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We present a study of the Si(100) surface using thermal-energy-He diffraction. We find that the clean
surface reconstructs with a primary (2 X 1) two-domain periodicity and with substantial additional intensity
indicating a secondary reconstruction. We are unable to order the latter using several annealing procedures
and consistently obtain diffuse streaks extending across the reciprocal net at the half-order positions. We
interpret this reciprocal net in terms of a disordered c¢(2 X 4) structure which in addition contains p(2 X 2)
and possible ¢(2X2) regions. The half- and integer-order intensities vary with incident angle and
wavelength in a manner qualitatively describable by semiclassical rainbow scattering. The differential cross
section for incoherent scattering has structure similar in angle to the coherent intensities suggesting weak
energy losses or surface disorder. Specular intensity scans indicate that the surface is extremely rough on
the scale of the He wavelength, with large phase shifts, significant shadowing, and a breakdown of the
uniform-attractive-well approximation. The extreme roughness makes a simple global fitting procedure
unlikely and the lack of an ordered surface suggests that it will be difficult to fit calculations with a model
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structure.

INTRODUCTION

The outermost layers of atoms in all the common
semiconductors undergo reconstruction. The re-
sulting periodicities of these surfaces have been
known from low-energy-electron diffraction
(LEED) for some time.* Despite numerous ex~
perimental investigations and theoretical studies,
the geometrical configurations of most of these
surfaces remain essentially unsolved. One of
the basic problems in LEED structural analyses is
the penetration of the electron beam to a depth
of ~10 A with strong multiple scattering occurring
at and between each layer. In addition the crystals
may not become periodic in the direction perpen-
dicular to the surface until five layers deep. This
would require that a calculation of the scattering
intensities of a reconstructed material includes
not only the complicating effects of multilayer
scattering but a structural model with perhaps
different geometries for each of the 3-5 layers of
atoms probed by the beam.

The analysis of the diffraction of thermal energy
atoms from these surfaces appears to be an at-
tractive complement. At the low energies em-
ployed (10-100 meV) the atoms do not penetrate
with the result that the diffraction observed is due
to the two-dimensional periodic potential of the
outermost exposed layer. Although there may be
significant multiple-scattering effects with atom
scattering, only a single geometry is in question.
It is now clear that useful atom: diffraction data
can be obtained from any periodic surface with
reasonable experimental effort. Presently the
most commonly studied aspect of atom diffraction
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is a determination of the atom-surface potential.
However, we are primarily interested in geometric
structures and have studied the diffraction of He
from silicon single crystals with the intent of
deriving model structures for the outermost layer.
A determination of the outer layer geometry would
then provide a more penetrating structural probe
(LEED) with a basis for resolving the structure of
the entire reconstructed selvedge. We have re-
ported our initial observations from the Si(100)
and Si(111) surfaces previously?® and in this paper
we discuss the diffraction of He from the recon-
structed Si(100) surface in detail.

The reconstruction of the silicon (100) surface
was observed more than twenty years ago by
Farnsworth and Schlier (FS) using low-energy
electron diffraction.* Since then there have been
a large number of experimental and theoretical
studies of the geometry and electronic structure.’
To date the configuration of the outermost layers
of atoms remains unsolved. No model yet pro-
posed has resulted in acceptable agreement with
LEED data. The dimerization of adjacent rows
of doubly bonded surface atoms [referred to as the
Farnsworth, Schlier, Levine (FSL) model®] with a
subsurface relaxation of strain extending several
layers deep [Appelbaum and Hamann (AH)"]is in
the best (but not acceptable) agreement with LEED
data.?

In addition to the geometrical arrangement of
surface atoms, there remains a question as to the
equilibrium periodicity of the clean reconstructed
surface. FS originally observed a 2 X1 periodicity.
Subsequently, Lander and Morrison (LM)® ob-
served a c¢(2x4) surface structure and to account
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for this proposed a variation of the dimer model
with alternate vacancies. The c(2x4) had not been
seen subsequent to the LM work and in most
studies was simply ignored. Recently, Poppen-
dieck, Ngoc, and Webb (PNW)!° have reported a
sharp ¢(2 x4) reciprocal net for the (100) surface
in which the quarter-order beams are weak in in-
tensity but sharp.

In this paper we present diffraction data which
may be sufficient to determine the appropriate
model for the outermost exposed atoms of the (100)
reconstructed surface. In addition we present and
discuss results pertinent to the equilibrium per-
iodicity of the surface, coherent versus incoherent
scatttering, interference in the specular beam,
and qualitative observations on the prospects for
a scattering calculation appropriate to this sur-
face.

EXPERIMENTAL

The apparatus has been described in detail
previously'! and we mention here only the essen-
tial components. It consists of three stainless
chambers in tandem, each pumped by oil diffusion
pumps. In the beam formation chamber a free jet
expansion of helium through a 30 um nozzle aper-
ture produces a nearly monoenergetic beam. The
source may be heated to =1800 K or cooled to 95
K with liquid nitrogen to vary the He beam veloc-
ity. Alternatively, He can be mixed on line with
heavier gases and decelerated. Most of the data
we present are obtained for a pure He jet formed
at either 300 or 95 K. These beams have the fol-
lowing properties. At 300 K, E=0.063 eV, Uy
=1,76x10° cm/sec, X=0.565 A, full width at half
maximum (FWHM)=10%. At 95 K, E=0.020 eV,
V,,=1.0X10° cm/sec, X =0.98 A, FWHM =~ 3.5%,
where E is the energy and X the wavelength cor-
responding to the most probable velocity ¥, Of the
distribution. In the middle chamber the beam is
square-wave modulated, typically at 200 Hz, for ac
detection of the total He scattering. A filament
light source and photodiode provide the reference.
A gate valve is situated between the modulation
and scattering chambers with apertures collima-
ting the beam to 0.06°, 0.3°% or 1°, as well as a
window seal. All the data presented are for beams
collimated to 0.06°. This collimation corresponds
approximately to a maximum coherence width of
the incident He beam of ~600 A for normal inci-
dence.

The scattering chamber has a base pressure 1
x10~71° Torr and contains a differentially pumped
quadrupole mass spectrometer (base pressure 1
x10-1° Torr) collimated to either 1.46° or 0.55°

and capable of rotating up to 200° about the crystal
axis at a distance of 10 cm. In addition, there
are LEED optics, an Auger electron (AES) spectro-
meter, eachonbellows allowing 10 cm of travel to
the crystal, and a differentially fed ion sputter gun.
The silicon crystalis at the center of the chamber
on a manipulator shaft capable of two independent
angle variations, 6—the polar angle (in the plane
of the beam and surface normal) and ¢—the azi-
muthal angle. The crystal is heated from the back
side by radiation (up to 1000 °C) and/or electron
bombardment (1350 °C). Data from three crystals
are presented here, each a 1.1 cm square held

-against a 1 cm diameter Ta cylinder by two Ta

wires across opposite corners. The region of ap-
parent constant temperature when heating to
>900°C is a circle of =6 mm diameter. Within
this circle the AES spectra, LEED, and atom dif-
fraction patterns are uniform.

The silicon crystals were cut to within %° of the
(100) plane, polished, and oxidized to a depth of
approximately 20 A. They were inserted into the
UHV chamber where two separate cleaning proce-
dures were used. The first crystal studied was
cleaned by 1 KV Ar" ion bombardment at room
temperature with subsequent annealing at =850 °C
for 5-10 min. This procedure was continued until
it yielded a sharp 2 X1 two-domain LEED pattern
and an AES spectrum with a trace of carbon as the
sole impurity. The C(272 eV)/Si(92 eV) peak-to-
peak ratio was typically reduced to = 0.005 before
atom diffraction patterns were recorded. This
same procedure was used for the data reported
earlier.” The second surface preparation proce-
dure consisted of simply heating the crystal (cen-
ter region) to = 1350 °C and then lowering the tem-
perature slowly (2-5 K/sec). This procedure is
similar to that used by Poppendieck et ¢l.*° and is
considerably simpler than ion bombardment. The
typical AES C/Si ratio for these surfaces is
=~0.001.

The crystal was generally aligned in plane using
the sharp specular beam and in azimuth by one or
more of the diffracted beams. The accuracy of the
angles of incidence and scattering (measured from
the surface normal) is estimated to be A6, =0.2°
and A6,=0.1° respectively. The relative azimuth
angle ¢ could be set to =0.5° but its absolute posi-
tion could be uncertain by 2°. The crystal was
cleaned at the beginning of a run and then flashed
to =900 °C approximately every 15-20 min. For
each crystal prepared by the high temperature
treatment, about every third heating it was
brought to >1250 °C and reduced in temperature
slowly. The alignment of the crystal and peak
heights for the various diffraction beams were
spot checked during and after each run.
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EXPERIMENTAL RESULTS

A. Surface preparation

Despite the numerous careful UHV studies of
the Si(100) surface'? there remains doubt as to the
clean equilibrium surface periodicity. In most
LEED studies the two-domain 2 X1 pattern is re-
ported whereas LM® reported two-domain ¢(2 x4)
in which there is noticeable streaking. Recently
PNW?° reported a sharp c(2x4) in which the quar-
ter order beams were found to be =2% of the in-
tensity of the integer peaks although sharp. In the
latter study the apparent surface contamination
was reported to be to less than 2/1000 of the Si
AES peak height. For reference in Fig. 1 we have
drawn the real space and reciprocal space unit
mesh for the two-domain (2x1) and ¢(2 x4) per-
iodicities with the beams indexed so as to simplify
discussion of the atom diffraction spectra.

Two UHV preparation procedures have been gen-
erally employed in other laboratories for the
Si(100) surfaces: ion bombardment followed by
annealing at =850 °C for a period of =15 min, or
high temperature heating (=~ 1300 °C) followed by a
slow reduction (=2 ° per sec) to room temperature
(PNW used the latter.)'® We have tried both pro-
cedures and find essentially no difference in the
atom diffraction intensities. In Fig.2 we plot the
results of two scans in the [10] direction for 6;
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FIG. 1. (a)—(d) Real-space unit nets for several per-
jodicities discussed in the text for the Si(100) surface.
The top three atom layers are shown with the largest
circle representing the outermost layer. (e)—(f) Re-
ciprocal unit nets for the (2x1) and ¢ (2x4) periodicities
with two orthogonal domains. The beam indexing and
definition of ¢ used in this paper are indicated.
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FIG. 2. Reduced intensities (I, =incident beam inten-
sity) for differently prepared surfaces versus scattering
angle 6, for 6; =70°, A=0.57 A. The scattering plane
projects onto the [T0] direction. Curve (a) is for a
surface Ar*t bombarded and annealed at 850 °C for 15
min, The AES C/Si ratio is 0.005. Curve (b) is for a
surface heated to ~1300 °C and then cooled at ~2° per
sec. The AES C/Si ratio is ~0.001. For curve (a) the
detector acceptance angle A6, is 1.45°, whereas for
curve (b) it is 0.55°,

=70°and A =0.57 A. Curve (a) is for a sputtered
and annealed surface whereas curve (b) is for a
high temperature treated surface. For curve (a)
the acceptance angle (A6,) of the mass spectrome-
ter for a point source on the crystal is 1.45°
whereas for curve (b) A6, ~0.55°. The propor-
tionate reduction in background in (b) is nearly
the change in solid angle into the detector as ex-
pected, yet the reduced intensities of the diffracted
beams are essentially the same. The width of the
diffracted beams are consistent with A6, and the
wavelength dispersion of the incident He beam

[ax (FWHM) /) ]~ 12% for curve (a), 10% for curve
(b). Since the diffraction intensities versus angle
are directly related to the scattering potential of
the unit mesh and thereby the geometrical struc-
ture, we believe that the local surface geometries
for the two preparations are essentially equiva-
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lent. In addition the AES C/Si ratios are ~0.005
for (a) and =0.001 for (b), suggesting that small
amounts of carbon contamination do not affect the
local structure vis-d-vis diffraction intensities.
We note that we have observed extreme sensiti-
vity of the specular He peak to contamination,
particularly at grazing incidence. Contamination
effects occurring in times of the order of a few
seconds and estimated to be ~10~% monolayers
(from a background pressure P =2x10-° Torr)
are readily observed via the falloff of the specular
beam and its subsequent restoration upon flashing
to 850 °C. We infer that the specular peak is
equally sensitive to surface roughness and in par-
ticular to lack of long-range order. In Fig. 2 the
specular beam for (b) is measureably higher than
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FIG. 3. He diffraction scans over 6, for four different
azimuthal settings labeled A through D. The reduced
intensities are plotted against 4K, the reciprocal space
coordinate, and the abscissa is rotated by the azimuthal
angle ¢. This allows a vertical correspondence between
the reciprocal net (or LEED pattern) drawn above and
the atom diffraction scan. The experimental parameters
for these runs are §;=70°, A=0.57 A (€ =63 meV), and
A6, =1.45°,
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FIG. 4. He diffraction scans plotted as in Fig. 3. The
experimental parameters are 6; =50°, A=0.98 & (£ =20
meV), and 49, =0.55 A. Note the sharpness of the dif-
fracted beams at large AK; compared to Fig. 3 as a re-
sult of the reduction of the dispersion in wavelength
from FWHM =10% at A=0.57 A to FWHM =3.5% at A
=0.98 A.

for (a). We have observed this for other spectra
generated by the two surface preparation proce-
dures. It appears that the high temperature treat-
ment and slow anneal, in addition to being a con-
siderably faster and simpler procedure, produces
a more well-ordered surface but not significantly
different in local structure.

B. Surface periodicity

In order to determine the periodicity of the sur-
face from He scattering with in-plane detection, we
scan the scattered angle 6, for a sequence of azi-
muths ¢ at constant angle of incidence 0;. In Figs.
3 and 4 we plot the results for 6, =70°, A =0,57 A
and 6,=50° 1 =0.98 A, respectively. The atom
diffraction data have been plotted versus AK,



=(27/2)(sind, — sinb,), i.e., the parallel momentum
transfer, on an abscissa which is rotated by the
appropriate value of ¢. In this manner the atom
diffraction spectra can be directly compared by
vertical lines to the reciprocal net or diffraction
pattern displayed by LEED whichis drawn above
to the appropriate scale. For Fig. 3 A6, =1,45°and
for Fig. 4 A6,=0.55°,

The reciprocal net we have drawn in both figures
has integer- and half-order circles representing
diffraction beams as in the two-domain (2x1) sur-
face. Rather than the quarter-order beams ex-
pected for the c(2 x4) surface we have drawn in a
diffuse streaking of intensity which extends com-
pletely across each unit mesh. This shaded pattern
schematically depicts what we observe for boin
incident conditions (and bofh surface preparations)
with He atom scattering. It is the proper descrip-
tion of the apparent [(2n+1/2), (2n+1/2)] peaks
we reported previously for the parameters appro-

He ON Si(100)
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priate to Fig. 3. This surface (and in Ref. 2) was
prepared by sputtering and annealing at 850 °C.

No hint of the “extra” diffuse intensity was ob-
served in LEED. The data in Fig. 4 were obtained
for the surface prepared with the high temperature
anneal. The reciprocal net drawn, including the
additional diffuse intensity, was also observed for
this preparation on the LEED screen at low inci-
dent electron energies (=25-30 eV). This addi-
tional intensity is extremely weak in LEED, but

is the basis for the detail of the schematic recip-
rocal net drawing. Despite numerous attempts
with gradual temperature reductions (as in Ref.
10) and long anneals (>10 hours) at temperatures
between 650-900 °C we were unable to sharpen the
diffuse intensity into quarter-order beams. We
also note that we have occasionally observed
streaking along the [01] and [10] directions which
extend out from the sharp integral and half-order
beams.
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FIG. 5. Diffraction scans taken in the [10] direction for a series of incident angles ;. For 20° < 0; <60°, the data
extend from 6, =90° to the instrument cutoff resulting from the detector blocking the incident beam. For these plots

A=0.98° and A6, =0.55°.
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C. Scattered intensities

We have recorded a set of diffraction spectra
for the [10] direction taken over a wide range of
incident angle for two wavelengths, A =0,98 A and
A=0.57 A. They are presented in Figs. 5 and 6,
respectively, The results plotted in Fig. 5 are
for A6,=0,55°and the He source at 95 K which
yields Ax/x =3.5%. In this figure the diffraction
peaks are considerably sharper than in Fig. 6 for
which A6,=1.45° and AN/A=12% at A =0.57 A, The
background is higher in Fig. 6 reflecting the in-
crease in solid angle at the detector.

Several features of these spectra may be noted.
Over some angular regions there is a distinct al-
ternation of intensities in the diffracted beams
whereas in other angular regions their variation
in intensity appears smoother. This is a conse-
quence of the two orthogonal domains at the sur-
face which independently contribute to in-plane
scattering. Both domains contribute to the inte-
ger-order beams whereas only one domain con-
tributes to the half-order beams. The envelopes
of intensity maxima and minima are often de- .
scribed as rainbow scattering.'® Within a specific
region of scattering angle, the half- and integer-
order beams from one domain may be at a rain-
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FIG. 6. Reduced intensities versus scattering angle
with A=0.57 A, A6, =1.45° for three angles of incidence
as indicated.

bow minimum whereas the scattering from the “in-
teger domains” to that angular region comes from
a rainbow maximum. This will result in an alter-
nation in intensity between half- and integer-order
beams, If the situation is reversed then the inten-
sity will be smooth over some angular region as °
the integer-order beam intensities are dominated
by the “half-order domain” contribution. Increas-
ing the diffracted beam density would allow inde-
pendent analysis for each domain. This could be
obtained with low-energy neon diffraction.

The diffraction intensity scattered in the plane
of the incident beam and surface normal amounts
to less than 1% of the incident beam intensity for
any of the spectra we have obtained. This is of the
same order as the total in-plane diffracted inten-
sity for the Si(111)7x7 surface.®* However, the
density of diffracted beams in the region of re-
ciprocal space corresponding to in-plane scatter-
ing is considerably higher for the Si(111)7X7 sur-
face (approximately a factor of 10). We would thus
expect the Si(100) intensities to be a factor of 3
higher if the surfaces are of comparable smooth-
ness and had similar Debye-Waller factors. The
lower in-plane intensity than expected is consistent
with the (100) surface being somewhat disordered
and/or more open that the (111)7x17.

The data for 6, =50°in Figs. 5 and 6 provide an
interesting comparison. The background in Fig. 5
has been suppressed by reducing Af,, and the dif-
fraction is enhanced at large AK| using a longer
wavelength, However, we note that the envelopes
of scattered intensity with angle show remarkable
similarity. This similarity extends to the apparent
incoherent scattering in Fig. 6 which dominates for
6,<20° A similar angular dependence of diffrac-
tion intensities was noted for the Si(111)7x7 sur-
face at different wavelengths.® However, the high
angular resolution of the detector (suppression of
diffuse scattering) for that report did not permit
a comparison with incoherent scattering.

D. Specular intensity

The specular beam represents a unique probe
of surface structure that is sensitive to vertical
displacements because only normal momentum
(2,) is transferred. We have examined the varia-
tion of specular intensity with incident polar angle
for a sequence of azimuths starting from the [11]
and [10] directions. We have found it difficult to
extract the detailed fine structure from these
curves with sufficient accuracy to determine a
consistent set of bound-state energy levels.'* The
structure due to resonances appears weak and
broad in angle. In addition there is extreme sen-
sitivity to contamination near grazing incidence
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even at 2x107'° Torr. However, the principal dif-
ficulty results from the intense interference oscil-
lations of the specular intensity in its variation
with 6;, which are of structural interest indepen-
dent of the analysis of the attractive well. For an
illustration of the general reproducibility of these
data, in Fig. 7 we have plotted the results of specu-
lar intensity scans taken on four different days for
two different crystals for the same nominal inci-
dent conditions. The vertical dashed lines on A
and B indicate the change in intensity upon flashing
the crystal to 900 °C. The integration time is of
the order of 30 sec per point. The entire curve C
was obtained in a single more rapid sweep in or-

He/Si (100)
[17] AzimuTH
X = 0.98R

86, =0.55°

(I/Iy)

80 20

FIG. 7. Specular intensity versus incident angle along
the [11] direction for four separate runs several days
apart on two different crystals. The arrows show the
direction with time and the dashed lines indicate points
where the crystal was flashed. Curves A and B were
taken on one crystal. Curves C and D are from a sec-
ond crystal with a more accurate alignment. Note the
general agreement of features for 9; <70° forA and C.
Curve D was taken with a high density of points for ac-
curacy. Note the magnitude agreement between C and
D after flashing for 6; >70°.
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FIG. 8. Specular intensity variation with cos6/A for
two incident wavelengths (energies). For the upper (a)
curves A(63 meV)=0.57 A and A(21 meV)=0.98 A, In
the bottom curves (b) the abscissa has been adjusted for a
uniform shift of A due to an assumed attractive well
depth of 11 meV.

der to reduce serious contamination, whereas for
D the data are intended to be closely spaced in
angle for accuracy. This sequence illustrates the
difficulty in obtaining an accurate reproducible
result for this surface. However, a careful in-
spection of curve C reveals it to have most of the
general and specific features of the other curves.
In particular it reproduces the region 6; < 70° for
A in detail and the absolute height of D for 6, > 75"
We may therefore qualitatively use C at » =0.98 A
for comparison to a similar run for a different
crystal taken for A =0.57 A at the same azimuth,
This is done in Fig. 8 where we have anticipated
the structural significance of this data by plotting
versus (cosf)/x which is proportional to Ak,. The
data from which Fig. 8(a) is obtained have similar
features which occur over quite different angular
regions. It is not obvious which if any of the fea-
tures are due to bound state (surface) resonances.
Oscillations which arise from structural interfer-
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ence are expected to vary nearly as ¢’ =(27/)')

x cosf’, where A’ and 6’ are the “effective” wave-
length and incident (scattered) angle within the
range of the attractive potential. In Fig. 8(a), in
which the vacuum wavelength and angle are used,
the data are similar in contour but shifted, i.e.,
scaled differently along the abscissa. This shift is
apparent when we replot the data in Fig. 8(b) where
we have adjusted A for each curve to the effective
A’ appropriate to an attractive well depth of 11
meV. The following equations are applicable to the
angle (6; ~ 6/) and wavelength (A~ )’) in the presence
of a uniform attractive well of depth D:

A~ (20/E)Y2 where A is in A and E in meV, (1)
A =r[E/(E+D)]?, @)
6, =arcsin[(1+ D/E)*?siné!]. (3)

For specular scattering

1/2
q,=Ak, = 8"—1'2E cos9i=4E cosf; where k=21
/] A A
@)

and in the presence of a uniform well of depth D
1/2 1/2
q' = AR, = (8—’%?) (cosze,. +%) . (5)

Note that only A’ and not ¢’ has been used in the
abscissa of Fig. 8(b). The similarity in these
curves is now striking in its detail. However, ad-
justing the wavelength for a uniform attractive po-
tential without a corresponding inclusion of its
refractive effect (6 - 6’) cannot be justified on
simple physical grounds. This correlation would
be appropriate if the effective attractive poten-
tial acted radially on the incident He from the in-
dividual atomic scattering centers. The long-range
nature of the attractive part of rare-gas atom po-
tentials is well documented and rules out this pos-
sibility. A more likely explanation of the corre-
lation in Fig. 8(b) is that the well depth varies sig-
nificantly across the surface, and in particular is
deepest in the troughs. If the structure in Fig. 8
arises from the interference between primarily a
flat region within a trough where the attractive
well is ~11 meV deeper than a flat region higher
in the unit mesh, then a correlation of the type in
Fig. 8(b) may be expected to hold. This result
suggests a breakdown in the simple uniform at-
tractive well approximation often used in atom-
surface scattering calculations. A more complex
parametrization of the He-surface potential, per-
haps an additive potential, will be required for a
structural calculation,

One may conclude from Fig. 8 that an assign-
ment of a selected set of the features in the spec-

-—(1/1g)—

45° 1 1 |
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FIG. 9. Specular intensity scans versus incident an-
gle 6; at 1=0.98 A for a series of azimuthal settings ¢
[see Fig. 1(e)]. Note the sharply varying-amplitudes at
6;>65° and the gradual shifting of the maxima near ;
=60°,

ular data to surface resonances will be difficult

at best due to the large amplitude oscillations
arising from structural interference. Resonance
features are often identified by taking advantage

of the fact that they occur at a constant distance
in reciprocal space from reciprocal lattice rods.'*
Thus they may be straightforwardly assigned to

a particular reciprocal lattice rod by noting their
center of rotation as the azimuth is varied. In con-
trast, structural interference is approximately
independent of azimuth for surfaces which are not
“too rough.” In Fig. 9 we present the specular in-
tensity versus 6, for a series of azimuths ¢ away
from the [11] direction in small steps as indicated.
Although the coarse intensity envelopes are simi-
lar, each curve is notably different in both ampli-
tudes and detailed contour of the principle fea-
tures. In addition, only some of the weaker fea-
tures are persistent and appear to moye continu-
ously in 6; as ¢ is varied. Along the [10] direc-
tion (Fig. 10) the specular intensity shows similar
congistency in gross shape but with large ampli-
tude variations as the azimuth is varied. There
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FIG, 10. Specular intensity scans versus incident an-
gle at A=0.57° for azimuths near the [10] direction.

are not continuous series of sharp features easily
ascribable to surface resonances which can be
tracked with sufficient accuracy in angle.

DISCUSSION
A. Surface periodicity

Although the two-domain (2x1) LEED pattern
has been reported most frequently, the results of

He diffraction clearly indicate that the equilibrium

Si(100) surface has a more complex unit mesh as
reported by both LM® and PNW.'° However, in
contrast to the latter authors we are unable to an-
neal these crystal surfaces to a well-ordered sin-
gle periodicity despite a range of different prep-

aration procedures. The surfaces we have studied

are essentially uncontaminated and show evidence

of similar local atomic structure as demonstrated

in Fig. 2. We interpret the reciprocal net drawn
in Figs. 3 and 4 as arising from a principal sec-
ond-order reconstruction in one direction with a
minor second-order reconstruction in the perpen-
dicular direction. It is the phasing of the minor
reconstruction from row to row along the direc-~
tion of the principal reconstruction which results
in the streaks. The various sequences of phase
will yield at least p (2 x2) and c(2 xX4) periodicities

and perhaps larger periods. Making use of a
buckled dimer as an illustration of the principal
reconstruction,'® examples of these phasings and
their associated unit mesh are drawn with alterna-
ting dimer types serving as the minor reconstruc-
tion in Fig. 11. If there were no coupling (random
phase) of the minor second-order reconstruction
between vertical dimer rows, then the two degen-
erate domains rotated by 90° would produce a nar-
row-lined cross extending through the half-order
spots. However, a random phasing between rows
implies that the rows are uncoupled with only one-
dimensional ordering of the minor reconstruction,
It can be shown that one-dimensional ordering
must be of restricted length depending on the
strength of the coupling. This would broaden the
line cross into diffuse bands as drawn in Figs. 2
and 3.

If the ¢(2x4) surface is indeed the lowest free
energy configuration for Si(100), as suggested by
LM? and PNW,!° then it appears to be nearly de-
generate with at least one other periodicity, i.e.,
the p (2x2) and perhaps the ¢(2x2) as well. For a
given model structure this conclusion has inter-
esting implications. For example, Chadi'® has re-
cently carried out semiempirical total energy
minimizations for a large number of model recon-
structions of the Si(100) surface. He finds the
SFL® symmetric dimer model the lowest in energy
of those which have been previously suggested
(subsurface strain not included). It is well docu-
mented that this surface would have a metallic
surface state band and perturbations to the symme-
tric dimer have been suggested'® to remove it con-

2x1 C(2 x 4)

6o 8 nxereu
IOQOIOQ\I% em.
e es Wie Nje )
‘4,» o\\\\g_ogo \\\\\\'0 \\\\\\.o
ot olie i T |
p(2x2) ‘ C(2x2) g ’

FIG. 11. Hlustration of the various periodicities dis-
cussed in the text based on the tilted dimer proposed by
Chadi (Ref. 15). The shaded atom is elevated with re-
spect to its dimer partner. The alternation of the tilting
will yield p (2x2) or ¢(2x2) depending on the phasing of
adjacent rows. -Note that the motion anticipated in the
second layer to relieve strain is equivalent for the
»(2%2), c(2x4), and c(2x2) but not for the (2x1),
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sistent with the ¢(2x4) periodicity. Chadi finds
tilting of the dimer by forcing one atom up and the
other down removes the metallic state and lowers
the total energy by 0.16 eV/atom. Simply tilting
the dimer leaves the surface in a 2 X1 periodicity
(Fig. 11). If the tilting is alternated along the di-
mer row, which seems clearly favorable if strain
in the second and third layer is considered, a .
p(2%2) or ¢(2x4) periodicity results depending on
whether adjacent rows are in phase or of alternate
phase, respectively. Chadi finds each of these
configurations similar in total energy with the
c(2x4) and p (2X2) somewhat lower than 2 X1 (by
~0.05 eV/atom). He further notes that the c¢(2x2)
structure is essentially equivalent to the c(2x4).
We have illustrated each of these structures in
Fig. 11. The results of Chadi’s calculations are
in accord with our interpretation of the reciprocal
net observed with atom diffraction and LEED. It
is possible, however, that other structural models
of the principal or minor second-order reconstruc-
tion may have similar relative energies when they
are additionally perturbed so as to form c(2x4),
p(2x2), or ¢(2x2) periodicities.

An observation specific to a model of a slightly
distorted dimer is of interest. Note that although
the c(2x2), ¢(2x4), and p(2x2) are calculated to
be of similar total energy, only the latter two are
readily interconverted as the difference is simply
in the phases of the buckling of adjacent rows. On
the other hand the conversion of ¢(2X2) to c¢(2x4)
requires the breaking of (a row of) the dimer
bonds, estimated to be 2 eV in bond strength. The
activation energy for this process must be com-
parably high with the consequence that annealing
out domains or rows of ¢(2x2) dimers would re-
quire very high temperatures. Since the ¢(2x2)
and ¢(2x4) are very similar in energy, the fluctua-
tions between them at temperatures at which there
would be a reasonable interconversion rate would
be large. Thus it might not be possible to obtain
a surface of pure c¢(2 x4), or perhaps the rate of
temperature reduction in this high temperature
anneal would have to be extremely slow, specifi-
cally at some critical region where the intercon-
version rate goes through =1. It is of interest that
previously PNW'° have prepared surfaces by heat-
ing their crystals to very high temperatures (=1300
C) with extremely slow annealing. PNW anneal at
half the temperature reduction rate as reported
here and observe a sharp c¢(2x4) whereas we ob-
serve streaks through the c¢(2 xX4) positions. No
other observations of the ¢(2x4) except the origi-
nal study of LM (streaked) have reported it. Fur-
thermore, if the ¢(2x4) is the primary periodicity
and there are residual rows of ¢(2x2) dimers,
they may be bordered by an extended boundary of

another periodicity such as p(2x2). On the other
hand, note that no ¢(2 X 2) regions are required to
fit the reciprocal net we observe. Small domains
of c(2x4) and p(2x2) are sufficient. These do-
mains should be easily interconverted. If one is
slightly lower in energy then it should appear
sharpened at lower temperatures provided that

the barrier to interconversion is not too high. We
have not attempted diffraction runs at temperatures
below 300 K.

Another consideration when discussing the dis-
ordered intensity from the buckled dimer model
is the step density on a surface. If a crystal is
cut to within £° accuracy then there will be typi-
cally 20 dimers in the [10] direction between step
edges at least on alternate terraces. If the step
edge is not parallel to the [01] direction then there
will be particular locations along the edges where
the dimerizing pairs will have to shift to accom-
modate the angle of the step, This can be accom-
plished with jogs in the step edge of 7.68 A while
maintaining ¢(2x4) or p(2x2) periodicity on the
surface. A lower energy jog of 3.84 A can be ob-
tained by shifting the dimers by one atom, i.e.,
having a local ¢(2x2) row. The difference in en-
ergies between these jogs can easily be of the or-
der of 2 eV which at 20 dimers/terrace row is to
be compared with energy differences of <0.1
eV/dimer that Chadi finds between ¢(2%X2) and
c(2%x4). The extent of ¢(2x2) regions formed by
this mechanism would depend on the divection as
well as angle of miscut of the crystal and could
vary between samples.

A close inspection of the diffuse streaks in the
atom diffraction patterns of Figs. 3 and 4 shows
repeated indication of structure in the form of a
poorly defined splitting of the streak along its
axis. For example, in Fig. 4 projection B cuts
through the streak at the (33) position. The inten-
sity is actually a minimum at the center of the
streak axis. The same behavior may be clearly
noted in other places in this figure and weakly in
Fig. 3 as well for projections B and C. There the
structure is not as pronounced due to the angular
spread accepted by the detector. In Fig. 4 projec-
tion C shows sharp structure at the [33] positions.
If our interpretation of these streaks is correct,
including the suggestion of a nearly one-dimen-
sional ordering of limited coherence, then this
“splitting” may be characteristic of some most
probable coherence length along that dimension.
One may roughly estimate the distance to be 25
f&, i.e., 6 or 7 coupled dimers. We note that for
there to be some most probable coherence length
in one dimension requires more than one-dimen-
sional ordering forces. Subsurface strain and di-
pole interactions of the postulated charge shifts
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will both extend across the rows and perhaps pro-
vide sufficient two-dimensional ordering forces.

B. Coherence and the in-plane cross section

A substantial amount of in-place scattering ap-
pears as incoherent scattering. In particular for
A6,=1,45°and A = 0,57 the background in Figs. 3
and 5 is quite evident and we estimate that it dom-
inates the integrated diffracted intensities by more
than an order of magnitude. It is apparent in Fig.
6 that the incoherent background has structure.
For 6, ="70° there is an obvious scattering cutoff
near 6,=0° and at 6; =50° there appears to be a
prominent rainbow at 6,=-10° One expects that
incoherent scattering at these energies is the re-
sult of either lack of surface order or excitation
of bulk and surface phonons. We previously esti-
mated the density of diffraction intensities for the
Si(100) as low compared to the Si(111)7x7 surface,
since we do not expect their Debye-Waller factors
to be substantially different. If the background
contains a large contribution arising from surface
disorder, then much of the scattering may be
(quasi-) elastic but phase randomized. The differ-
ential cross section for this scattering should be
equivalent to classical scattering from the unit
mesh. Indeed, if the inelastic contribution is dom-
inated by small |AZ%| transfer (low-energy phonons)
then we may expect the inelastic differential cross
section to be only slightly broadened compared to
the classical elastic cross section, and therefore
the angular distribution of background intensity to
contain the essential structural information of the
unit mesh,

A detailed comparison of Figs. 5 and 6 illustrates
this correspondence. For A =0.57 A, 6, =50° there
is a prominent background peak at 6, =-10° (Fig.
6). Using simple classical rainbow scattering
(specular reflection from a hard wall) we may as-
sign this maximum to a point of inflection in the
unit mesh potential. If we assume a uniform at-
tractive well with a depth of 10 meV extending out
from a structural hard wall we may derive the
angle a of the appropriate point of inflection within
the unit mesh. For this well depth o =27.3°. For
A=0.98 A a similar maximum should then appear
at 6,=-19.8°. At 6, =50°this angle is just at the
instrument cutoff (Fig. 5). However, there is
clearly an increase in the integer beam (40) inten-
sity and in the backgvound near cutoff. The same
rainbow peak will shift predictably with incidence
angle and at 6, =60° it may be calculated to appear
at 6,=-12°% In Fig. 5 there is a clear maximum
in diffracted intensity occurring at this angle.
Similarly at 6;="70° x =0.98 this rainbow maximum
is calculated to shift to 6, =— 6° and again there is

an obvious maximum in diffracted and background
intensity at this angle. Note that the half-order
beams fit smoothly into the intensity contour for
these maxima. This identifies the domain for

~ which the angle of the inflection point has been

determined.

Several other correspondences can be traced
from background structure to diffraction intensi-
ties for the two wavelengths. Another example is
the small maximum in the background at x =0.57,
6, =30°occurring at 6,=67° [between the (30) and
(30) beams]. This yields a point of inflection at
—-15.5° From this one calculates a maximum at
6,~90° for 6,=30°and one at 6,=63°for 6, =20°,
1=0.98 A. These simple exercises serve to illus-
trate the applicability of semiclassical theory to

“structural analysis using atom scattering. High-

er-order interference phenomena occurring be-
tween trajectories scattered to the same angle
within the unit mesh, i.e., supernumerary rainbow
oscillations, are apparently damped by instrumen-
tal broadening.

It is interesting to consider the advantages of
diffraction of a light element such as He to the
scattering of a heavier element such as Ar, which
at low incident energies may be dominated by
quasielastic collisions with a cross section equi-
valent to that of classical elastic scattering. In
the case of classical scattering there is a high
density of information, namely intensity at all
angles, the distribution of which can be simulated
from a structural model and the use of simple clas-
sical mechanics. However, assumpfions about the
nature of the scattering must be made, and in par-
ticular, the energy dependence of the quasielastic
cross section is required. In addition structural
details will be washed out. Complications due to
coherent interactions which are not related to the
local structure are avoided. Examples of these
complications are lack of long-range crystal or-
der, slight contamination, and coherent interfer-
ence from terraces or domains at different
heights. '

On the other hand, although the diffraction inten-
sities for an in-plane scan at a specific incident
condition are limited in information (6-12 ampli-
tudes per scan in Fig. 5), the scattering process
appropriate to the peak intensities is explicit,
i.e., it is elastic and coherent. The periodicity
of the surface effectively spatially resolves the
elastic coherent scattering without the need for
experimental energy discrimination. The density
of information can be increased by varying 6,, ¢,
and A continuously. In the specific case of Si(100)
with two contributing domains, their relative con-
tributions can be in principle be separated with
the assignment of the diffracted beam orders.
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Thus, we see that diffractive and classical scat-
tering are in some sense complementary. For a

structure as complex and open as the reconstructed

5i(100) both sources of data may be required. The
diffraction of Ne, with a shorter wavelength and
higher density of beams, might be an interesting
compromise.

C. Specular intensities and approximate scattering theories

It appears from Figs. 7-10 that the specular in-
tensity scans we have obtained are not amenable to
an accurate analysis for bound state (surface) res-
onances. For Si(100) the required periodic heating
to =1300 °C with an accurate return in angular
alignment added to the possibility that each re-
cleaned surface might be slightly different in over-
all periodicity make the study of surface reso-
nances a more difficult experiment than we were
prepared to carry out. In addition, we have
scanned through features we believe are associated
with surface resonances and we do not find them
nearly as sharp or deep as has been observed for
other surfaces.'* If their angular width is assumed
to be lifetime broadened, we may roughly estimate
a characteristic surface resonance distance of
20-30 A. This is consistent with our interpreta-
tion of the limited coherence in the surface per-
iodicity or alternatively may simply be a result of
the large Fourier coefficients of an open rough
surface. Large Fourier components (rough sur-
face) would yield a high probability for rescatter-
ing the He atom to the vacuum. thereby reducing
its surface residence time.

Our principal interest is in the geometric
structure of the (100) surface and the data of Figs.
8-10 appear appropriate for this consideration.
The specular beam is unique and simpler than the
diffracted beams in its structural information
content as it results solely from perpendicular
momentum transfer Ak,. It is some measure of
the height distribution of the flat regions within
the unit mesh, For weakly corrugated surfaces
the phase shifts between the (minimally three)
specular scattering regions are small compared
to the He wavelength and a scan over polar angle
results in a smooth envelope of diffracted intensity
which is azimuth independent. This has been de-
monstrated in He scattering from NiO where one
Fourier coefficient of the potential of amplitude
0.14 A suffices to describe the surface.}” The
Bragg condition for diffraction normal to the sur-
face is 2dcosf=»r. Within the experimental range
of 6; on NiO less than 7/4 phase shift evolves for
A =0.57. For this surface a simple global scatter-
ing theory, namely the eikonal approximation, is

valid and provides a reasonably good description
of all the diffracted beams.

The results in Figs. 8-10 indicate very large
phase shifts—more than an order of magnitude
Jarger than for NiO— as would be expected for any
of the models yet proposed for the Si(100) surface.
The extremely strong variation in the amplitudes
of the specular intensity scans with azimuth are
not within the eikonal scattering model, The data
in Figs. 9 and 10 indicate large shadowing effects
again characteristic of a very rough surface.

The large variations in contour of the scans for
only a few degrees change in azimuth are a result
of the complexity and depth of the outer layer
geometry, In addition, the results presented in
Fig. 8, as well as the shifting of the maxima in
Figs. 9 and 10, illustrate that the uniform well
depth is not a good approximation for this surface.
Semiclassical scattering calculations!® for this
system confirm the open rough nature of the
Si(100) surface and yield estimates for in-plane
multiple scattering from 10-30% as well.

Despite the large phase shifts, an elementary
analysis of Fig. 8(b) can be made as an illustration
of the potential utilization of specular scattering.
The Bragg equation for constructive interference
normal to the surface is

2d, cosf’'=nx’

where d, is a planar spacing in the normal direc-
tion or simply the heights of flat (specularly scat-
tering) regions within the unit mesh. From Fig.
8(b) we may assume that the principal maxima
which occur at cosf/r’=0.64 and 0.28 arise from
constructive interference from which An=1. We
therefore derive d, = An\’/2 cos6#=1.39 A, This
value is remarkably close to the interlayer spacing
for the Si(100) surface of 1.36 A. Considering the
large coherence width of the incident He beam,
this interference might be associated with terraces
separated by monatomic steps. However, if the
constructive interference results from separate
terraces, the interference is due to phase evolu-
tion over equal effective attractive potentials and
the abscissa of Fig. 8(b) is not appropriate for this
interpretation. Alternatively one may consider in-
terference within the unit mesh. The Si(100) sur-
face is sufficiently open that even in the absence of
a reconstruction one may expect specular scatter- -
ing contributions from at least two exposed layers.
These layers are also displaced by 1.36 A and
would generate maxima separated as shown in

Fig. 8(b).

The scattering from the deeper layer may be
affected by a more attractive interaction than that
from the top layer and can lead to the correlation
shown in Fig. 8(b). Dimerization of the top layer
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would open the surface further and enhance the
contribution from the second and third layers
where the well depth is postulated to be deeper.
Semiclassical scattering calculations® show the
scattering from the dimer model to be dominated
by the peripheral regions of the unit mesh. Fur-
thermore, the tilting of the dimer, as proposed by
Chadi,'® would split the heights between these
layers thereby adding secondary oscillations to
'Fig. 8(b) roughly of the spacing shown. For ex-
ample, there are several oscillations about each
principla maxima displaced by ~0.06 A~! which
at d, =1.36 A would arise from vertical structure
displacements of ~0.2-0.3 A about the average
layer spacing. A more accurate analysis would
require the data in Fig. 8(b) to be corrected for
the refraction and wavelength shift of the average
interaction potential in addition to the phase evolu-
tion due to the well depth difference implied by
using cos6/A’. This refinement would enable the
absolute positions of these features to be predicted
in addition to their relative positions.

CONCLUSION

We have presented a detailed set of He atom
diffraction patterns for the Si(100) surface. It is
clear from these results that He scattering is
extremely sensitive to the order and the structure
of the outermost exposed layer. This sensitivity
and the lack of penetration of the atoms give rise
to high expectations for atom diffraction as a
structural probe complementary to LEED and
other newly developing techniques [e.g., ion scat-
tering and surface extended x-ray absorption
fine-structure (EXAFS)]. The He diffraction scans
clearly show that the reciprocal net for all our
surface preparations is consistent with a secon-
dary reconstruction as reported in two other in-
vestigations®:° in addition to the commonly ob-
served (2x1). However, we are unable to order
the surface. The interpretation of the details of
the disorder revealed by the atom diffraction
patterns suggests a near degeneracy for the dif-
ferent configurations of a secondary reconstruc-
tion in accord with recent results of semiempiri-
cal total energy calculations for the tilted dimer
model of the surface.'®

From a rather elementary analysis of the dif-
fraction intensities, we have illustrated that scat-
tering calculations in the spirit of semiclassical
theory should be appropriate for a model struc-
ture determination. This is particularly impor-
tant for large unit mesh surfaces, such as recon-
structed materials and some ordered adsorbates,
where the number of diffracted beams becomes
too large for a full quantum calculation. This

study clearly illustrates that specular scattering
can be exploited as a structural probe. Itis phase
sensitive to vertical displacements within the unit
mesh and necessarily over the coherence area of
the beam as well. A simple analysis of the specu-
lar intensity at ¢ =45° suggests interlayer vertical
distortions also consistent with the buckled dimer
model. For a complex unit mesh such as the re-
constructed Si(100) or Si(111), specular scattering
does not contain nearly sufficient information for
a direct structural determination. The illustration
we have givenis appropriate only for ¢ =45°, As
the azimuth is varied the specular intensity scans
change dramatically. For ¢ =0°, [T0], they are
quite different from ¢ =45° indicating strong sha-
dowing effects. For a complex open surface such
as the Si(100), an optimal analysis may be treating
the specular scans in a similar spirit to ion scat-
tering calculations with blocking patterns as a
function of angle and energy, except in this case

“there is the addition of phase interference. Such

an analysis may be sufficient to choose between
proposed models or for structural problems in
which simpler questions are asked as in step
height analysis or a choice between adatom binding
sites on smooth characterized surfaces (metals).
On the other hand, the primary emphasis of this
study is the structure of the Si(100) surface. The
experimental results and preliminary calcula-
tions'® indicate that this will be quite a difficult
problem to solve were the surface ordered into a
single periodicity. The Si(100) surface is extreme-
ly rough (open) even to 20 meV He atoms. The
path length differences as a function of impact pa-
rameter are very large on the scale of the He
wavelength., There are strong shadowing effects
as seen in the specular intensity scans and the
simplifying assumption of a uniform attractive
well and hard wall interaction potential is not ap-
propriate (Figs. 8-10). Neither a one-dimen-
sional nor simple scattering theory such as
the eikonal approximation is reasonable for this
surface. It is likely that a detailed search with
semiclassical scattering theory will be required
to demonstrate the correct model structure. Due
to the open structure the model may have to be
quite close before any substantial agreement is
realized. Furthermore, it is not clear that a suc-
cessful structural calculation can be carried out if
the surface does not order into a single periodicity.
If the disorder in the secondary reconstruction
(streaked cross) represents a substantial struc-
tural variation from the primary (2 x1) reconstruc-
tion, the diffraction spectra may be expected to be
an incalculable superposition from more than one
configuration constituting undetermined fractions
of the surface. We note that it may be possible
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to order the surface into a single periodicity below
room temperature. Alternatively an intentional
cutting of the crystal off the (100) plane or doping
the surface with a trace of active impurity may
serve the same purpose.

The surface sensitivity of thermal energy He
scattering from single crystals is well demon-
strated in the appearance of “extra” intensity
which details the disorder of the secondary recon-
struction. An accurate examination of the diffuse
streaks and their apparent splitting as a function
of temperature would be an interesting study as it
might provide the energetics and statistical ther-

modynamics for the different couplings of the sec-
ondary reconstruction. A more quantitative analy-
sis of the disorder on the Si(100) surface may thus
be of great interest.
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