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We invert high-energy (E = 400 eV) photoelectron and Auger-electron interference patterns to con-
struct 3D images of surface and interface atoms. A new scheme is introduced to correct the phase shift
of the image. Image reconstruction is demonstrated for Si(11 1)/3x+/3-B, a system in which multiple-
scattering effects are small and all source waves are equivalent. Using diffraction results from multiple-
scattering slab calculations, we achieve a spatial resolution of 1.0-1.3 A, thus qualifying the technique as

a direct structural tool.

PACS numbers: 68.35.Bs, 61.16.—d, 68.55.—a, 79.60.—i

The ability to construct three-dimensional atomic im-
ages from electron interference patterns has many excit-
ing possibilities. Theoretical predictions and computer
modeling play an important role in the development of
this technique. Two types of scattering geometries are
used: backward scattering of low- to moderate-energy
electrons (100-500 eV),'? and forward scattering of
higher-energy electrons (400 to above 1000 eV).>* In
these studies, real-space imaging is obtained by two-
dimensional Fourier transformation. The spatial resolu-
tion of the images formed in the plane normal to the sur-
face is over 2 A. Since the average distance between
atoms in a solid is only =2.5 A, and the average inter-
layer spacing is less than 2 A, to solve unknown struc-
tures a spatial resolution of =1 A is required for the
technique to become practical.

A major source of error is the phase shift due to
scattering of the electron by the atomic potentials. This
phase shift causes images to be formed away from the
atomic centers. The shift is in the range of 0.3-1.0 A,
and is present in both forward- and backward-scattering
geometries. Multiple scattering and source waves emit-
ted from different layers are other causes that degrade
spatial resolution. In this paper, we present image recon-
structions from forward-scattering photoelectron and
Auger-electron diffraction patterns for a system in which
multiple-scattering effects are small. In addition, the
source waves are emitted from atoms in a single layer,
making them equivalent. We also introduce a method
that eliminates the phase error in the forward-scattering
geometry. We show that with the use of a phase-
corrected interference function, we achieve a practical
resolution of =1 A.

The system studied here is Si(111)v/3x+/3R30°-B
(hereafter referred to as Siv/3-B). This structure has
been studied by scanning tunneling microscopy
(STM),>® x-ray diffraction,” photoemission,® and
LEED,’ and there is a general consensus on its atomic
geometry. In this system, the B atoms occupy substitu-
tional sites (i.e., the Bs site) in the second layer (see Fig.
1). The atomic imaging is reconstructed from forward-

scattering x-ray photoemission spectroscopy (XPS) pat-
terns, at photoelectron energies 400-1000 eV. Photo-
electrons at energies above 400 eV are strongly scattered
in the forward direction by the core potentials of atoms.
The intensity enhancement is the strongest along the
emitter-scatterer direction (i.e., the focusing effect). In
an angular cone surrounding each forward-focusing
direction, the interference pattern is used to form three-
dimensional images of atoms in the layer or layers above
the emitter. Backward-scattering contributions to the
scattering cone are 1-2 orders of magnitude smaller.
Multiple scattering in the forward direction along a
chain of atoms affect the interference patterns in the
scattering cone, but in the case of Siv/3-B these events do
not exist since B is in the second layer.

The photoemission diffraction patterns are calculated
for emission from the B 1s core level, at photoelectron
energies 400 and 1000 eV. The photon incident direc-
tion and the electron exit angle are fixed at 70° apart
while the crystal is rotated to generate the 2z hemispher-
ical scan. The photon is p polarized. Although multiple
scattering is expected to be small for the reasons stated

FIG. 1. Schematic diagram of Si(111)+/3%~+/3R30°-B sur-
face geometry.
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B/Si(111)

1000 eV

FIG. 3. Side view at x=0 cut. Left: Images and twins for
Si(3) and Si(4) atoms with no phase correction. Right:
Phase-corrected image of Si(3) at cross in (z=0, y <0) qua-
drant (i.e., at 2 o’clock direction).

at known z cuts. The forward-focusing peaks provide the
in stereographical projection; radii equal ki =[Q2m/h*)E]1"2. symmetry of the system from w_hich We cut along the y-z
Lower panels: Atomic images of three Si atoms at z=0.98 A plane to pass through the nuclei of Si atoms 3,4 and the
cut above origin. The crosses indicate correct atomic centers. B atom. In the forward-scattering geometry, the scatter-
Color scale is shown on right. ing factor decays rapidly as 8¢, the scattering angle mea-
sured from the emitter-scatter direction, increases. This
limits the range of Ak, and Ak, in the transform. The

FIG. 2. Top panels: Hemispherical XPS intensity patterns

above, nevertheless, the simulations are based on the limitation is especially severe for k. =ko(1 —cosbg),
multiple-scattering slab method, which includes all or- where k =[(2m/h?)E1'? is the photoelectron’s wave
ders of forward- and backward-scattering events.'? The vector. Since Az « 1/Ak;, the image in the y-z plane is
three-dimensional surface structure determined by elongated and points towards the origin (i.e., the B
LEED is used in the simulation.® In Fig. 2, we show the atom). In Fig. 3 (left panel), we show the y-z planar
hemispherical diffraction patterns for 400 and 1000 eV view of atomic images reconstructed from the 400-eV
(upper left and right), respectively. The most striking diffraction pattern. The images of Si atoms 3 and 4 are
features are the four focusing spots, which have a one- seen (in the y <0, z = 0 quadrant), together with their
to-one correspondence to the B-Si internuclear direc- twin images (in the y =0, z <0 quadrant). Again, the
tions, at polar angles 6=0° and 63°. The lack of energy crosses mark the correct atomic centers. There is sub-
dependence of the focusing peak is a theoretical predic- stantial error in the image position (=0.5-1.0 A) and
tion based on quantum-mechanical diffraction con- the resolution is poor. Three-dimensional images of this
cepts''~!3 and confirmed by experiments. '4~'8 quality provide little quantitative information about
The 2z-sr diffraction patterns are inverted to produce surface structure.
three-dimensional real-space images ¢(x,y,z) which To make this technique quantitative and practical, we
may be viewed in different planar sections.'™ Figure 2 need to understand the origin of the errors. To construct
lower left and right panels show the images from trans- atomic images, we transform an interference enhance-
forming the 400- and 1000-eV 2r scans, respectively, at ment function y(k)=[I(k) —A41/4, where I(k) is the
a cut parallel to the surface, at height z =0.98 A above measured or calculated diffraction intensity and A is its
the B atom. This cut passes through the nuclei of the angle-averaged value. In the forward-scattering geo-
three nearest-neighbor Si atoms (1, 2, and 3) of Fig. 1. metry, )((k) is made up of local regions each dominated
The crosses mark the actual Si nuclei positions. The true by forward scattering by a particular atom or chain of
test of spatial resolution, however, is not in planar views atoms. Thus, using the small-atom approximation, '’ we

I can write z2(k) as?

Z IFD(R )l 2|f(9 )l 2 Z FD(ﬁi)f(ei)eier(] —cos6;)
i | D(k)IZRZ i Fp(lz)R,'
where R; are emitter-scatterer internuclear vectors, f(6,)=f((k—R;)/|k —R;|) are scattering form factors whose an-
gle is measured from each internuclear direction R;, and Fp (k) is the XPS source wave at the emitter.'>!® The first

+cc.+ -, 1)
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FIG. 4. Transformed functions of y(8) (dot-dashed line)
and g(0) (solid line). The emitter is at the origin, the positions
of the scatterer and its twin are indicated by arrows.

term in Eq. (1) is the square of the object waves and the
atomic images are formed from the second term.?® The
complex-conjugate term produces the twin images.
Higher-order terms contain multiple-scattering and
mixed-R;-R; contributions.

The phase shift comes from the complex scattering
factor £(6;) =|£(6,)|exp(iy,). We illustrate this effect
by a two-atom system, in which an emitter is placed at
the origin and a scatterer at z=2.15 A. To further sim-
plify the illustration, we set Fp(R)=Fp(k), ie., we
simulate an isotropic source wave as in the case of a
high-energy Auger electron. We keep the kinetic energy
at 400 eV and calculate y(8), 6 measured from the z
axis, for the two-atom case. To eliminate the shift
caused by y, we construct a new function g(8) =x(6)/
f(6). We note that g(8) is complex and the division by
f(8) achieves two results: (i) The unwanted phase yy is
eliminated and (ii) g(8) no longer has a rapidly decay-

ing envelope, and, thus, the range of usable k is extend-
ed.

The effect of this phase correction is very evident from
the transformed functions shown in Fig. 4. The trans-
form of x(6) (dot-dashed line), which is not phase
corrected, has a peak shifted by ~0.62 A from the
correct atomic position (indicated by an arrow). This
function has a multipeak shoulder (i.e., streaky image)
at higher z values. On the other hand, the transform of
the phase-corrected function g(8) (solid line) peaks at
the correct atomic position. This peak is more intense
and the shoulder is absent (i.e., improved resolution).
Another advantage is that its twin image is shifted fur-
ther away from the correct atomic position, because the
forward-scattering phase of the complex-conjugate term
in Eq. (1) has the opposite sign. Thus, the phase correc-
tion breaks the symmetry of the real image and its twin,
and the latter may be discarded. The division by f(6;)
has two components: (i) Division by |f(8;)| removes the
strong anisotropy in x(6;) and, in this case, shifts the im-
age (and its twin) by ~0.22 A towards the correct posi-
tion; (ii) division by exp(iyg,) shifts the image by ~0.40
A towards the correct atomic center while shifting the
twin image by ~0.80 A away from the corresponding
twin atomic center.?'

We apply these ideas to the exact (i.e., small-atom and
isotropic-source-wave approximations not used) interfer-
ence function (k) (Ref. 15) calculated for the Si+/3-B
system. This system has multiple focusing directions;
hence the phase correction is done separately for each
atom. For example, to phase correct the image of Si
atom 3, we divide y(k) by a correction function of the
following form:

. [
ps®) =|;(ﬁ§ 170!, @

B/Si(111) XPS 400 eV

FIG. 5. Left: Absolute value of the correction function. Center: XPS intensity pattern as in Fig. 1. Right: Absolute value of the

phase-corrected function shown in stereographical projection.
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FIG. 6. Intensity variation of phase-corrected and un-
corrected images along the B-Si(3) internuclear direction; the
origin is at the B-atomic center.

where 63 is the scattering angle relative to li3, the focus-
ing direction determined from the k-space diffraction
pattern for Si atom 3, and j runs over the four focusing
directions. In Fig. 5, we show the absolute value of the
correction function p3(k) (left panel), the original func-
tion y(k) (middle panel), and the absolute value of the
phase-corrected function g(k) =I(k)/p3(k) (right pan-
el). The Fourier transform of g(k) is shown in Fig. 3,
right panel, where the only physically meaningful real-
space image is that of Si(3) (in the y <0, z=0 qua-
drant). We mark the origin (i.e., center of the B atom),
the correct Si atom 3 position, and its inversion vector by
three crosses. Figure 6 shows the intensity variation of
the image along the B-Si(3) internuclear direction. For
the phase-corrected curve (solid line), the intensity peaks
at2.11 A compared to the correct value of 2.15 A, an er-
ror of only 0.04 A. The full width at half maximum is
1.3 A. The phase correction is applied in turn to each
focusing direction. After discarding the unphysical im-
ages, a composite three-dimensional image of the surface
structure is obtained. Of course, it is not necessary to
reconstruct more than once the images of Si atoms that
are related by symmetry. In Eq. (2), the sum over j does
not have to include all the focusing directions, especially
if some directions are very close together. However, for
best results (i.e., noise reduction), one should include
complete sets of focusing directions that are related by
symmetry.

In summary, we have introduced the use of a phase-
correction procedure which enables forward-scattering
XPS-Auger-electron spectroscopy holography to achieve
a practical resolution of =1.0 A. This qualifies the tech-
nique as a direct structural tool. Forward-scattering

holography (FSH), with the phase correction, images ac-
tual atomic core centers where the forward scattering is
strongest. FSH is species specific and it provides coordi-
nation information of at least two layers of atoms; thus it
is better suited for studying the heterogeneous interface.
Theoretical modeling and computation simulations, to
test the limits of new or improved image reconstruction,
will remain central to the development of this technique.
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FIG. 2. Top panels: Hemispherical XPS intensity patterns
in stereographical projection; radii equal k, =[Q2m/h*)E,]">.
Lower panels: Atomic images of three Si atoms at z =0.98 A
cut above origin. The crosses indicate correct atomic centers.
Color scale is shown on right.



FIG. 3. Side view at x=0 cut. Left: Images and twins for
Si(3) and Si(4) atoms with no phase correction. Right:
Phase-corrected image of Si(3) at cross in (z =0, y =0) qua-
drant (i.e., at 2 o’clock direction).



B/Si(111) XPS 400 eV

Phase Divided

FIG. 5. Left: Absolute value of the correction function. Center: XPS intensity pattern as in Fig. 1. Right: Absolute value of the
phase-corrected function shown in stereographical projection.



