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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]

PACS numbers: 61.14.Nm, 68.35.Bs, 79.60.Dp

Photoelectron holography has emerged as a power- In traditional photoelectron holography experiments,
ful tool for surface structural determination [1-11]. Its the emission intensity of a core levé{hv, k) is mea-
strength lies in its ability to provide a three-dimensionalsured over a wide range of photon energy for a
view of the local atomic structure by direct data inver-number of emission directionk. The measured inten-
sion. This is contrasted by traditional diffraction meth- sity shows variations (oscillations) on the order of 10%
ods, which must rely on presumed (and possibly incorrectjlue to diffraction effects, which carry the desired struc-
models for data analysis. Although the power of photo-tural information. A function characterizing these oscilla-
electron holography has been widely recognized, its aptions can be extracted from the data by first subtracting a
plication has been rather limited due to various technicabmooth background functioky(h», k) and then normaliz-
issues that will be discussed below. The present study isg to it:
an application of a new technique of photoelectron holo- 1 -1
graphy to the As-terminated Si(111) surface. This system x (k) = o
is widely regarded as a prototypical adsorbate system, and ] 0
essentially all available surface science tools, both experi¥here k is the photoelectron momentum. The holo-
mental and theoretical, have been employed to gathé}raphlc tr_ansform that yields the atomic images is given
information about the atomic structure [12—22]. It is gen-by @ Fourier-like transform of thg function:
erally believed that the structure is basically a bulk trun- 2
cated Si(111) with its top monolayer replaced by Asina U(r) = ‘/ff x(k)exdik - r — ikrlgk)dk| , (2)
simple (1 X 1) geometry. Each As atom, with five va-
lence electrons, is triply coordinated to the Si substratewhereg(k) is a window function.
leaving a nonbonding pair on the As. Although there is The method is straightforward. The main difficulty
considerable support for this model, the experimental evihere is related to data uncertainty. As mentioned above,
dence is essentially all based wlirect methods. Given y is on the order of 10%. To deduce the atomic structure
the high degree of interest in this system as a test case foeliably, this function must be measured accurately with
basic concepts of adsorption, it is important that a direca random error of no more than10%. Thus, each pho-
determination of the structure be made. The present studpemission intensity measurement must be reproducible to
is a holographic analysis of photoemission data takemvithin ~1%. This is often difficult to achieve. A typi-
from the As3d core level and the chemically shifted Si cal data set may involve thousands of data points cov-
2p core level. The use of both core levels in conjunc-ering a wide photon energy range, and it is necessary
tion with a derivative method (see below) allows a de-to change monochromator gratings and slit settings for
tailed analysis of the atomic bonding structure of the topmeasurements in different energy ranges. Intensity renor-
three atomic layers. The resulting images show atoms awalization must be carried out in order to splice together
well defined intensity maxima with little spurious contri- different pieces of data, which introduces error and re-
butions from noises, twins, and ghosts, which are oftermquires additional control data and experimental time. An-
problems encountered in previous holographic studies afther problem is related to the need to refresh the sample
related systems. These images provide direct confirmgrom time to time, which may involve sample transfer for
tion of the model described above. sputtering, annealing, deposition, and characterization. It
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is extremely difficult to reproduce measured intensity at The As/Si(111) sample used in our experiment was
the 1% level after each sample preparation and manipwprepared in accordance with recipes given in the literature
lation, as any experienced surface scientist can attest tfl2—22]. A freshly prepare8i(111)-(7 X 7) was raised
These problems have significantly affected our ability toto 700°C while exposed to As vapor for an equivalent
implement the holographic method for routine work. Pre-dose of a few monolayers. This was followed by a
vious holographic studies of related systems have gerbrief postdeposition anneal. The As coverage saturated at
erally yielded images of first nearest neighbors only (a®ne monolayer, and the resulting surface showétl &
diffuse and sometimes distorted objects on a noisy backt) reconstruction as verified by reflection high energy
ground), but a definitive structural determination often re-electron diffraction. The photoemission measurements
quires information about more distant neighbors. Signalsvere carried out at the 1-GeV storage ring Aladdin at
from more distant neighbors are much weaker due to athe Synchrotron Radiation Center (Stoughton, Wisconsin).
tenuation by inelastic scattering, and are particularly senfhe As3d core level was measured, and each spectrum
sitive to uncertainty and noise. was fitted to Voigt functions to deduce the intensity. For
To circumvent this problem, we have developed a neweach emission direction, 37 logarithmic derivatives evenly
method for the present study éfs/Si(111). A key fea-  spaced ink within the range oR.4 A~ < k < 6.4 A~!
ture of this method is intensity self-normalization, andwere determined. The procedure was repeated for a total
the advantages are a simplified experimental proceduraf 44 different angles roughly evenly spaced over a polar
and much improved image quality including the obser-angle range of Oto 70° and an azimuthal angle range of
vation of second nearest neighbors. Instead of measurir@f to 60° (zero azimuth corresponds f@11]). Threefold
I(hv, k) directly as discussed above, we make a differenrotation and mirror symmetry operations expanded the
tial measurement involving two spectra related by a smaléffective number of angles to 238, corresponding to a total
difference in photon energ®2s. The result is a pair of of over 8800 points irk space. A set of data was also
data points/(hv — 8,k) andI(hv + 8,k), from which  taken from the SRp core level. The total beam time

we can calculate the logarithmic derivative functibn used for this experiment was two weeks.
. R Figure 1(a) shows a typical A&/ core level spec-
Ll k) = 1 (hv,{f) trum. The two peaks correspond to a spin-orbit split-
’ I(hv,k) ting of 0.7 eV. Figure 1(b) shows a typical Sp core

I(hv + 8,k) — I(hv — 8,k)

v + 8,k) + I(hv — 8,k)]8 () As 3d
hv =109 eV

_ I(hv + 8,k)/1(hv — 8,k) — 1
[I(hv + 8,k)/I(hv — 8,k) + 118"

®3)

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

Ik k) _ eXF{f Lk lAc) dki| ) Relative Binding Energy (eV)
FIG. 1. (a) A typical As 3d core level spectrum. (b) A
where the primary variable has been changed from thgpmal Si 2p core level spectrum and its decomposition into

e bulk (B) and surface (S) components. The shaded area
photon energy to the photoelectron wave vedtorThe ¢ 0.o the 2p,/» component of S, which is used in our

rest of the_ holographic inversion procedure is then theolographic analysis. Both spectra were taken in normal
same as discussed above. emission, and the photon energies are indicated.

(b)Si2p
hv=141¢eV

Photoemission Intensity (arb. unit)
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(@) Logarithmic Derivative tripod geometry. Each of these three Si atoms is in turn

bonded directly underneath by a Si atom in the second
layer. The panels on the left are planar slices through
the three-dimensional holographic image function, and
the slicing planes are as shown in the ball-stick model.
(b) 7 Function Figure 3(b) is a horizontal slice through the three pedestal
Si atoms bonded below the As emitter, and the image
shows three intensity maxima corresponding to these

As 3d atoms. The crosses are average atomic positions deduced
T O R TR T N W' from previous theoretical and experimental work [13-19],
25 30 35 40 45 50 55 60 65 and are in good agreement with the image. Figure 3(c)

©) Logaritiomic Derivati is a slice through the three Si atoms in the second layer
¢) Logarithmic Derivative
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‘ ]
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FIG. 2. (a) Logarithmic derivatives of th&s 34 intensity as i '
a function of photon energy for a polar angle= 30° and an = 0
azimuthal anglep = 46°; (b) the corresponding function; -~ _
(c) logarithmic derivatives of the chemically shifted 2p, , &
intensity as a function of photon energy fér= 30° and i
¢ = 47°; and (d) the corresponding function. -3
|
level spectrum and its decomposition into two compo- 2
|

nents, each being a spin-orbit doublet with a splitting of _
0.58 eV. The component at lower binding energy is de-=%
rived from the bulk, and the chemically shifted component =. _,
to higher binding energies is derived from Si bonded di- -
rectly to surface As [12,19,21]. The intensities of individ- :
ual peaks in the overlapping region deduced from the fit
are less reliable, and therefore the intensity of the chemi
cally shifted Si2p used in our analysis includes tBg, ,
component only (indicated by the shaded area in Fig. 1) =
Figure 2 shows typical logarithmic derivatives and the 77 ™=
correspondingy functions for the As3d and the chem- g
ically shifted Si2p;,,. The collection ofy functions is
used in conjunction with Eg. (2) to construct real space
images. The window functiog used here is a product
of a Welch function ink and an angular Gaussian with

a width of =25°. This window function is included to
suppress artifacts caused by the cutoffs corresponding t_
the finitek range and to limit the angular phase variation;F|G. 3(color). Planar slices of the image function through
the angular acceptance cone moves with the direction ofarious atomic planes as indicated in the accompanying ball-
integration (sweeping cone method) [2,11]. stick model drawings. The gray scales used for image

Figure 3 summarizes the holographic results Showpresentation are indicated near the top of the figure by a linear
' mapping of the intensity levels into gray levels. (a)—(c) are

on the right in Fig. 3 are ball-stick model dfaWi”QS of obtained from theAs 3d data, and (d) is from th8i 2p data.
the atomic structure. The top atom, colored red, is ASThe intensity level of the image in (c) has been amplified by a
which is bonded to three Si atoms below forming afactor of 2 to improve visibility.

L
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(for easy viewing, the intensity level of this image hasWisconsin-Madison is supported by the U.S. National
been amplified by a factor of 2). Again, the positionsScience Foundation under Grant No. DMR-95-31009. An
of the three intensity maxima are in good agreemenacknowledgment is made to the donors of the Petroleum
with the accepted model as indicated by crosses. ThedResearch Fund, administered by the American Chemical
intensity maxima are weaker than those seen in Fig. 3(b%ociety, and to the U.S. National Science Foundation
because the farther distance from the As emitter result&rants No. DMR-95-31582 and No. DMR-95-31809 for
in a greater attenuation of the diffraction modulation bypartial personnel and equipment support in connection
inelastic scattering. Figure 3(a) is a vertical slice throughwith the synchrotron beam line operation.
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