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The capabilities of high-resolution surface-sensitive electron diffraction to determine
guantitatively the terrace size, terrace size distribution, and terrace-edge roughness are
explored and illustrated with measurements on a vicinal near-{100} Si surface. It is shown that
terrace edge roughness can be determined with the appropriate measurement. To explain
measurements on the Si surface, shadowing, terrace-edge distortion, double-height steps,
unequal areas of adjoining terraces, and multiple scattering are considered. The influence of
the instrument response on measurement precision is discussed.

INTRODUCTION

As the technology of surface structural defect analysis
advances, it is becoming evident that many, and possibly
most, surface and overlayer systems are composed of dis-
crete regions of ordered domains. A given ordered region
can be distinct from its neighbor in one or more ways. Over-
layers adsorbed on a substrate can produce domains that
differ by rotational or transtational symmetry. Submono-
layer deposition of adatoms can result in ordered overlayer
islands separated by regions of bare substrate. The surface
can consist of terraces at different levels separated by steps.
Such systems provide experimental testing grounds for theo-
retical models of lower-dimensional physical behavior, such
as critical phenomena, growth kinetics, and roughening
transitions.

Stepped surfaces, in particular, are interesting, not only
for the diversity of fundamental processes that can be stud-
ied there,!” but also for their technological importance.
Steps are believed to be critical in determining thin-film
growth on and chemical reactivity at surfaces.>* Steps occur
both on singular but rough surfaces, on which the direction
of the step (i.e., whether it is an “up” or a “down” step) is
random, and on vicinal surfaces, on which the steps form a
“staircase.” The structure of thin films growing on flat sur-
faces can also frequently be analyzed in terms of steps
between the overlayer domains and the substrate. Any quan-
titative investigation of the physical processes taking place in
such systems rests on a determination of the size distribution
of ordered domains or terraces. In this paper we discuss the
determination of the distribution of terrace widths in a vi-
cinal surface by surface-sensitive diffraction and examine
the sensitivity of such a determination of terrace width dis-
tributions to the resolving power of the diffractometer. We
furthermore explore the possibility of measuring edge
roughness in terraces. We illustrate with results from a vi-
cinal Si surface that has a near-{100} orientation.

Investigations of stepped surfaces to date have been re-
stricted to one-dimensional analyses with the implicit as-
sumption that the step edges are straight.” Angular distribu-
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tions of intensity measured in diffraction experiments are
interpreted in this limit to refer to a distribution of terrace
sizes. This need not be the case, of course. Edge roughness
will also affect the diffracted-intensity distribution. Thus, a
given angular profile may refer to a distribution of terrace
widths with straight edges or to terraces with rough edges
but with the same spacing between mean edge positions. We
show that a complementary measurement along an azimuth
parallel to the step edge can differentiate between these two
possibilities. We also show that several other phenomena
associated with the existence of terraces will produce unigue
diffraction features. Among these are “shadowing” of por-
tions of the terrace by the step edges, edge atom positional
distortion and associated strain, and preferential growth of a
given terrace type at surfaces terminating in terraces with
different crystallographic symmetry.

INFLUENCE OF INSTRUMENT RESOLUTION ON
TERRACE WIBTH DETERMINATION

The angular distribution of intensity diffracted from an
ensembile of finite-size domains is governed by the phase re-
lationship between domains and the structure factor of each
domain. For kinematic scattering from a simple stepped sur-
face, one can consider each terrace to have the same terrace
structure factor. Then the difference d in height of the ter-
races determines the phase relationship between waves scat-
tered off each terrace. When the scattering phase between
terraces differs by an integral multiple of 277/d, i.e., 3t condi-
tions where the normal component of the momentum trans-
fer vector S, has values of 2nw/d, the order appears tc ex-
tend over the entire surface. At these conditions the
diffracted-beam angular profiles are as narrow as the instru-
ment can attainin § , the parallel component of the momen-
tum transfer vector. Conversely, angular profiles of diffract-
ed beams are broadest and hence most sensitive to the terrace
size at conditions §, = {2n + 1)#/d, at which maximal de-
structive interference occurs between waves scattered off
terraces at different heights.

The finite energy and angular resolution of a diffractom-
eter causes broadening of diffracted beams in § and 5,
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(Ref. 6). For the (00} beam, the only factor causing broad-
ening in .S, is the beam size at the detector. The beam size at
the detector can be decreased by improving the electron op-
tics to produce a smaller electron beam and by decreasing
the detector size. The effective resolution is not given, how-
ever, by the absolute angular width of a diffracted beam, but
rather by the ratio of this width to the size of the Brillouin
zone (i.e., the separation of diffracted beams) and by the
measurement accuracy.® More grazing angles provide high-
er resolving power.” Measurements reported in this paper
are performed with an instrument that has a resclving power
intherange of 1 pm in the plane in which the detector moves.

Consider a vicinal surface composed of regular terraces
all of length M with straight edges and separated by steps
of height & (a “staircase”). The reciprocal lattice for such a
surface, shown in Fig. 1, is well known® and is readily ob-
tained in the kinematic limit as the product of the reciprocal
lattice of an individual terrace with that of a superlattice of
sites separated by the spacing of the individual terraces. As
noted above, when the scattering phase between adjoining
terraces is 2nw/d the angular profiles show no breadening
and are delta functions located at the Bragg conditionsin § .
When the phase difference is (2n + 1)#7/d there is maxzi-
mum interference and diffraction satellites appear at values
of §y = + (2m + t)w/Mya. The pattern is dominated by
the satellite pairs positioned symmetrically on either side of
S = 0 and split by an amount A = 27/Mya. For perfect
staircase surfaces the terrace length is thus simply given by
the inverse of the separation of the split satellite peaks. Note
in particular that second-order satellites, at S | = 2mw/Mya,
are structure factor forbidden.

The calculation of the intensity distribution for diffrac-
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FIG. 1. Real and reciprocal-space diagrams of a vicinal surface. {a) Cross-
sectional view of a regular staircase of monatomic-height steps. {b) Reci-
procal lattice appropriate for the surface shown in (a). Some of the in-phase
and out-of-phase scattering conditions are indicated for the ((8}) reciprocal-
lattice rod.
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tion from vicinal surfaces with monatomic steps but in
which there exists a distribution of terrace widths can be
performed by postulating a distribution function and evalu-
ating the relevant autocorrelation function. For terraces
where all step edges are perfectly straight in the direction
perpendicular to the steps, the only contribution to devia-
tions from the mean terrace size is from fluctuations in Mya:
the width of an entire terrace. For random fiuctuations
about the mean, it is reasonable to assume that the terrace
widths are distributed like a Gaussian:

p(M) = (127 oYexpl — (M — M) /20°], (1)

where Ma is the average terrace width. We take the ratio of
the variance of the Gaussian o tc the mean value of the Gaus-
sian M as a measure for the relative fiuctuation in terrace
widths. A small value of o corresponds to a narrow-width
distribution about the mean M,. The diffraction pattern
from this vicinal surface resembies that from the surface
with equal-width terraces, except that the satellite beams are
broadened. The quantity in the diffracted-beam profile that
corresponds to o/M,is w/A, the ratio of the full width at half
maximum w of the peak and the peak separation A. In gen-
eral, for arbitrary terrace width distributions, the shape of
the satellite peaks will not be symmetrical and a comparison
of experiment and theoretical models requires a fit of the
entire diffracted-beam profile. However, for purposes of ii-
lustrating the influence of instrumental broadening on a de-
termination of the terrace width distribution the dependence
of w/A on o/M, provides a good indication of the depen-
dence of the profile shape on the parameters of the terrace
width distribution. We have extracted the guantitieswand A
from angular profiles caiculated for Gaussian size distribu-
tions while varying the parameters ¢ and M, of the width
distribution. We incorporate instrumental broadening by as-
suming the instrument response function is Gaussian with a
FWHM of § and convoluting this Gaussian function with
the calculated split profile. The apparent width w’'/A of the
satellite peak relative to the peak splitting is then approxi-
mately w'/A = [(§/A) + (w/A)?*1?. This quantity is
plotted in: Fig. 2 as a function of o/M, for several values of
instrumental broadening 8. For a perfect instrument § =0
and w'/A = w/A. The broadening of satellites relative to
their separation is approximately linear with o/M for small
values of the terrace width broadening . In the limit that
o/ M, tends to zero we regain the case of the perfectly regular
steps and the satellite peaks are delta functions. For imper-
fect instruments the functional dependence is more compii-
cated. We comment on two aspects of these curves. First, for
a piven instrumenta! broadening, it is more difficult to re-
solve small variations in terrace width about the mean width
than it is to resolve large ones. A narrower size distribution
produces a narrow diffraction peak, which will be broadened
by a low-resclution instrument. Second, and less cbviously, a
given absolute value of fluctuation in a terrace width (e.g.,
-+ 5 atoms ) is less easily resolved with a given instrument if
M, is large than if M, is small. If M is large the splitting of
the peaks is smaller, and a poor resolution can easily wash
out the splitting. Thus, advantages of a high-resolution dif-
fractometer are apparent. Not only is high resolution impor-
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FIG. 2. Dependence of the apparent width of satellite peaks in diffraction
from a vicinal surface on the terrace size uncertainty. The apparent width is
plotted as a fraction of the satellite peak splitting and includes the effect of
limited instrumental resolution. The terrace size uncertainty is given as a
ratic of the variance to the mean of a Gaussian distribution. The several
curves are for different instrumental broadening contributions §. The figure
indicates that a bad instrument prevents the observation of small variances
in mean terrace sizes, and that large terrace sizes sre difficult to observe
with a poor instrument. The curves for w/A are calculated for an out-of-
phase diffraction condition, S, = (2n + 1}7/d, at which the first-order
satellite peaks appear at positions §| = 7My/a.

tant in resolving the splitting of the satellite peaks, thus en-
abling the detection of staircases with large terraces, but it
increases the sensitivity of a measurement of a width distri-
bution to fluctuations around the mean width.

The above discussion has focused on a semiquantitative
analysis of the trends to be expected in the determination of
terrace sizes as the relevant parameters are changed. As pre-
viously mentioned, a determination of the precise form of the
size distribution requires fitting the entire measured-profile
shape with a profile calculated for a specific model of the size
distribution. After a brief discussion of experimental results
we present such calculations of angular profiles for diffrac-
tion from surfaces with a distribution of terrace sizes.

EXPERIMENT

Measurements have been made with a high-resolving-
power electron diffractometer” on 2 vicinal $i(1,1,400) sar-
face, an orientation that is very near (001) (approx 0.2° off)
and has {110) as a zone axis.'? The surface was cleaned by
sputter etching and subsequently annealing at temperatures
of ~ 1100 °C for 10 min, followed by slow cooling. The elec-
tron diffractometer uses a field emission source having a
beam size at the detector of ~ 15 um and is capable of operat-
ing at any energy from ~ 150 to ~ 10 keV and at all angles
from grazing to nearly normal. To optimize the resolving
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FIG. 3. Two-dimensicnal contour plot of the (00) beam diffracted from a
nominal Si{1,1,400) surface. The measurement was made with a 50-um-
diam detector scanned in two directions over the diffracted beam. The plane
made by the incident beam and the motion of the detector lies along x. Be-
cause the diffraction angles are near grazing, this is the high-resotution di-
rection. Relative to reciprocal-lattice distances, S, the scale in x is expand-
ed with respect to p by about a factor of 7. Both x and y directions are (110).
Thedirsction of splitting is very nearly along y, with the scale expansion in x
causing the splitting to appear to be tilted away from the y direction.

power {as described in the last section) the diffractometer is
typically operated at near-grazing angles and low energy.
Magnetic deflection coils are used to scan a diffracted beam
across the detector, which has a 50-um aperture. Thus, two-
dimensional contour plots of the intensity in a diffracted
beam can be obtained with high resolving power. Figure 3
shows an example for the (00) beam. The splitting observed
in the figure is a consequence of the regular staircase of the
(1,1,400) surface. With an electron diffractometer of ordi-
nary resolution, the splitting evident in this figure would not
be rescivable. If such measurements are made at different
values of energy or angle of incidence, the intensities of the
split peaks osciliate as is expected from a stepped surface,
with a pericd that reflects single-atomic-height steps. Sever-
al such curves, measured in the direction normal to the step
edges in the ( 1,1,400) surface and integrated in the orthogo-
nal direction {as a slit detector would measure) are shown in
Fig. 4. Figure 5 shows two of these profiles, at values of
energy and angle that correspond to an out-of-phase and an
in-phase condition for diffraction from terraces separated by
single-atomic-height steps. The out-of-phase profile shows
several interesting features. First, there are the two major
satellites, whose separation gives the surface orientation.
Additionally, however, there is a central peak and second-
order satellites. We address the origin of these features in the
next section.

In addition to the profiling detector, the diffractometer
contains an overview detector that consists of a 5-in.-diam
channel electron multiplier array and a fluorescent screen.
This detector was used here only to view the diffraction pat-
tern. Both (2% 1) and (1X2) domains of reconstructed
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FIG. 4. Angular profiles of the (00) reflection from a vicinal (1,1,400) 8i
surface for different diffraction parameters. The direction of the detector
motion is normal to the nominal step edges. The intensity in the direction
along the step edges is integrated, i.e., these profiles reflect the measure-
ments made with a slit detector. £ = 230 eV. The abscissa is in arbitrary
units of degrees. The angular separation of the three satellites is less than
0.5°. Peaks are arbitrarily aligned to conserve space.,

{001) surface were observed. No effort was made (unfortu-
nately) to determine the relative intensities of the beams cor-
responding to the two domains.

The measurement shown in Fig. § is taken with the de-
tector motion normal to the nominal step edges and with
integration over the orthogonal direction. As we shall see, 2
measurement along the nominal step edge with integration
over the direction normal to the nominal step edge (i.e., a
measurement perpendicular to that shown in Fig. 5) is of
considerable interest in determining step-edge roughness.
Figure 6 shows such a measurement. The profile is plotied in
the direction normal to the splitting direction. The data are
taken from Fig. 4. Each point represents a summation of
intensity in the split direction at the appropriate value nor-
mal to the split direction. This measurement shows a rela-
tively narrow profile on top of a diffuse background. In a
later section we will discuss the determination of edge rough-
ness and make 2 comparison with this figure.

ANALYSIS OF PROFILES MEASURED NORMAL TO THE
STEP EDGE

The prefiles measured in an azimuth perpendicular to
the step edge that were presented in the preceding section
(Figs. 4 and 5) have several distinct features. They display
split peaks, each centered adistance A/2in 8 away from the
value of §; at the Bragg condition. The peaks show broaden-
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FIG. 5. Angular profiles of the (80) reflection from a vicinal (1,1,400) 8i
surface at (a) out-of-phase and (b) in-phase diffraction conditions for a
surface with monatomic-height steps. In (a) the intensity is distributed
symmetrically in the side peaks. The splitting of the strong satellite peaks
indicates that the average terrace widthais {Ma) =2n/45) = 380 A and,
for a single-layer step height (¢ = 1.36 A}, that the misorientation angle is
approximately 0.2°. The in-phasc profile also shows small satellites at the
same splitting that suggest that multiple scattering plays a role in the scat-
tering from terraces.

ing, over and above that of the instrament, reflecting the
distribution of terrace widths. In addition to the first-order
satellite peaks that are expected from the simple diffraction
analysis described earlier, peaks appear at the value of §
satisfying the Bragg condition and at the second-order satel-
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FIG. 6. Angular profile of the (80) beam from a vicinal (1,1,400) Si surface
with the measurement direction along the nominal step edge and integra-
tion over the intensity in the orthogonal direction. The profile thus refiects
the measurement that would be obtained with a slit detector. The curve is
obtained from the data shown in Fig, 3.
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lite positions. Several factors could cause these features, and
these are discussed below. We ignore these complications for
the moment, and first determine the average terrace width
from the splitting and the nominal terrace size distribution
from the broadening. The mean terrace size is simply cb-
tained from {Ma) = 27/A = 380 A. The distribution of ter-
race widths about this mean value can be obtained by fitting
the angular profile of the first-order satellites with a model of
the terrace width distribution. Using the model described in
the second section, that the terrace widths are Gaussian dis-
tributed with 3 mean value A7,¢ and a standard deviation o,
and assuming the terrace edges are smooth, we get o = 110
A. Inother words, the average terrace size is ~ 380 4 110 A.

We now address the origin of the second-order satellites
and the central peak in the profile shown in Fig. 5{a). There
are five different effects that we know of that may cause one
or the other or both of these features. These are (1) double-
atomic-height steps, (2) shadowing, (3) edge atom posi-
tional distortion, (4) (2xX 1) and {1X2) terraces of differ-
ent total ares, and (5) equal-area terraces having a different
terrace structure factor. We address these in turn. We note at
this stage that a limited instrumental response leading 1o
integration of intensity over a range in S, {Ref. §) cannot
cause these features. The instrument can only cause broad-
ening of features in these profiles. We can also, without
further discussion, put an upper limit of ~20% on the per-
centage of steps that can be double-atomic-layer-height
steps, because the angular profiles show oscillatory behavior
in .S, that corresponds to single-height steps. We also ob-
serve both (2X 1) and (1X2) patterns.

In configurations where the incident or exit beams are
normal to the step edge and make a small angle with the
terrace plane, there will be a portion of the terrace that is
“shadowed,” and thus blocked from contributing to the dif-
fracted beam. When the beam is directed down the staircase,
only part of each terrace is illuminated. When the beam is
directed up the staircase, a portion of the scattered beam
must peneirate the step edge to reach the detector. Shadow-
ing reduces the effective width of the scattering terraces. (It
effectively leaves “dead space” that does not contribute to
the scattering.) This moves the zero of the structure factor
from the position of the second-order satellite and the corre-
sponding peak is no longer suppressed. The intensity in the
second-order satellite is governed by the extent of shadow-
ing. This can be an important effect for measurements made
at small angles, as in RHEED and grazing-angle x-ray dif-
fraction. It also holds some promise as a means for studying
edge-atom thermal vibrations by examining the shadowing
effect as a function of substrate temperature via the intensity
in the second-order satellite. Shadowing does not produce a
peak at §; =0.

It is similarly possible to observe a second-order satellite
peak if edge-atom positional distortion exists. The possibility
of measuring edge-atom displacement from regular lattice
sites from shifts in the oscillation period of angular profiles
with S, has been discussed.'™? The displacement of some
fraction of the atoms in a terrace from their regular lattice
sites effectively modifies the length over which order exists
in each terrace. Bdge-atom displacement will produce a
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FIG. 7. Schematic illustration of the four possible terminations of unrecon-
structed Si{100). Filled circles represent surface atoms; open circles are
subsurface atoms. The dashed box indicates a face of the foc unit cell. Direc-
tions in the surface are indicated, using 2D (surface) notation. Note that
the {01] direction in the surface notation corresponds to the {011] direc-
tion in 3D notation. The solid lines between atoms represent covalent
bonds.

strain field because of the resultant asymmetric forces exert-
ed on the neighboring atoms, which can extend for some
distance through the terrace. Depending on the magnitude
of the displacements of atoms near the terrace edge, the
structure factor of each terrace will be modified such that the
structure factor no longer suppresses the second-order satel-
lite peak, but no peak is produced at 5| = 0.

The fourth mechanism we discuss is one that can pro-
duce peaks both at the Bragg condition and at the second-
order satellite position. For systems, such as Si(100), that
have an ABCD... stacking and a consequent ABAB... order
on adjacent terrace (see Fig. 7}, it is possible that growth of
one of the domain types A or B is preferred, with the conse-
quence that the mean terrace width of domain type A is
different from that of domain type B. This will resuit in a
peak at the Bragg condition [S; = 0] proportional io
(B )f, — (Mp)fs > Because the structure factors of adja-
cent terraces are now not equal, second-order satellites are
also possible.

Finally, we consider the fifth possibility, which can be
understood with the aid of Fig. 7. When there are steps on
the Si(001) surface, no matter what their orientation, the
exposed terraces are not identical when viewed along a
(110) azimuth. The rotational symmetry, shown in Fig. 7,
results in an effective ABAB... terrace-type sequence. In a
separate paper'” we show that multiple scattering causes the
scattering factors of unit cells in terrace A to be in general
different from those in terrace B except in special directions
and for special reflections. Diffraction experiments on a
spuiter-etched and annealed singular Si{001) surface show
double-height steps when measured along 2 {110) direction
and single-height steps when measured along & (100} direc-
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tion, in which the dynamic structure factors are shown to be
equal.'® The only justifiable explanation for the observed
phenomenon is multiple scattering.’® A difference in scat-
tering factors of unit cells in terrace A and those in terrace B
is sufficient for the appearance of a peak at the Bragg condi-
tion. However, in the simplest analysis that assumes uniform
terrace sizes and includes only double scattering, the peak at
the second-order satellite is still suppressed.

The presence of second-order satellites and a central
peak at the Bragg condition in diffraction from a vicinal sur-
face can thus be interpreted in the framework of several dif-
ferent models. By fitting the measured profile (Fig. 5} with
each of the models, one can estimate whether they are rea-
sonable in this situation.

For shadowing 1o account for the magnitude of the sec-
ond-order satellites, 209 of the scatterers on a terrace would
need to be shadowed. At the conditions of the experiment,
only abeut 3% of the atoms are geometrically shadowed.
Thus, it seems unlikely that shadowing is responsible for all
of the intensity of the second-order satellites. In any case, the
peak at §'y = 0 is not reproduced.

We have modeled edge atom positional distortion by
assuming an edge-atom displacement of ad perpendicular to
the surface and Sa parallel to the surface, where o and S are
constants. We further assume that the resultant motion
causes a displacement of N of the neighboring atoms that is
linearly proportional to their distance from the edge atom,
i.e., for the nth atom from the edge there will be a movement
of @ (N + 1 — n)d /N perpendicular to the surface and
(N + 1 — n)a/N parallel to the surface. To reproduce the
experimental profile of Fig. 5(a), very large strains are need-
ed, with typical values of ¥, a, and B being N /M ; = 20%,
a = 15%, 8 = 15%. This seems unreasonable. Edge atorn
displacement will clearly cause a more noticeable effect for
simaller mean terrace widths. The central peak is not repro-
duced.
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FIG. 8. Calculation of the angular profile corresponding to the measure-
ment shown in Fig. 5(a) if multiple scattering is assumed to change the
structure factors of adjacent terraces. In this calculation, the dynarmic struc-
ture factors of adjacent terraces have a ratio f, /fp = 2. All other conditions
are the same as in the experiment.
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The central peak can be matched if the structure factors
are assumed unequal because of multiple scattering'’; how-
ever, no second-order satellites appear in our simple model,
A calculation is shown in Fig. 8. A ratio of terrace structure
factors f, /f» > 2 must be assumed to fit the relative intensi-
ties of the central peak and the first-order satellites in Fig.
5(a).

Second-order satellites and a small central peak occur if
the structure factor differences are due to differences in the
number of atoms on terrace fypes A and B. However, the
relative peak magnitudes observed in the experiment cannot
be fitted unless multiple scattering is also included. The best
fit is obtained if unequal terrace sizes with a terrace area
(width) ratio of M, /M, = 11/8 and a structure factor ra-
tio f /fy = 2is assumed. The resultant fit is shown in Fig. 9.

To aid in determining the correct model for a given sur-
face it is necessary to extend the analysis to different diffrac-
tion conditions. Several such conditions are shown in Fig. 4.
Particularly the profile shape at the in-phase conditions
[Fig. 5(b)1, for which small satellites are still present, al-
lows us to eliminate the model that consists of the combina-
tion of unequal A and B terrace areas and the existence of
some double-height steps. The existence of satellites at the
in-phase conditions further suggests that multiple scattering
plays arole. Other factors can also be investigated by varying
S, . In particular, the influence of shadowing can be varied by
varying the diffraction geometry. For a given configuration
of the incident beam, sample, and detector the angular pro-
file obtained for a given beam at higher-order out-of-phase
conditions should be unchanged. This will clearly not be the
case for step-edge atom displacement, for which the phase
relationship between atoms shifted from the regular lattice
sites and those in regular lattice sites wili vary with the value
of §,. If the only factor present is a difference in the mean
widths of the two terrace types then the angular profiles will

INTENSITY (arbitrary units)
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FIG. 9. Calculated fit to the curve in Fig. 5 using unequal-size terraces for
type A and type B terraces and unequal terrace structure factors. The ratic
of structure factors is £, /f = 2. The ratio of terrace areas is 11:8, Itis not
possible to specify which type of terrace is the one with the larger area from
the fit to angular profiles.
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be unchanged both with the erder of the out-of-phase condi-
tion and with the geometry of the incident beam, sample, and
detector. This latter condition is not fulfilied at least on sin-
gular Si{001) surfaces,"? for which there is a definite azi-
muthal dependence, suggesting that a multiple-scattering ef-
fect is involved.

ANGULAR PROFILES AND STEP EDGE ROUGHRNESS

In this section we will address the use of angular profiles
in diffraction from regularly stepped surfaces to determine
the terrace width distribution and terrace-edge roughness.
We do this by considering diffraction for different orienta-
tions relative to the step direction. We first consider diffrac-
tion with the beam incident perpendicular to the (nominal)
step edge, as in the experiments analyzed in the last section.
We assume the detector measures the angular distribution of
intensity in the plane perpendicular to the step edge and
integrates the intensity in the diffracted beam parallel to the
step edge. The measured angular profile is then sensitive to
the succession of strings of atoms sampled in a one-dimen-
sional cut across the surface perpendicular to the step edge
and averaged over all such cuts.'® We restrict curselves to
cases where the mean terrace edges are widely enough sepa-
rated, relative to any fluctuations in the terrace edges, that
the fiuctuations at one terrace edge can be considered to be
independent of those in the neighboring terrace edges. We
define the length of the crystal in the direction parallel to the
mean step edges to be L. Within a terrace of area 4, the
mean width perpendicular to the step edgeis (Ma) = 4 /L.
For a rough-edged terrace, different strings of atoms have
different lengths Za perpendicular to the mean step edge.
The string length distrivution P(Z) is then a folding of the
probability p (44), of having a terrace of 3 certain width Ma,
with the probability p(3,2), of having a string length, Z in
this terrace:

PZ) = | p(MIp(MZ)dM . (2)

We now consider two specific cases. First, for smooth ter-
race edges, but a Gaussian distribution of terrace widths, Eq.
(1) apphies:

2
2ra 2o”
and
PMZy=0M—-2Z). (3)

The integral of Eq. {2) yields

exp [ — (Z — M)?*/26°] . (4)

2o

Second, for terraces with a constant width (M = M, ) but
with rough edges whose excursions are Gaussian distribut-
ed, we have

p(M) =8(M — M) (5)

and

exp [ — (£ — M) /207 . (6)

PMZ) =
2o
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FIG. 10. Schematic illustration that diffraction cannot uniquely detect step-
edge roughness in vicinal surfaces when the scattering plane is perpendicu-
lar to the step-edge direction. Width probability functions for (a) an array
of steps that have random terrace sizes but smooth step edges are comple-
mentary to the width probability functions for (b) an array of steps with
constant mean terrace width but rough step edges. The two cases result in
{c} identical string length and intensity distributions.

The integrai of Eq. (2) again yields

P(Z) = exp [ — (Z — 3,)? /207 . (7N
2ro
The equality of Egs. {4) and (7) demonstrates that the dif-
fracted-beam profiles for these two cases must be identical.
This is shown in Fig. 10 together with the real-space configu-
ration and respective terrace size distributions. Thus, for
measurement with a skit detector perpendicular to the mean
step edge, it is not possible to differentiate between staircases
that have terraces of constant width but with rough edges

&}

plz,N}

! [ [
b} ]
N

) AQL
! 3,

FIG. 11. Schematic illustration of diffraction from a vicinal surface with
smooth terrace edges and variable terrace width with the scattering plane
aligned with the step-edge direction. The diffraction is sensitive to string
lengths at various positions Z. Because all strings have length L _, the string
length distribution (b) is a delta function and the intensity (c) will be
sharply peaked with a width inversely related to L. The drawing in (a) is
not to scale: L, is assumed much larger than A1.
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FIG. 12. Tlustration that measurement of diffraction from a stepped sur-
face with the scattering plane along the direction of the nominal step edges
and the intensity integrated over the perpendicular direction reflects the
edge roughness. (a} The diffraction is sensitive to the various string lengths
N at positions <+ Z about the mean terrace width A4, String lengths vary
from one atom to L. {b) Examples of three distributions of string lengths
atpositions £, Z,,and Z,. {¢) Intensity profile produced by the sum of the
cuts at different positions has brosd components from positions where the
string lengths are short (e.g., Z,) and narrow components at positions
where the string lengths are long (e.g., Z,). The drawing in (a) and the
abscissas in (b} are not to scale; L, is assumed to be much larger than the
dimension of a double kink. Only the probability functions for aioms in the
(1} terrace are shown. Note that in the calculation shown in Fig. 9, prob-
ability distributions such as those shown in (b} for Z, were not included.
The profile was calculated with distributions for Z | and various values for
Z ,. This creates a negligible error.

and staircases that have terraces with smooth edges but vari-
able width. However, angunlar profiles measured parallel to
the step edges (with integration over the diffracted intensity
perpendicular tc the profiling azimuth) will be sensitive to
the differences in these two terrace structures. When the step
edges are smooth, all siring lengths are equal to L, the
length of the crystal parallel to the step edges. The scattering
geometry is shown in Fig. 11(a), with the corresponding
length probability function and intensity distribution shown
schematically in Figs. 11(b) and 11{c}, respectively. For a
surface with constant mean terrace size (M = },), but with
terrace edges that are rough, a cut at position 2 in a direction
parallel to the mean edge (located at M e) will, in general,
contzin atoms from two adjacent terraces (and, hence, at
different heights), and thus short strings of atoms that are in
a given terrace. The diffraction profile at the out-of-phase
condition is a sum of the contributions from each cut, which
will contribute a distribution of string lengths p(Z N} over
which consecutive atoms are in the same terrace. This can be
seenin Fig. 12(a). Note that strings in both adjacent terraces
contribute. Cuts that are far from the mean edge M, will
contribute to a narrow peak and a very diffuse background in
the angular profile, reflecting the large average length of a
string before encountering an atomic step and then a very
short string. The narrowest contributions come from strings
with length L_. Contributions from cuts nearer to the mean
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edge contribute a broader profile, because of the correspond-
ingly small average string length before a step is encoun-
tered. The total diffracted intensity will be a sharp peak with
diffuse wings. The wings will be wider the rougher the step
edge. The ratio of the integrated intensity in the diffuse wings
and that in the sharp peak reflecis the magnitude of the ex-
cursion of the step edge from the mean position. A calcula-
tion of the angular profiles of the diffracted beams requires
that the distribution of lengths p(Z,N} sampled in each of
the cuts at different Z be specified. Figure 12(b) schemati-
cally illustrates p(Z,N) for the several values of Z indicated
in Fig. 12{a). The corresponding individual string contribu-
tions to the intensity are shown as the dashed lines in Fig.
12(c) with the total intensity from all contributions indicat~
ed by the solid line.

The preceding discussion establishes gualitatively that
step-edge roughness can be distinguished from terrace size
variation in vicinal surfaces by analysis of angular proiiles
collected in complementary directions. Edge roughness will
produce “wings” on angular profiles collected with the scat-
tering direction parallel to the mean step edges that should
be detectable with high-resolving-power instruments.

A guantitative calculation of the angular profiles of the
diffracted beams requires the specification of two string-
length distributions in adjacent terraces. There are situations
where the string lengths in a cut at Z are related to the
lengths in a cut at Z -+ 1 and this will affect the shape of the
profile.' In order not to obscure the discussion of edge
roughness we assume statistical independence of the string
lengths. We further assume that both string-length distribu-
tions are geometric, i.e.,

Pn (Z,N)=YH(Z)U"7’” (Z)]N-—l; (8}

where 1 and | refer to two adjacent terraces separated by one
atomic-step height and y(Z) is the probability of finding a
string of a certain length at position Z and is thus a measure
of edge roughness. Rougher edges give larger values of y. If
the probability of an excursion from the mean terrace width
is Gaussian distributed, the effective coverage of 2 cut at a
distance £ ' from the mean edge — M/2<2Z’ <My/2 by
atoms from one terrace (1) is given by

.
8, (MyZ') =1 _f [p(Mox + M) dx (9}
— M2
and the coverage by atoms of the other terrace (i) is

O (MuZ)=1—6,(M,Z'). (10)

The value of ¥ in Eg, {8) for the two adjacent terraces can
then be evaluated in terms of Egs. (9) and (10) by recogniz-
ing that

71’:?1(1_5?)/91- (11)

Using the model of Egs. (8), (9), and (11), we can fit
the angular profile shown in Fig. 6. To fit the profile requires
using a Gaussian-distributed step-edge roughmness that
ranged in values of Z from approximately 0.7 M, <Z < 1.3
M,. In other words, the uncertainty in the mean terrace
width, {(Ma) = 380 + 110 A calculated for Si(1,1,400) can
be essentially all attributed to terrace-edge roughness.

In summary, the determination of terrace width distri-
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butions and an evaluation of the terrace edge roughness can
in principle be achieved by an analysis of angular profiles
measured in complementary directions from a stepped sur-
face.

DISCUSSION AND CONCLUSIONS

Surface-sensitive diffraction with high-resolution dif-
fractometers is a powerful technique to investigate the quali-
ty and roughness of vicinal surfaces. We have demonstrated
that high resoiution allows one to determine more quantita-
tively the nature of the terrace size distribution. We have
shown that diffraction profiles from stepped surfaces con-
tain features that can be analyzed in terms of such surface
effects as edge atom distortion or the preferential existence
of one terrace type over another in surfaces where more than
one type exists, and in terms of diffraction effects such as
beam shadowing or multiple scattering. We have briefly in-
dicated how one might distinguish between these influences.

We have furthermore shown that complementary mea-
surements made parallel and perpendicular to the step edge
can in principle distinguish between terrace-edge roughness
and terraces that have smoocth edges but a distribution in
widths. Such a measurement suggests the possibility of mea-
suring roughening transitions in terrace edges™® by follow-
ing the temperature dependence of the edge roughness. A
low-resolution diffractometer is semsitive only to correla-
tions over a short distance, and thus preferentially sees only
the local disorder that occurs when the temperature is still
far from the roughening temperature. A high-resolution
measurement will probe the long-range correlations that are
due to terrace edge meandering, and thus will allow a closer
approach to the actual roughening temperature.

With respect to our measurements on Si{1,1,400), we
are left with a somewhat incomplete picture that at the mo-
ment leaves us a choice of at feast two explanations. On sin-
gular sputter-etched and annealed Si(100) surfaces,’® we
observe an azimuthal dependence of the angular profile (sin-
gle-height versus double-height steps) that can be explained,
we believe, only by multiple scattering. We expect the same
effect here. Unfortunately, the azimuthal-dependence mea-
surement has so far not been made on Si(1,1,400).

Multiple scattering can explain!® a number of cbserva-
tions in the literature. For example, Sakamoto ef al.'® ob-
serve two different oscillation periods (single-height steps
and double-height steps) whose existence depends on the
azimuthal orientation with respect to the electron beam.
This is just as we cbserve.

Multiple scattering could be the only factor in
$i(1,1,400) if one could explain the existence of the second-
order satellites. The simplest analysis of multiple scattering
maintains a zero in the structure factor at the position of the
second-order satellites. One can imagine that multiple scat-
tering can remove the zeroc and give intensity here in the
sarme manner that forbidden reflections appear in x-ray dif-
fraction.

The alternative explanation, of course, is that area dif-
ferenices in type A terraces and type B terraces cause the
observed profiles. A factor of 50% difference in the areas of
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the two types provides a reasonable fit to the second-order
satellites but gives too low an intensity at the S| = 0 peak.
The notion that one type of terrace is preferred over the other
is ot new. Kaplan'®suggested this possibility as one alterna-
tive in interpreting his LEED measurements on vicinal Si
surfaces cut with a {110} zone axis, as are ours. He observed
only the (2X 1) reconstruction for large misorientation an-
gles {6-10°). He suggested that terraces that shouid show
the (1 2) reconstruction either were absent or did not sup-
port the reconstruction. The latter appears physically rea-
sonable, because the terraces are only several atoms wide. If
the former were true he should observe oscillations corre-
sponding to double-atomic-height steps. He did make mea-
surements of the oscillation in beam profile splitting with
energy® to check for step height, and found double-height
steps. Unfortunately he reporied measurements only on the
(G1) beam, which, due to the crystal structure of Si, has
fewer forbidden reflections in S| than the (00) beam and
thus always gives & modulation that appears as a double-
height step. One cannot therefore distinguish which of the
two possibilities for the absence of a (1X2) superlattice is
the correct one on the basis of the reported measurements.

Recently, it has been again suggested!” that terraces
with the (1X2) reconstruction on vicinal Si surfaces with
{110) zone axes are absent, on the basis of a calculation that
shows that these terraces are very slightly less stable, a con-
sequence of the bonding arrangement at the step edge. The
absence of one kind of terrace leads to double-height steps.
The {1 X 2) reconstruction is, of course, also the one that is
not observed in Kaplan’s work.'® Itis suggested'” that high-
temperature annealing { ~ 1100 °C) is required to obtain the
pure double-height structure.

Our results give some support for this model. Our mea-
surements are made on a surface that is much closer to singu-
lar than those of Kaplan, We do observe both terrace types.
Qur annealing conditions are > 1100°C for 10 min, for
which we should expect!’ only double-height steps on the
basis of the new model. Qur fit gives a ratio of terrace areas of
11:8. We cannot tell from the angular profiles which terrace
type is predominant. We should be able to tell from the rela-
tive intensities of the {1X2} and (2X 1) diffraction pat-
terns. Visual observation showed no difference, but this is
probably not surprising, as a factor of 2 in integrated intensi-
ty and a factor of 4 in peak intensity are probably not resolva-
ble by eye, especially since variations in intensity with dif-
fraction conditions are much larger than that. Accurate
intensity measurements have not been made.

One could suggest that our measuremenis show so far
the strongest support for the absence of one type of terrace,
and that the fact that both exist may be due to kinetic limita-
tions, since the terraces are very large and it takes consider-
able mass transfer to eliminate one in favor of the other.
There is, however, so far no direct evidence that double-
height steps dominate on vicinal Si( 100), the strongest evi-
dence being Kaplan’s reported absence of a { 1 X2) pattern.
However, with terraces only 5-10 atoms wide, Kaplan’s sug-
gestion that terraces this narrow cannot support reconstruc-
tion is entirely reasonable, especially in light of similar re-
ports on W{100) (Ref. 18).
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In order to address these guestions more fully, experi-
ments are in progress®® on vicinal surfaces with other orien-
tations, and on the temperature dependence of edge rough-
ness.
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