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The surface step morphology of the Si(001) surface as a function of miscut angle between 0.3° and
5.25° has been investigated using scanning tunneling microscopy. On samples with large average terrace
widths, the kinks in the steps behave independently and the intrinsic step energy can be determined from
the kink-length distribution which follows simple Boltzmann statistics. For wide terraces the large-scale
meandering of the steps is governed by the long-range strain fields caused by the anisotropic surface
stress tensor. Here the step separation distributions can be described by a Boltzmann distribution of seg-
ments of the step moving in this strain potential. At intermediate average terrace widths, the distribu-
tion of kink lengths is influenced by the confinement between neighboring steps, which suppresses the
number of long kinks. As steps get closer together, a short-range direct step-step interaction arising
from the local strain due to the rebonding of the SB step begins to influence the step distribution. The
sense of this interaction is such that the rough SB step is attracted to its downhill neighbor. Images and
terrace-width distributions of surfaces for which the miscut angle is great enough to measure an appre-
ciable increase in the percentage of double atomic-height steps are used to provide a description of the
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evolution of the surface from one containing single-height to mostly double-height steps.

I. INTRODUCTION

The scanning tunneling microscope allows direct ob-
servation of the morphology of surface steps and detailed
measurements of the statistical distributions of separa-
tions between steps or terrace widths, of the separations
between kinks along a step, and of the lengths of the
kinks. From these distributions it is possible to deter-
mine the step contributions to the surface free energy.
There are potentially many such contributions which in-
clude (i) the intrinsic energy per unit length to form steps,
(i) the energy to form a kink in a step, (iii) interactions
between kinks along a step, and (iv) interactions between
steps. In turn, the step-step interactions can arise from (i)
long-range strain fields in the substrate due to the intrin-
sic surface stress, (ii) an entropic effective interaction due
to the confinement of a step between its neighbors, and
(iii) direct interactions due to the details of the atomic
and electronic structure of the steps.

In this paper we report measurements of these contri-
butions for the Si(100) surface. In order to disentangle
the many effects, we use a series of vicinal surfaces be-
cause the relative importance of the several contributions
changes with different miscut angle, i.e., with average ter-
race width. Our objective is to determine the simplest
model Hamiltonian that can reproduce the measured dis-
tributions. i

The silicon (001) surface has been the subject of intense
investigation both theoretically and experimentally. Not
only is silicon technologically important, but it displays a
rich variety of surface phenomena that make it an in-
teresting model system. The silicon (001) surface recon-
structs to form rows of dimerized atoms giving a (2X1)
reconstruction (Fig. 1). Because of the diamond-lattice
structure, the dimer direction is orthogonal on terraces
separated by an odd number of single-height steps, giving
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rise to both (2X 1) and (1X2) domains. On surfaces with
only single-height steps, terraces can be terminated by
two types of step. Following the convention of Chadi,
step segments on which the upper-terrace-dimerization

FIG. 1. Ball-and-stick model of the Si(001) surface. The sur-
face reconstructs to form rows of dimerized atoms. Dimer rows
are orthogonal on terraces separated by an odd number of single
steps. The two types of steps SA and SB are indicated.
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direction is perpendicular (parallel) to the step are called
SA (SB).! On surfaces that are miscut towards a [110]
direction, the two types of steps alternate. Steps that run
nominally parallel to the upper-terrace dimer-bond direc-
tion contain many kinks and are rough, whereas steps
that run nominally perpendicular to the upper-terrace
dimer-bond direction contain few kinks and are smooth.
Kinks in the rough (nominally SB) step are comprised of
segments of SA termination and kinks in the smooth
(nominally SA) step are comprised of segments of SB ter-
mination. We will use the words “rough” and “smooth”
to refer to the two types of steps as a whole, and reserve
the terms “SB” and “SA” to refer to the microscopic ter-
mination of a step segment. Terraces on the upper side of
the rough steps we call (2X 1) and terraces on the upper
side of the smooth steps we call (1X2). (Surfaces that
are miscut towards a [100] direction are comprised of
steps that run nominally at 45° to the dimers, and in this
case all of the steps are equivalent.)

In this introduction we first need to briefly review ear-
lier work, done primarily on wide terraces, and then we
discuss additional effects expected for larger miscut an-
gles. First, it was recently observed in low-energy-
electron-diffraction (LEED) measurements that the rela-
tive surface domain populations are affected by the appli-
cation of an externally applied uniaxial stress;? under ap-
plied stress, one domain grows at the expense of the oth-
er. The domain with its dimer bond compressed is
favored.  Subsequent scanning-tunneling-microscopy
(STM) measurements® determined that the surface
remains a striped phase under external stress, i.e., striped
terraces separated by monatomic steps. Steps are not
created nor do they bunch together to form facets; the
average distance between like steps remains that which is
determined by the miscut angle and is independent of the
applied stress.

These LEED and STM observations were explained
within continuum elastic theory by Alerhand et al.* The
silicon (001) intrinsic surface stress tensor is anisotropic
with the surface in tension along the direction parallel to
the dimer bond and in compression perpendicular to the
dimer bond. Because of the discontinuity in the surface
stress at the domain boundaries, there are force mono-
poles at each step that produce strain fields that extend
into the bulk, and the steps arrange themselves to mini-
mize the energy in these long-range strain fields. These
authors considered a striped phase with straight walls.
Under external stress the elastic energy per unit step
length is given by’
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Here the displacement of a step from the midpoint be-
tween its neighbors is pl/, where [ is the average terrace
width measured in units of dimer spacings (2a,); the
average widths of the majority and minority domains are
(14+p)! and (1—p)i; € is the strain due to the external
stress; F=o0—o, is the anisotropy of the intrinsic sur-
face stress tensor; and Ag, and Agg are the intrinsic step
creation energies per unit length. A, contains F and bulk
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elastic constants: A, =F%(1—v)/2mu. a is a microscopic
cutoff length (in units of 2a,) of the order of an intera-
tomic spacing, i.e., a ~1. The optimum p is determined
by minimizing this energy, giving

2aylFe
A

p0=%tan_’ (2)
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Thus, a step can be viewed as sitting in a potential, be-
tween its neighbors, due to the long-range strain fields
arising from the anisotropic stress tensor. We call this
the “Alerhand energy.”

In a second previous work, STM images of vicinal
Si(001) were analyzed to determine the distribution of
kink separations and kink lengths from which step and
kink energies can be directly determined.® (On the rough
step, “kink separations” are defined as the lengths of the
SB-terminated segments and ‘kink lengths” are defined
as the lengths of the SA-terminated segments.) It was
found that, on surfaces with sufficiently large average ter-
race widths, kinks exhibit independent behavior, and that
the kink-length distribution follows simple Boltzmann
statistics. By ‘““independent,” we mean that the probabili-
ty of a kink occurring at any potential kink site does not
depend on the neighboring configuration. The probabili-
ty of two kinks separated by s units is equal to the proba-
bility of not having a kink for s —1 consecutive units,
multiplied by the probability of having a kink,
P(s)=(1—P,)* " 'P,,” where P, is the probability of hav-
ing a kink of any length or either direction. The proba-
bility of measuring a kink of length n is proportional to
exp[ —E(n)/kT]. From the measured kink-length dis-
tribution, the result is that E(n)=nAg+A,, which is
most naturally interpreted as the sum of a step creation
energy per unit length Ag, and a constant, independent of
kin;< length, most simply attributed to a “corner” ener-
8y-
Finally, again from STM measurements on samples
with wide terraces, it was demonstrated that the step sep-
aration distribution could be interpreted as step segments
of some length £ whose average positions populate the
Alerhand potential with a simple Boltzmann distribu-
tion.® The parameter £ scaled with the average terrace
width.

The above analyses were based on the fact that the
steps were widely spaced. For narrower terraces a num-
ber of additional effects become important.

First, the meandering steps are confined to meander
only between their neighbors. This boundary condition
imposes limitations on the possible step and kink
configurations. It gives an entropic effective step-step in-
teraction that is repulsive, both narrowing the terrace-
width distributions and suppressing long kinks. Even if
the kinks are energetically noninteracting, they can no
longer be considered statistically independent. For the
wide terraces discussed above it is the Boltzmann factor
rather than the confinement that limits kink lengths and
step meandering.

Second, the continuum elastic treatment of Alerhand
et al.* neglected the possibility of any direct step-step in-
teraction. Such an interaction has been predicted for
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steps on the Si(001) surface due to the local strain field of
the rebonded SB step interacting with the long-range
strain fields.!®!! For widely separated steps, neglecting
this direct interaction is unimportant because it will typi-
cally fall off quickly with step separation; however, as the
steps get closer together (with increasing sample miscut),
the effect of any direct step-step interaction will become
important.

Finally, there is the binding of two monatomic steps to
form double-atomic-height steps. As the average terrace
width decreases, the percentage of double steps increases;
the double steps formed are always those that are parallel
to the upper-terrace dimers, and are called the DB step.?
The nature of the formation of the double steps has been
the subject of considerably recent interest. The statistical
mechanics of the surface for narrow terraces are, of
course, greatly affected by the inclusion of the double
steps in the problem.

To analyze the surface morphology for intermediate
miscut angles, where the confinement of steps between
their neighbors and the direct step-step interactions are
important but where the presence of double steps can be
neglected, one might use a model Hamiltonian that de-
scribes a rough step meandering between two straight
steps,

H: E )\‘SA+)\’SB+}\’SA|hi_hi+1|+)\’C(1—8hi,h’.+l)
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where h; is the displacement in dimer units of the /th
column from the midpoint between neighboring steps. A,
and A; are force monopole and force dipole elastic
coefficients arising from the anisotropic surface stress
tensor and from the rebonding of the SB steps, respec-
tively. The third and fourth terms in the Hamiltonian
are the kink energy including the ‘“‘corner” energy. The
fifth term is the Alerhand elastic energy, and the last two
terms are the dipole-monopole direct step-step interac-
tion. This Hamiltonian neglects any fluctuations in the
SA steps and assumes they are straight walls.!>*

With this model Hamiltonian, the statistical mechanics
of the system, e.g., the free energy and the statistical dis-
tributions, can be solved for exactly using the transfer-
matrix formalism.!®> It is our object to see if this Hamil-
tonian is in fact sufficient to describe the experimental
data and, if it is, to determine the parameters.

The paper is organized as follows. In the next section
the experimental details are presented. Material is
presented in the rest of the paper emphasizing the role of
average step separation as a variable. The third section
presents the statistical effect of the step confinement on
the kink-length distribution as the average terrace width
becomes narrower. The fourth section presents the step-
separation distribution. It gives a comparison of the rela-
tive importance of the Alerhand strain potential and the
entropy in determining the properties of the step-
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separation distribution on samples with a relatively large
average terrace width. It also gives an analysis of the
asymmetry in the domain populations as a function of
miscut which gives a measure of the direct step-step in-
teraction. The fifth section is a discussion of the parame-
ters used in the fitting of the distributions. Last, in the
sixth section we present various statistical distributions,
characterizing the steps, for various miscut angles where
the percentage of double steps becomes appreciable.

II. EXPERIMENT

All experiments are carried out in a stainless-steel
ultrahigh-vacuum (UHV) chamber with a base pressure
of less than 2X107!° Torr. The chamber contains a
home-made STM, a set of manipulators, two slotted
storage racks for extra samples, and a manipulator for
transferring samples between the various regions of the
chamber.

The STM is wholly contained on an 8-in conflat flange,
which mounts onto the side of the chamber. The STM is
comprised of two Burleigh UHV-compatible inchworm
motors'® mounted on a copper base plate. One inchworm
has the quadrant-tube scanner with a concentric tip
mounted on its end, and serves to control the coarse Z
motion or tip approach. The sample holder is mounted
on the other inchworm, which can translate over a 20-
mm range in increments of about 1 um. The sample
holder is comprised of two Ta blocks against which Ta
foil springs hold the ends of the sample. By passing a
current through the sample, it can be heated in the mi-
croscope while scanning. The chamber is mounted on
pneumatic legs, the microscope hangs from springs, and
there is eddy current damping.

The strainer-heating station utilizes two linear motion
feedthroughs. One end of the sample bar (25X3X0.5
mm)? is clamped between two Ta plates using the first
manipulator. Contact to the free end of the sample is
made via a Ta anvil attached to the second manipulator.’
This manipulator allows a variable external stress to be
applied to the sample. Stress applied in this fashion leads
to a surface strain that varies linearly along the sample
from a maximum at the fixed end to zero at the free end.
The sample is heated by passing a current through the
sample, between the Ta contacts. It is important that
this cantilevered mounting allows observations of sam-
ples with zero external stress, which is not necessarily the
case in arrangements in which both ends of the sample
are rigidly clamped. A central manipulator is used to
transfer up to six samples between the microscope, the
heating station, and the parking lot and junk yard.

Sample temperatures above 675 K are measured using
an IR pyrometer and a disappearing-filament pyrometer.
For measuring lower temperatures, a W-5% Re/W-
26% Re thermocouple is attached separately to the cen-
tral manipulator so it can be pressed against the back side
of the samples in either the microscope or heating sta-
tion. To avoid contamination, the thermocouple never
touches samples from which data are to be taken; the
thermocouple is used only after the measurements are
completed.



47 BEHAVIOR OF STEPS ON S§i(001) AS A FUNCTION OF . ..

The measurements reported in this study were taken
from 0.5-mm-thick highly doped Si wafers with a variety
of miscut angles about the (001) direction (from 0.3° to
5.25° towards [110]).!7 The wafers are cut with a diamond
saw to give 25X 3mm? samples. In UHV the samples are
cleaned using a recipe described before.!® Briefly, the
samples are heated to 1525 K for 30 sec several times and
then annealed at 875 K for 5 min and radiation
quenched. This cleaning procedure can yield surfaces
with as little as 0.5% surface defect density. This is
sufficiently small that the defects do not influence the sta-
tistical analyses to be presented. In any case there is no
apparent correlation, such as pinning, between the step
structure and the most common defects. It should be
noted that the first sample used after closing the
chamber, although prepared identically, serves to outgas
and clean the heating station and may have several per-
cent more defects than subsequent samples. This first
sample is discarded.

The STM feedback electronics are operated in constant
current mode with a typical bias voltage between 1.5 and
3.0 V, with the tip positive with respect to the sample,
and tunneling currents of between 0.05 and 1.0 nA. The
STM is controlled by a computer running SHOESCAN-STM
acquisition and control software.!® In these experiments,
the images contain 512X 512 pixels with 256 colors and
cover scan ranges between 600 ad 1200 A (~35
pixels/dimer spacing). The scan rotation angle is chosen
so that the scanning direction is 45° to the dimer rows.
This insures that both the (1X2) and (2X 1) domains are
visible when the image is displayed in derivative mode. A
typical image is displayed in Fig. 2. To get reasonable
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FIG. 2. STM images of a 0.5° miscut Si(001) surface
displayed in derivative mode. From left to right, areas that
slope up are displayed as white and areas that slope down are
displayed as black. The surface steps down from upper left to
lower right. The alternating domains and the two types of steps
(rough and smooth) can easily be seen.
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statistics, each data set consists of a number of images.
The total length of each type of step in every data set is
greater than 5000 dimer units. The number of images re-
quired to complete a data set depends on the vicinality,
or average step separation, and varies from four images
on the 5.25° samples to 15 on the 0.3° samples. After tak-
ing a complete set of images, the position of every step in
each image is then digitized. The thermodynamic distri-
butions are measured from these digitized images.

All of the samples used to acquire data from which the
thermodynamic distributions are measured are prepared
identically. After the standard initial cleaning procedure
described above, the samples are annealed at 875 K for 5
min and then radiation quenched to room temperature by
disconnecting the heating current. The samples are then
taken from the heating station with the manipulator and
placed in the microscope. Because of the small thermal
mass of the samples, the thermal drift is small enough,
i.e.,, <1 A/sec, that images can be obtained within 15
min after the sample was at 1525 K in the heating sta-
tion. This short-time constant is a major advantage of
transporting the samples by themselves, as opposed to
clamping the samples in a movable sample holder that
also heats up during sample preparation.

III. KINK LENGTH DISTRIBUTION

The earlier analysis of the kink-length distributions
from samples with wide terraces depended upon the
kinks being statistically independent so that the probabil-
ity of a kink of a given length was given by the
Boltzmann factor for its energy. In fact, the steps are
confined to move only between their neighbors. When a
step is located close to a neighboring step, the choice of
kink lengths is restricted because steps cannot cross.
This restriction tends to suppress the number of long
kinks close to a neighboring step. This “end effect” be-
comes increasingly important as the average terrace
width gets small. In this section we will address what
effect his confinement has on the distribution of kink
lengths.

To observe the effect of the confinement, we have mea-
sured the kink-length distribution as a function of the
average terrace width. In Fig. 3 we show a plot of the
probability P(n) of having kinks of length n versus n for
different average terrace widths. The symbols represent
the measured values. Within the experimental error, the
data from samples with terrace widths =150 A (miscut
angles =0.5°) lie on top of one another. We observe,
however, that long kinks become less likely on samples
with terraces =80 A (miscut angles =1.0°).

The solid lines in Fig. 3 are the result of transfer-
matrix calculations of P(n) for various miscut angles us-
ing the full Hamiltonian of Eq. (3) and values of the pa-
rameters listed in the caption. (We return later to a dis-
cussion of these values.) The dashed line is the
Boltzmann distribution of kink lengths whose energies
are nAga+Ac; it is also the limiting result of the
transfer-matrix calculation as the average terrace width
gets arbitrarily large. .

We conclude that, for terrace widths =150 A, the
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FIG. 3. Probability of a kink of length *+n atoms vs n for
four values of the average step separation showing the suppres-
sion of long kinks as the terrace width decreases. The measured
data for the rough steps are plotted as symbols and the calcula-
tions are plotted as lines.

kinks indeed exhibit independent behavior, and the slope
of the kink-length distribution is determined by the
Boltzmann factor of the kink energy as assumed in the
earlier analysis. That is, for wide terraces it is primarily
the energy of the long kinks that makes them unfavorable
rather than the presence of the neighboring steps.

IV. STEP-SEPARATION DISTRIBUTION

The step-separation distributions give a measure of the
step-step interactions. On wide terraces, the dominant
interactions are effective, indirect step-step interactions,
such as the effective entropic repulsion due to the
confinement of steps between their neighbors or, for the
specific case of Si(001), due to the long-range strain fields,
i.e., the Alerhand energy. For narrower terraces,
“direct” interactions due to the detailed structure of the
steps will be important. We begin by considering the dis-
tributions for wide terraces. An example of a measured
terrace width distribution for an average terrace width of
250 A (miscut angle=0.3°) is shown as the closed squares
in Fig. 4.

Earlier it was recognized that for sufficiently wide aver-
age terrace widths, the step-separation distributions
could be described as a Boltzmann distribution of seg-
ments of a step of length & whose average position moved
in the Alerhand potential. Further, the parameter £ was
foun;i to be proportional to the average terrace width
(1.

For this simplest model, the distribution P(p) is

§Eel(p)
kT

K
mp
COS—2

P(p)aexp

where

SWARTZENTRUBER, KITAMURA, LAGALLY, AND WEBB 47

0.06

0.054

0.04+

0.03

Probability

0.024

0.014

[ (dimers)

FIG. 4. Measured step-separation distribution for a 0.3° mis-
cut sample. The data are displayed as the closed squares. The
open squares are the transfer-matrix calculation. The solid line
is a Boltzmann distribution in the Alerhand potential and the
dashed line is the cosine-squared function, which is the low-
temperature distribution in a square well.

TP
cos—

EE . (p)=—2A1n (5)

is the energy of a step segment of length £ in the Aler-
hand potential from Eq. (3), and

kT
This probability P(p) is plotted as the solid line in Fig. 4
using a value for K =6.14. For our parameters, this fit
gives £=0.2/. This is to be contrasted with
2

, 7N

(6)

mp

P(p)a )

Ccos

which is the low-temperature result for a wall confined
between its neighbors but with no Alerhand potential,
i.e., moving in a square well.?’ This probability is plotted
as the dashed line in Fig. 4.

This simple picture of a Boltzmann distribution of ter-
race widths can be justified by coarse graining the
transfer matrix. The idea is to calculate the statistical
mechanics for step segments of finite length M to deter-
mine the smallest segment that reproduces the results of
the exact theory in the thermodynamic, or infinite-length,
limit. Figure 5(a) is a plot of the diagonal elements
TM(ii) of the Mth power of the transfer matrix versus i
for increasing powers M. These are the terrace-width dis-
tributions for segments of length M, with periodic boun-
daries. The innermost curve is the exact result in the
thermodynamic limit. We do this for various miscut an-
gles, and in Fig. 5(b) we plot the length of the segment
M, beyond which the diagonal elements come within
8=1% of the exact result, as a function of terrace width.
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FIG. 5. (a) Plots of the diagonal elements of the Mth power
of the transfer matrix for increasing M. The diagonal elements
are the step-separation distributions for step segments of length
M. The exact solution, i.e., the thermodynamic limit, is the in-
nermost curve. (b) Number of iterations M required to come
within 1% of the exact solution as a function of terrace size. M
scales linearly with /, slope ~0.7.

This length, which is associated with &, is seen to be
directly proportional to the terrace width. In this case
&/1=0.7, but this ratio depends somewhat on the value
chosen for 6.

The diagonal elements of the coarse-grained transfer
matrix are shown as the open rectangles in Fig. 4; they
are indeed essentially the Boltzmann factors of a rescaled
Alerhand energy with weight £&. Thus we have regained
the simple picture of segments of the step moving in-
dependently in the Alerhand potential.

An important observation in the measured step-
separation distributions is that the exponent of the cosine
K scales with I, whereas the distribution in the square
well, cos?, does not. This result clearly illustrates the im-
portance of the Alerhand potential, compared to purely
entropic considerations, in determining the step-
separation distribution on samples with wide average ter-
race widths.

We now discuss step-separation distributions for inter-
mediate average terrace widths, where the effect of the
“direct” step-step interaction is evident but where the
amount of double steps is unimportant. Previous
electron-diffraction experiments have shown a domain
population asymmetry for vicinalities where one would
not expect the presence of double steps to be
significant.”’~** Indeed, our STM measurements confirm
that for average terrace widths greater than ~65 A (mis-
cut angles =1.2°) the surface is comprised of less than
2% double steps.
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In addition to a force monopole treated by Alerhand
et al., a step may also include higher-order multipoles.
In particular, Marchenko pointed out the possibility of
two types of force dipoles occurring at steps,?* one with a
nonzero net moment, 1!, and another with no moment,
<—, which we will call a z dipole and an x dipole, re-
spectively. The z dipole exerts a torque that tends to
twist the surface, whereas the x dipole tends to stretch
the surface. The magnitude of these terms is governed by
the local strain at the steps due to the details of the sur-
face reconstruction and atomic arrangement of the steps.
For the Si(001) surface, calculations have predicted that
local strain at the steps will give rise to appreciable force
dipole terms only for the rebonded SB steps. ! !°

The force dipole of an SB step can interact with the
force monopole of its neighboring SA steps.!%!! The
monopole has a force only in the plane of the surface, i.e.,
in the x direction. Only the x dipole can couple to the
monopole, which gives rise to an interaction energy that
scales like 1//. The energy per unit step length can be
calculated analytically for straight steps and is asym-
metric with respect to displacement of the SB step from
the midpoint between its neighboring SA steps,
E jipote(p) = tan(mp /2).!" The sense of the asymmetry is
such that the rough step is attracted to its downhill
neighbor, favoring (2X 1) domains. Without including
higher-order interactions, the total p-dependent part of
the energy, for a step pair, is simply the sum of the
monopole-monopole, i.e., Alerhand, and dipole-monopole
terms, and is given by

E(p):)\ro—z}\,gln

coslrzz l—\/3kakd% tanfzﬂ . (8)

This is identical to Eq. (3); except for simplicity, all of the
non-p-dependent terms have been lumped into the con-
stant A,. In Fig. 6, we have plotted this energy for
several values of the coefficient of the tangent term. The
minimum in the energy is located at

nergy (arb. units)

»
L

Elastic I

FIG. 6. Plot of the calculated continuum elastic potential en-
ergy as a function of the displacement of a step from the mid-
point between its neighbors for three values of the average step
separation. The energy contains both the strain energy in the
long-range strain fields due to the anisotropic surface stress ten-
sor and the direct step-step interaction energy arising from the
local strain of the rebonded SB step.
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FIG. 7. Measured (closed squares) and calculated (solid line)
terrace-width distributions for the (1X2) domain for samples
with intermediate average step separations, (a) 150 A (0.5%), (b)
80 A (0.9°), and (c) 67 A (1.1°). The calculated curves are fit to
the data using transfer-matrix methods and the Hamiltonian of
Eq. (3), using the ratio of A4 to A, as an adjustable parameter.
The dashed line is the best-fit continuum elastic potential (arb.
units) for each data set.

1 ..
po=——sin
T

V3k, /A,,% l : ©)

Thus, the optimum p increases monotonically as the aver-
age terrace width decreases. There is no local minimum
for average terrace widths small enough that the argu-
ment of the inverse sine is greater than 1.

We have a direct measure of the strength of the
dipole-monopole interaction by fitting the step-separation
distributions for average step separations greater than 65
A. At these vicinalities the average step separation is
great enough that continuum elasticity should be ap-
propriate and the situation is not complicated by the
presence of double steps. Figure 7 shows the (1X2)
terrace-width distribution data, displayed as closed
squares, for samples with average terrace separations of
150, 80, and 67 A. We have calculated distributions us-
ing the transfer matrix incorporating the Hamiltonian of
Eq. (3), treating the ratio of A; to A, as an adjustable pa-
rameter. The transfer-matrix results are displayed as the
solid lines in Fig. 7. Best fits to the data are obtained
with A, /A, =125.
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V. PARAMETERS

We now discuss the fitting and parameters in more de-
tail. We set out to ask if the model Hamiltonian of Eq.
(3) is sufficient to describe the steps on the Si(001) surface.
This Hamiltonian includes the step and corner creation
energies with the parameters Ag,, Agg, and A, the Aler-
hand long-range strain field energy involving A, and the
direct step-step interaction involving A;. The data con-
sist of (i) the earlier measurements by Men of the domain
populations p, as a function of external strain; (ii) P(n),
the kink-length distributions for quenched samples that
are presumably characteristic of a king-length freeze-out
temperature T ; and (iii) P(p), the step-separation distri-
butions also for quenched samples that are characteristic
of a generally different terrace-width freeze-out tempera-
ture T,. All of these data are available for a range of vi-
cinalities or average terrace widths.

All the comparisons of the transfer-matrix calculations
to the data shown in Figs. 3, 4, and 7 have been made
with the single set of parameters. The good fit indicates
that the model Hamiltonian, using continuum elasticity
theory with straight walls, is sufficient to describe the
steps for wide and intermediate terrace widths for which
double-height steps do not play a significant part. We
now discuss the constraints on the fitting and the parame-
ters.

The Hamiltonian as written is for rough steps
meandering between fixed and equally spaced smooth
neighbors. Actually, the smooth steps also meander
slightly, leading to a distribution of SA-SA separations.
For the present fits, we have used the transfer matrix to
calculate the step-separation distributions for various
SA-SA separations and then weighted these with the
measured SA-SA distribution.

The terrace-width freeze-out temperature has been tak-
en as T,=850 K. We believe that the time constant for
the terrace-width distribution to reach equilibrium, i.e., a
process that involves atomic diffusion along the step, can-
not be slower than the time constant for the steps to
reach their steady-state configuration under the applica-
tion of an external stress, i.e., a process that involves the
formation and migration across the terraces of a diffusing
species. Assuming a time constant fixed by the quench
rate of 1 sec, measurements of the latter process?! yield a
freeze-out temperature of not more than 900 K, which
puts the value of T}, near the upper allowable limit.

The values of the step and corner energies have been
taken as Agp =0.040 eV/(2a,) and A-=0.060 eV. The
analysis of the kink-length distributions® directly gave
values of Agn /kT) =0.74(2a,) "' and A /kT,=1.1. The
values chosen for the present fits then require that 7, be
625 K. It is reasonable that T} be smaller than T, since
the kink distribution is a more *local” property. Prelimi-
nary high-temperature observations show that at 625 K
there are appreciable local changes in the SB step
configuration occurring on a time scale of tenths of sec.?

For these fits, the value of A, has been taken as
4.9%X1073 eV/(2a,). Men’s measurement of the domain
populations as a function of external strain gave a mea-
sure of F/A,=49+7 A~'. Our value of A, would then
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give F=0.035 eV/A? using F/A,=56 A~'. This gives
for the value for the factor involving the bulk elastic con-
stant (1—v)/7u=1.0 ‘&3/eV, which is somewhat higher
than the estimate used earlier.®

While each of the parameters required in the above dis-
cussion is perhaps reasonable, and while the simple model
accounts for the essential features of the data, we know of
a number of aspects of the problem which should be in-
cluded more carefully. First, the elasticity problem has
been done only for a strictly one-dimensional (1D) sys-
tem, i.e., straight steps. There are indications that the
elastic energy can be further reduced by allowing the
steps to meander and solving the more complete 2D elas-
tic surface problem.27 Second, the SA as well as the SB
steps meander, and the statistical mechanics should be
done to account for the fluctuations in the SA-SA separa-
tions.?® Finally, there is a binding of pairs of single steps
into double steps. The experimental characterization of
the evolution from single to double steps is discussed in
the next section.

VI. DOUBLE STEPS

So far we have been discussing Si(001) surfaces with
relatively small miscut angles. It is well known that
Si(001) undergoes an evolution from a surface comprised
of single-atomic-height steps to a surface comprised
mostly of double-height steps as the miscut angle is in-
creased. The details of this evolution have been a topic of
recent interest both experimentally and theoretically. In
this section we will present data measured for a variety of
surfaces for which the miscut angle is great enough so

(@)

(b)

(c)

(d)

FIG. 8. STM images as a function of miscut angle. Horizon-
tal scale is approximately 750 A. Miscut angles: (a) 1°, (b) 2°, (c)
3°, and (d) 5°.
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that the surface contains an appreciable number of dou-
ble steps. We present quantitative measurements of
terrace-width distributions as a function of miscut in or-
der to characterize the phenomenology of the evolution
to double steps.

In Fig. 8 are displayed a set of images with miscut an-
gles ranging from 1° to 5.25°. It is clear in these images
that the percentage of the surface that is double stepped
is increasing with miscut angle.

In Fig. 9 we present examples of measured (1X2) ter-
race width distribution P(!) for several larger misorienta-
tions. The solid vertical line in each plot represents the
measured average step repeat distance (SA-SA separa-
tion) for the particular miscut and delineates the average
range over which the rough SB step can meander. The
dashed vertical lines represent the mean minority terrace
widths. The fraction of double steps is given by the value
of P(l) at [ equal to zero dimers, and the mean of the dis-
tribution determines the relative domain populations.

Figure 10 is a plot of the fraction of double steps and of
the relative area of the (1X2) domain as a function of
miscut angle. These two quantities, although related, are
essentially distinct characterizations of the evolution to
double steps. At small miscut angles the relative domain
size is changing due to the direct step-step interaction,
whereas the percentage of double steps remains very
small. In previous diffraction observations it was only the
domain population asymmetry that was measured.

Neither the images of Fig. 8 nor the data in Fig. 10 in-
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FIG. 9. Measured (1X2) terrace-width distributions from
samples with (a) 2°, (b) 3°, and (c) 3.5° miscut angles. The verti-
cal line is the average measured step repeat distance (SA-SA
separation) in each data set.
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FIG. 10. Relative population of the (1X2) domain (closed
squares, left axis) and percentage of double steps (open squares,
right axis) measured from STM images as a function of miscut
angle.

dicate that there is a distinct miscut where double steps
begin to form. Also, there are not two distinct phases of
double- and single-stepped regions. For these reasons we
believe that it is inappropriate to consider this system as
undergoing a phase transition as miscut is increased. It
may be more useful to consider the system as a reaction,
SA +SB=DB; as the miscut increases, the increased step
concentration drives the reaction to the right.

Fitting these distributions for the various vicinalities
would be a critical test of any model describing the
short-range step-step interaction and double-step (DB)
binding energy. We note here that it is no longer ap-
propriate to treat the system in the simple continuum
elastic approximation used above for wider terraces be-
cause of the short length scale involved (only several
atomic units); but, rather, atomistic calculations must be
employed, e.g., Stillinger-Weber!®!! or electronic total-
energy calculations.

VII. CONCLUSIONS

We have examined the surface step morphology of the
Si(001) surface as a function of miscut angles between 0.3
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and 6°. On samples with large average terrace widths, the
kinks behave independently and the kink-length distribu-
tion follows simple Boltzmann statistics. For sufficiently
large average terrace widths, the large-scale meandering
of the steps is governed by the long-range strain fields due
to the anisotropic surface stress tensor. The terrace-
width distributions can be described as a Boltzmann dis-
tribution of segments of the step moving together in the
Alerhand strain potential.

As the terrace width decreases, the statistics of the
kinks are influenced by the presence of neighboring steps,
which suppresses the number of long kinks. For terrace
widths greater than above 150 A it is the energy of the
long kinks that makes them unfavorable and not the pres-
ence of the neighboring steps. As steps get closer togeth-
er, a short-range direct step-step interaction can be mea-
sured. This interaction is such that the rough step is at-
tracted to its downhill neighbor and is due to the long-
range Alerhand strain field interacting with the local
strain arising from the rebonding of the SB step. Within
the framework of transfer-matrix calculations and contin-
uum elasticity theory, we can directly measure the
strength of the dipole-monopole interaction.

Finally, we have presented images and terrace-width
distributions of surfaces for which the miscut angle is
great enough to measure an appreciable increase in the
percentage of double steps. Along with the images of
surfaces with large and intermediate average terrace
widths, these images and distributions complete a
description of the character of the evolution of the sur-
face from single to mostly double steps.
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