-single-height phase
transition at large miscut angles, the surface undergoes
another phase transition at very small miscut angles,
from straight single-height steps to a coexistence of
uniquely spaced straight steps and large-terrace-width
wavy steps. Step waviness allows for alternation of
(I x2) and (2x I) domains not only normal to, but also
parallel with, the global step edges, resulting in a reduc-
tion of surface-stress-induced strain energy. These obser-
vations are in good agreement with a theoretical study by
Tersoff and Pehlke [8].

The Si(001) surface exhibits a (2& 1) dimer recon-
struction. At a single-height atomic step the dimer orien-
tation rotates 90' from (2x I) to (I x2) or vice versa.
Experiments [9] and calculations [10] have shown that
the surface stress tensor is anisotropic; tensile along the
dimer direction, and compressive normal to the dimer.
At small miscut angles an alternation of (2x I) and
(I x2) domains separated by single-height atomic steps is

favorable as it reduces the net stress in the surface. Be-
cause of the strong repulsion of S~ steps (dimers on the
upper terrace normal to the step edge) and Sa steps (di-
mers parallel with the step edge) at close step separation
[11], double-height steps become predominant at large
miscut angles, although the energy gain is reduced by
buildup of a net surface stress. The temperature-miscut
phase diagram has been calculated theoretically [6,7],
and appears to be in general agreement with experimen-
tal results. One of the unresolved issues, however, is the
prediction that surface stress will be reduced at very
small miscut angles by spontaneous generation of steps,
in excess of those imposed by the miscut [5]. Such an

effect has not been observed experimentally, and based on
our observations we argue that this prediction results
from the assumption of straight steps, and that step wavi-
ness is an effective way to reduce stress at small miscut
angles, without excess step generation.

We have used low-energy electron microscopy to image
the clean Si(001) surface with relatively large fields of
view (4-10 pm). LEEM was developed in recent years
by Bauer and Telieps [12]. In our microscope [13] a 15-
keV electron beam is focused in the back focal plane of a
magnetic cathode-type objective lens. The sample poten-
tial is close to the source potential. Thus, the electrons
are decelerated between objective lens and sample (a gap
of 2 mm) to an energy of a few eV. At this energy the
electrons undergo conventional low-energy electron
diffraction (LEED), and are subsequently accelerated
back into the objective lens. A focused LEED pattern is
formed in the back focal plane. A Gaussian image at
magnification 20x is formed at a distance of 30 cm. An
aperture is used in a conjugate diffraction plane to select
an appropriate diffracted beam to form the final image at
magnification 4000& to 10000x onto a 40-mm channel
plate intensified phosphor screen. The images shown in

this paper were formed using the ( 2,0) LEED beam at
-3.5 eV energy. Terraces separated by single-height
atomic steps alternate from black to white due to a 90
rotation of the dimer reconstruction at the step edges.

The Si(001) surface was prepared by repeated fiashing
to 1250 C to desorb the native oxide and carbon impuri-
ties. Samples (n type, 2 mOcm) are heated by electron
bombardment from behind, and show sharp and intense
two domain LEED patterns. Figure 1 sho~s four
representative images obtained on one sample. Surface
height increases from left to right. The field of view in

(a)-(c) is 8 pm, and 4 pm in (d). Clearly, the steps are
not straight, or even approximately straight. This is in

sharp contrast with STM images obtained on samples
with much larger miscuts, in which S~ steps are very
straight, and the Sg steps undergo random position fluc-
tuations. Image (a) shows groups of steps oscillating to-
gether. The oscillations are not coherent over very large
distances, and are separated by larger terraces. The aver-

age terrace width is in the 1000-2000-A range. Image
(b) shows another area, qualitatively similar to (a). In

image (c) we point out two so-called "kissing" sites [14],
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(A) (B) (A)

FIG. 2. Images of Si(OOI) at (a) 1110'C and (b) I 130'C.
Because of evaporation the steps move in the direction of the ar-
row. The steps are well defined in (a) but start to dissolve in

(b). At I I 50'C steps are no longer visible, and contrast disap-
pears completely due to surface roughness. Field of view is 4
pm.

(0)(C)
FIG. 1. Representative images of Si(001) with -O. I mis-

cut. (a), (b) Two ditferent, but similar regions on the sample.
(c) A region with a few "kissing" sites (arrow). (d) A faceted
area with -300 A terrace widths. Field of view in (a)-(c) is g

jam; in (d), 4 pm.

related to reconstruction domain boundaries on the same
terrace (arrows). In these images the terrace widths are
not very uniform. This is unlike the area with tightly
spaced steps seen in image (d). Here, the step spacing is

quite uniform (about 300 A) and the steps are quite
straight. This bunched-step area may be viewed as a nar-
row facet, coexisting with the flatter areas with larger
step spacing. Remarkably, we have observed similar
facets, with the same average step spacing of about 300
A, at various places on the sample. The facets always ex-
tend over large distances parallel to the step edges, in

contrast with the wavy regions shown in (a)-(c) which

usually do not extend coherently over a large distance.
We note that the step waviness seen in (a)-(c) is very
different from the step morphology observed near SiC
particles and cannot be explained by such impurities.
Indeed, no such particles are seen in Fig. l.

While the images in Fig. 1 were obtained at room tem-
perature, the surface steps reach their final configuration
at much higher temperature, during cooldown after
cleaning. To better understand the high-temperature
starting phase of the surface we have obtained images in

the temperature range of 1100-1200 C. Figure 2 shows
the most important results. The area shown was selected
for its large step separation to make the effects more
clearly visible. Image (a) was taken at 1110'C. During
real-time observations we see evaporation by step flow;
the steps recede in the direction of the arrows, and are
well defined at all times. The situation is different at
1130'C, image (b). Now evaporation no longer proceeds
by simple step flow. Instead, single-height holes form on

the terraces, and then grow and run into other holes or
remnants of steps. This process is very dynamic and

chaotic. At 1150'C all contrast disappears. Evaporation
occurs now so rapidly all over the surface that holes no

longer have time to ripen and grow, and the surface be-
comes rough. At this stage steps are no longer well

defined and certainly not well localized [15]. During sur-
face cleaning we reverse this process, starting with a
rough phase in which steps are not well defined, cooling
through step flow, and finally arriving at the patterns
shown Fig. 1.

Here we compare our results with a recent theoretical
study by Tersoff and Pehlke (TP) [8], in which the effect
of sinusoidal step oscillations on surface energy is ana-
lyzed. For terrace lengths (L) exceeding -600 A, TP
find that such oscillations are stable with respect to
straight steps over a very wide range of amplitude (A)
and wavelength (1). In our images we typically see
A/L =2-4, L =1000-2000 A, A, =1-2 pm, and A/A,

=0.5-1. This is well within the stability region, but not
close to the minimum energy -structures found in the cal-
culations, which would correspond to A/X=4-6 for L
=1000-2000 A. There are three possible explanations
for this apparent discrepancy. First, the numerical values
for step energies and stress anisotropies that enter the
theory may be insufficiently accurate. This would affect
the quantitative predictions, but not the qualitative con-
clusions. Second, the theory calculates energies of per-
fectly coherent, defect-free oscillations. The images show
that the real surface is not perfectly coherent, and not de-
fect free (kissing sites [14] being the predominant de-
fect). Third, there is no guarantee that the surface
reaches thermodynamic equilibrium (even in the absence
of surface defects), considering the high-temperature sur-
face morphology from which the sample is cooled. In ad-
dition, the theoretical results indicate that the driving
force to approach equilibrium from a small A/k ratio is
relatively small.

As mentioned, the frequent occurrence of kissing sites
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is likely to hinder equilibrium of the step morphology.
Two such sites are indicated by arrows in Fig. 1(c). A
given terrace may have two regions of (2x I ) [or (I x 2)]
reconstruction, separated by an in-plane domain bound-
ary. Such domain boundaries may form during cooldown
as the reconstruction nucleates simultaneously on differ-
ent regions of a terrace. Alternatively, we have observed
the formation of domain boundaries as screw dislocations
move through the bulk, extending to the surface, at high
temperature. In either case, the domain boundaries have
high energy, which can be lowered by covering them with
a protrusion from the next terrace level, forming a local
double step at the kissing site. The step undulation at the
kissing site is similar to the sinusoidal undulations occur-
ring without kissing sites, but extrinsic in nature. As a
result of its effect on the local surface stress, a kissing site
will place a restriction on the step undulations in its vicin-

ity, which in effect get "locked" to the kissing site undu-
lation.

We find a pronounced tendency to form facets consist-
ing of straight steps, with a terrace width of -300 A,
coexisting with large regions of wide, wavy terraces. This
phase separation is indicative of two distinct regions of
thermodynamic stability, one at terrace widths of -300
lit, and another for very large terrace widths, and is a
clear signature for a first-order phase transition from a
straight step phase to a wavy step phase. TP's calcula-
tions show that the surface energy has two distinct mini-
ma with respect to L, one for straight steps at L =200
-300 A (somewhat depending on the choice of input pa-
rameters), and another region with only slightly higher
energy for L in the range of a few 1000 A (wavy steps),
in excellent agreement with our experimental observa-
tions.

While the kinetic limitations during cooldown and the
occurrence of kissing sites limit the degree of quantitative
agreement to be expected between experiment and

theory, the qualitative agreement is very satisfactory.
Theory predicts strong step oscillations for terrace widths
exceeding 600 A, as seen in Fig. l. In addition, a phase
separation is expected, with facets of average terrace
width I 200-300 A coexisting with terraces larger than
—1000 A. This again is in excellent agreement with our
observations. The amplitude of the step oscillations ap-
pears to be larger than the lowest-energy oscillations pre-
dicted in theory, but the structures observed are well

within the stability regions calculated by TP. Inside
these regions (and particularly for large wavelengths) the
driving force toward thermodynamic equilibrium is rather
small. Our studies at high temperature show that the
surface starts in a very rough phase from which the sam-
ple tries to approach thermodynamic equilibrium. Spon-
taneous step formation as predicted in earlier theoretical
studies (assuming straight steps) has not been observed in

these experiments. Step-flow evaporation prevents the
formation of such extra steps, and the surface can more

effectively reduce stress by step oscillations. Interesting-

ly, at both large and small miscut angles the surface mor-

phology is determined by a competition of step energies
and surface stress. At large miscut angles there is the ad-

ditional competition between single- and double-height

steps. Over the very large range of terrace widths now

studied (10 to -5000 A), two distinct phase transitions
have now been observed: from double-height steps to
straight single-height steps at large miscuts, and then

from straight single-height steps to a phase coexistence of
uniquely spaced straight single-height steps and wavy

steps as observed for the first time in this study.
The authors have enjoyed many enlightening discus-

sions with Jerry Tersoff and Eckhard Pehlke.
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