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Three-Dimensional Atomic Images of AsyyySisss111ddd Obtained by Derivative
Photoelectron Holography
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The atomic structure of As-terminated Si(111) is imaged by a new technique of photoelectron
holography based on differential measurements. The improved sensitivity of this technique allows
second nearest neighbors to be detected. Images deduced from both the As and the Si core
level emission provide a detailed three-dimensional view of the bonding structure involving the top
three atomic layers. The results provide direct evidence for As replacement of the top Si atomic
layer. [S0031-9007(98)07640-6]
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Photoelectron holography has emerged as a pow
ful tool for surface structural determination [1–11]. Its
strength lies in its ability to provide a three-dimensiona
view of the local atomic structure by direct data inver
sion. This is contrasted by traditional diffraction meth
ods, which must rely on presumed (and possibly incorre
models for data analysis. Although the power of photo
electron holography has been widely recognized, its a
plication has been rather limited due to various technic
issues that will be discussed below. The present study
an application of a new technique of photoelectron hol
graphy to the As-terminated Si(111) surface. This syste
is widely regarded as a prototypical adsorbate system, a
essentially all available surface science tools, both expe
mental and theoretical, have been employed to gath
information about the atomic structure [12–22]. It is gen
erally believed that the structure is basically a bulk trun
cated Si(111) with its top monolayer replaced by As in
simple s1 3 1d geometry. Each As atom, with five va-
lence electrons, is triply coordinated to the Si substra
leaving a nonbonding pair on the As. Although there
considerable support for this model, the experimental e
dence is essentially all based onindirect methods. Given
the high degree of interest in this system as a test case
basic concepts of adsorption, it is important that a dire
determination of the structure be made. The present stu
is a holographic analysis of photoemission data tak
from the As3d core level and the chemically shifted S
2p core level. The use of both core levels in conjunc
tion with a derivative method (see below) allows a de
tailed analysis of the atomic bonding structure of the to
three atomic layers. The resulting images show atoms
well defined intensity maxima with little spurious contri-
butions from noises, twins, and ghosts, which are ofte
problems encountered in previous holographic studies
related systems. These images provide direct confirm
tion of the model described above.
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In traditional photoelectron holography experiments
the emission intensity of a core levelIshn, k̂d is mea-
sured over a wide range of photon energyhn for a
number of emission directionŝk. The measured inten-
sity shows variations (oscillations) on the order of 10%
due to diffraction effects, which carry the desired struc
tural information. A function characterizing these oscilla
tions can be extracted from the data by first subtracting
smooth background functionI0shn, k̂d and then normaliz-
ing to it:

xskd ­
I 2 I0

I0
, (1)

where k is the photoelectron momentum. The holo-
graphic transform that yields the atomic images is give
by a Fourier-like transform of thex function:

Usrd ­

Ç ZZZ
xskd expfik ? r 2 ikrggskd dk

Ç2
, (2)

wheregskd is a window function.
The method is straightforward. The main difficulty

here is related to data uncertainty. As mentioned abov
x is on the order of 10%. To deduce the atomic structur
reliably, this function must be measured accurately wit
a random error of no more than,10%. Thus, each pho-
toemission intensity measurement must be reproducible
within ,1%. This is often difficult to achieve. A typi-
cal data set may involve thousands of data points co
ering a wide photon energy range, and it is necessa
to change monochromator gratings and slit settings fo
measurements in different energy ranges. Intensity reno
malization must be carried out in order to splice togethe
different pieces of data, which introduces error and re
quires additional control data and experimental time. An
other problem is related to the need to refresh the samp
from time to time, which may involve sample transfer for
sputtering, annealing, deposition, and characterization.
© 1998 The American Physical Society
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is extremely difficult to reproduce measured intensity
the 1% level after each sample preparation and manip
lation, as any experienced surface scientist can attest
These problems have significantly affected our ability
implement the holographic method for routine work. Pr
vious holographic studies of related systems have ge
erally yielded images of first nearest neighbors only (
diffuse and sometimes distorted objects on a noisy ba
ground), but a definitive structural determination often r
quires information about more distant neighbors. Signa
from more distant neighbors are much weaker due to
tenuation by inelastic scattering, and are particularly se
sitive to uncertainty and noise.

To circumvent this problem, we have developed a ne
method for the present study ofAsySis111d. A key fea-
ture of this method is intensity self-normalization, an
the advantages are a simplified experimental proced
and much improved image quality including the obse
vation of second nearest neighbors. Instead of measur
Ishn, k̂d directly as discussed above, we make a differe
tial measurement involving two spectra related by a sm
difference in photon energy2d. The result is a pair of
data points,Ishn 2 d, k̂d and Ishn 1 d, k̂d, from which
we can calculate the logarithmic derivative functionL:

Lshn, k̂d ;
I 0shn, k̂d
Ishn, k̂d

­
Ishn 1 d, k̂d 2 Ishn 2 d, k̂d

fIshn 1 d, k̂d 1 Ishn 2 d, k̂dgd

­
Ishn 1 d, k̂dyIshn 2 d, k̂d 2 1

fIshn 1 d, k̂dyIshn 2 d, k̂d 1 1gd
. (3)

Since this quantity depends on the ratio between the d
points taken at nearly the same time without any chang
in experimental settings, the error mentioned above
absent. For example, a change in monochromator
setting can affect subsequent intensity measurements
a significant factor, which may not be precisely known
The same factor, however, affects both data points, a
when the ratio is taken, its effect is canceled. Thus, valu
of logarithmic derivatives can be determined much mo
precisely, and data taken for different gratings, differe
slit settings, different analyzer pass energies, and ev
different monochromators can be joined together direct
Once the logarithmic derivative function is determined,
is straightforward to calculate the intensity function itse
(apart from an unimportant integration constant):

Isk, k̂d ­ exp

∑Z
Lsk, k̂d dk

∏
, (4)

where the primary variable has been changed from t
photon energy to the photoelectron wave vectork. The
rest of the holographic inversion procedure is then t
same as discussed above.
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The AsySis111d sample used in our experiment wa
prepared in accordance with recipes given in the literatu
[12–22]. A freshly preparedSis111d-s7 3 7d was raised
to 700±C while exposed to As vapor for an equivalen
dose of a few monolayers. This was followed by
brief postdeposition anneal. The As coverage saturated
one monolayer, and the resulting surface showed as1 3

1d reconstruction as verified by reflection high energ
electron diffraction. The photoemission measuremen
were carried out at the 1-GeV storage ring Aladdin
the Synchrotron Radiation Center (Stoughton, Wisconsi
The As 3d core level was measured, and each spectru
was fitted to Voigt functions to deduce the intensity. Fo
each emission direction, 37 logarithmic derivatives even
spaced ink within the range of2.4 Å21 , k , 6.4 Å21

were determined. The procedure was repeated for a to
of 44 different angles roughly evenly spaced over a po
angle range of 0± to 70± and an azimuthal angle range o
0± to 60± (zero azimuth corresponds tof21̄1̄g). Threefold
rotation and mirror symmetry operations expanded t
effective number of angles to 238, corresponding to a to
of over 8800 points ink space. A set of data was also
taken from the Si2p core level. The total beam time
used for this experiment was two weeks.

Figure 1(a) shows a typical As3d core level spec-
trum. The two peaks correspond to a spin-orbit spl
ting of 0.7 eV. Figure 1(b) shows a typical Si2p core

FIG. 1. (a) A typical As 3d core level spectrum. (b) A
typical Si 2p core level spectrum and its decomposition int
the bulk (B) and surface (S) components. The shaded a
shows the 2p1y2 component of S, which is used in our
holographic analysis. Both spectra were taken in norm
emission, and the photon energies are indicated.
4161



VOLUME 81, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 9 NOVEMBER 1998

rn
nd
h
d
l.

tal
e

se
ced
],
c)
er

h
ll-
e
ar
e

a

FIG. 2. (a) Logarithmic derivatives of theAs 3d intensity as
a function of photon energy for a polar angleu ­ 30± and an
azimuthal anglef ­ 46±; (b) the correspondingx function;
(c) logarithmic derivatives of the chemically shiftedSi 2p1y2
intensity as a function of photon energy foru ­ 30± and
f ­ 47±; and (d) the correspondingx function.

level spectrum and its decomposition into two compo
nents, each being a spin-orbit doublet with a splitting o
0.58 eV. The component at lower binding energy is d
rived from the bulk, and the chemically shifted compone
to higher binding energies is derived from Si bonded d
rectly to surface As [12,19,21]. The intensities of individ
ual peaks in the overlapping region deduced from the
are less reliable, and therefore the intensity of the chem
cally shifted Si2p used in our analysis includes the2p1y2
component only (indicated by the shaded area in Fig. 1
Figure 2 shows typical logarithmic derivatives and th
correspondingx functions for the As3d and the chem-
ically shifted Si2p1y2. The collection ofx functions is
used in conjunction with Eq. (2) to construct real spac
images. The window functiong used here is a product
of a Welch function ink and an angular Gaussian with
a width of 625±. This window function is included to
suppress artifacts caused by the cutoffs corresponding
the finitek range and to limit the angular phase variation
the angular acceptance cone moves with the direction
integration (sweeping cone method) [2,11].

Figure 3 summarizes the holographic results. Show
on the right in Fig. 3 are ball-stick model drawings o
the atomic structure. The top atom, colored red, is A
which is bonded to three Si atoms below forming
4162
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tripod geometry. Each of these three Si atoms is in tu
bonded directly underneath by a Si atom in the seco
layer. The panels on the left are planar slices throug
the three-dimensional holographic image function, an
the slicing planes are as shown in the ball-stick mode
Figure 3(b) is a horizontal slice through the three pedes
Si atoms bonded below the As emitter, and the imag
shows three intensity maxima corresponding to the
atoms. The crosses are average atomic positions dedu
from previous theoretical and experimental work [13–19
and are in good agreement with the image. Figure 3(
is a slice through the three Si atoms in the second lay

FIG. 3(color). Planar slices of the image function throug
various atomic planes as indicated in the accompanying ba
stick model drawings. The gray scales used for imag
presentation are indicated near the top of the figure by a line
mapping of the intensity levels into gray levels. (a)–(c) ar
obtained from theAs 3d data, and (d) is from theSi 2p data.
The intensity level of the image in (c) has been amplified by
factor of 2 to improve visibility.
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(for easy viewing, the intensity level of this image ha
been amplified by a factor of 2). Again, the position
of the three intensity maxima are in good agreeme
with the accepted model as indicated by crosses. Th
intensity maxima are weaker than those seen in Fig. 3
because the farther distance from the As emitter resu
in a greater attenuation of the diffraction modulation b
inelastic scattering. Figure 3(a) is a vertical slice throug
a plane containing [111] andf1̄21̄g. The position of the
As emitter, also the origin of the coordinate system,
marked by a star. Here, one expects to see a Si pede
atom to the lower right and a Si atom in the second lay
as indicated by the crosses. These are clearly seen
our image. It should be emphasized that most previo
photoelectron holographic results for similar systems we
able to detect only the first nearest neighbors as diffu
objects. Our observation of well-defined second near
neighbors can be attributed to the improved experimen
accuracy associated with the derivative technique.

Figure 3(d) shows a vertical slice of the image func
tion deduced from the chemically shiftedSi 2p core
level. The emitting atoms are colored magenta in t
accompanying model. In this case, one expects to s
the Si atom bonded directly underneath, and this is
deed observed in our image. Careful inspection of t
original data reveals that the second nearest neighb
are also present, but the intensity level is extreme
dim and therefore not visible in Fig. 3. Taking the A
and Si data together, the bonding structure for the t
three atomic layers is verified in detail, thus confirm
ing the model involving As replacement of the top S
layer. This would not be the case if we had images f
the two top atomic layers only. For example, the o
ten observedT4 and the relatedH3 adsorption sites on
Sis111d also have the same local tripod bonding geom
try, and the replacement site observed in this experim
can be distinguished only because the atomic positions
the third layer are known.

In summary, the atomic structure ofAsySis111d, long
regarded as a prototypical test case for basic conce
of semiconductor adsorption, has been determined
rectly by photoelectron holography. Both theAs 3d and
the chemically shiftedSi 2p core levels are used in the
analysis, and the atomic bonding configurations with
the top three atomic layers are verified. The high qual
of the atomic images can be attributed to a new hol
graphic approach based on intensity self-normalizatio
which reduces data uncertainty and allows data taken
der widely different experimental conditions to be ana
lyzed together.
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