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ABSTRACT 

Measurements of the extended fine structure in the photoemission 

intensity from the S(1s) core level were performed for a (2x2) 

overlayer of Son Ge(111). This is the first application of ARPEFS to 

study an adsorbate on a semiconductor substrate. The adsorption site 

and local geometry ~ere determined from the ARPEFS using comparisons to 

multiple-scattering calculations. The results of this analysis 

indicate adsorption in a 2-fold bridge site 1.03 ±0.05 A above the Ge 

surface. The separation between the first and second Ge layers is 

contracted by 9 ±6 %, and some Ge-Ge bond lengths between the Ge 

bilayers·are expanded by 8 ±3 %. This adsorption site is different 

from that determined for another chalcogenide, Te, on the Ge(111) 

surface on the basis of SEXAFS measurements, but it is the same as 

those found for Te/Si(111) and Se/Si(111 ). 

• 
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I. Introduction 

Techniques such as low energy electron diffraction (LEED) 1
, ion 

scattering2, surface-extended x-ray absorption fine structure 

(SEXAFS) 3, and, more recently, angle-resolved photoemission extended 

fine structure (ARPEFS)
4 

have been successfully employed to obtain 

surface structural information. The majority of studies have involved 

chemisorption of simple atomic and molecular species on metallic 

substrates. Fewer studies have been performed on semiconductor 

surfaces. However, the qualitatively different nature of semiconductor 

surfaces compared to metallic surfaces, arising from the strong 

directional bonding, offers interesting opportunities for surface 

structural studies on these surfaces. In the simplest approximation, 

one might expect that saturation of "dangling bonds" present on 

semiconductor surfaces would be the dominant effect, leading, for 

instance, to atop sites for monovalent adsorbates, two-fold sites for 

divalent atoms, etc. Of course, this simple Picture is complicated by 

the presence of the clean surface reconstructions and dependences on 

typical bond lengths of the adsorbate compared to the separation of the 

dangling bonds on the surface. More information is needed about 

adsorbates with differing valencies on semiconductor surfaces, if we 

·are to develop an understanding of the relative importance of the 

various factors influencing the bonding.. Experiments designed to 

elucidate these questions were recently reported by Citrin et a1. 3b 

The·se authors made SEXAFS measurements for monovalent and divalent 
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atoms (I and Te) adsorbed on Si(111) and Ge(111) surfaces. Previous 

work was also performed for Cl adsorbed on these surfaces. 30 There 

have also been several studies employing x-ray standing wave 

fluorescence methods to determine adsorption sites for Br adsorbed on 

5-7 8 9 Si ( 11 1 ) . and Ge ( 111 ) and Se on Si ( 111 ) • 

The results of these studies indicated that, for most of the 

systems, a simple idea of chemisorption with unity bond order provides 

a reasonable explanation of the adso~ption behavior. Thus, Cl and I 

adsorbed by saturating a single dangling bond in an atop configuration. 

Divalent atoms (Te/Si studied by SEXAFS and Se/Si studied using x-ray 

fluoresence) were found to adsorb in 2-fold bridge sites, with the 

accompanying saturation of two dangling bonds. An exception was found 

in the case of Te adsorbed on Ge(111). For this system, the SEXAFS 

study indicated adsorption in a different site-- a 3-fold surface site 

with a Ge atom in the 2nd layer (or 2nd component of the first Ge 

bilayer) directly below. X-ray ~tanding wave studies of Br/Si(111) 

have also indicated deviations from a local bonding model of 

chemisorption, with some indications of Br adsorption in 3-fold sites 

above fourth layer Ge atoms. However, this result has been reported to 

depend on the method of sample preparation, possibly due to co

adsorption of contaminants. 7 

Considering the interesting behavior exhibited by the Te/Ge(111) 

system, we have examined the surface structure of another divalent 

atom, S, on Ge(111). The adsorption of Son Ge(111) exhibits 

characteristics which are very similar to those found by Citrin et al. 

• 
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for the Te/Ge(111) system, in terms of the saturation coverage (1/2 ML) 

and the stable (2x2) LEED pattern obtained. This study should thus not 

only provide surface structural information on a previously unstudied 

·system, but should also serve as an interesting comparison with the . 

behavior found for Te/Ge(111). In addition, this work represents the 

first application of ARPEFS to adsorption on a semiconductor substrate . 

. The ARPEFS technique
4

•10 involves measurements of the intensity of 

the angle-resolved photoemiss ion CARP) from a core level of the 

adsorbate as a function of the photoelectron kinetic energy. Surface 

structural information is contained in ARP due to final state 

interference caused by scattering of the photoelectron from neighboring 

atoms. 1 1 Recent studies of adsorption on clean metal surfaces have 

indicated that reliable surface structural results can be obtained from 

ARPEFS using an analysis based on a combination of comparisons to 

theoretical calculations and Fourier transform techniques. 

This paper is organized as follows. Section II describes 

experimental details and presents the x(k) curves for the (2x2) 

S/Ge(lll) system collected for the two experimental geometries employed 

in this study. Section III then provides a discussion of the ARPEFS 

and a quantative analysis employing comparsions to multiple~scattering 

calculations. A summary and conclusions are given in Section IV. 
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II. Experimental details 

This section presents a description of the experimental details of 

this measurement of ARPEFS for (2x2) S/Ge(111). This includes a 

discussion of the soft x-ray beamline and UHV chamber and the sample 

preparation procedures, followed by a description of the geometries 

employed for this experiment. We include a brief discussion of an 

important aspect of the data reduction, and conclude with the 

presentation of the x(k) curves. 

A. Experimental equipment 

These experiments were performed using synchrotron radiation from 

Beamline III-3 located at the Stanford Synchrotron Radiation 

Laboratory, on the SPEAR storage ring. This soft x-ray beamline is 

equipped with a UHV double-crystal monochromator described in detail 

12 elsewhere. Monochromatic x-rays in the spectral range from 2500 to 

3000 eV were produced using a pair of Ge(111) crystals. The photon 

energy resolution provided by the monochromator was approximately 2 ev 

through this range. The synchrotron radiation was ~ 98% linearly 

polarized. 

The UHV experimental chamber consisted of two levels of 

instrumentation. The upper level is used for sample preparation and 

characterization. It cohtains a four-grid LEED system employed for 

both LEED and Auger measurments, along with an ion gun for sample 

cleaning and a gas inlet system for preparing adsorbed overlayers. The 

lower level contains the hemispherical electrostatic analyzer _employed 

• 
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for collecting angle-resolved photoelectron spectra. The analyzer is 

mounted on a carriage which allows rotations under UHV conditions of 

360° about a vertical axis and 100° about a horizontal axis. The 

analyzer was operated with a constant. pass energy giving an analyzer 

contribution to the resolution of 1.0 eV. The angular resolution of 

the input optics was ±3°. 

B. Sample preparation 

A single crystal of Ge was cut (7x8x1mm) and mechanically polished 

to an orientation of~ 1° from a (111) plane. The orientation was 

determined by Laue backscattering after etching in a solution of 100 ml 

Mirrolux (Cabot Corp., Tuscola, Il.) and 25 ml 30% H2 02 • The crystal 

was mounted on a high precision sample manipulator for insertion in the 
_10 

experimental chamber, which maintained a typical pressure of 2x10 

Torr. The manipulator allowed linear motion along three perpendicular 

axes and rotations about both an axis in the crystal surface and about 

the crystal normal. 

The clean Ge(111) (2x8) LEED pattern was obtained by Ar+ 

sputtering at an energy of 500 eV and annealing to 650° C. The sample 

was heated by electron bombardment from a W filament located behind the 

.Ta sample plate on which the crystal was mounted. Temperatures were 

measured using a Chromel-Alumel thermocouple attached to the sample 

plate next to the Ge crystal. The (2x8) LEED pattern formed using this 

procedure displayed sharp 1/8 order spots, and Auger electron 
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measurements performed employing the LEED optics in the retarding-field 

mode indicated no sign of impurities. 

Sulfur overlayers were formed by exposure of the clean surface to 

H2 S. In order to achieve a saturation coverage of S, it was necessary 

to perform several cycles of exposure to H2 S followed by annealing to 

300-350°C. This behavior is presumably due to at least partial 

dissociation of the H2 S on this surface, leading to the necessity of 

. 1 3 
desorbing excess hydrogen at 325°C to allow for the adsorption of .. 
additional sulfur. Thus, although the total exposure varied from 

sample to sample, the saturation coverage indicated by the ratio of the 

S(152 eV) Auger intensity to the Ge(89 eV) Auger intensity was well 

reproouced. This saturation coverage was found to correspond to about 

1/2 ML as estimated by the Auger measurements and photoemission 

intensity measurements performed using the S(1s) and Ge(2s) core 

levels, in agreement with the saturation coverage obtained for 

Te/Ge(111) by Citrin et al. 

Similar adsorption behavior was also observed in previous studies 

of the absorption of S and Se on crushed Ge powders by Boonstra and Van 

1 4 Ruler. Those authors were able initially to adsorb the e~uivalerit of 

1/4 monolayer on the clean Ge powders (about 70% (111) plane). They 

then heated to between 200°C and 400°C and observed the desorption of 

hydrogen. Additonal exposures to H2 S then led to the adsorption of a 

total of 1/2 ML. 

A final anneal to 350°C after achieving a coverage of 1/2 ML 

resulted in the formation of a sharp (2x2) LEED pattern. This, too, is 

.. 
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in agreement with LEED patterns obtained previously for S and Se 

adsorption on Ge(111) 15 and the Te/Ge(111) SEXAFS study. These 

similarities would seem to indicate common adsorption characteristics 

for the divalent atoms, S, Se, and Te, on the Ge(111) surface. Once 

formed, the S overlayers showed no degradation in terms of adsorption 

of contaminants over many hours. 

C. ARPEFS geometries 

ARPEFS measurements were performed for two experimental 

geometries. The emission and photon polarization angles for each 

geometry were determined by He-Ne laser autocollimation through the 
0 

chamber viewports. These angles have an estimated accuracy of ±2 . 

For the first geometry, photoelectrons emitted along the surface 

normal were collected, with the photon polarization directed 30° from 

the normal towards a [100] direction. The second ARPEFS geometry 

involved electron emission 60° from the surface normal towards the 

[100] direction, 54.7° from the normal. The polarization was aligned 

along the emission direction. 

D. Data collection and reduction 

For each geometry, a series of photoelectron spectra were 
_1 

collected in photoelectron wavenumber increments of 0.1 A . ·This scan 

was performed using a (moving) energy window of 20 eV ~hich included 
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the S( 1s) core level. The su!)sequent treatment of these data has been 
. 16 

described in detail previously. Briefly, it consists of extraction 

of the intensity in the S(1s) core peak for each kinetic energy and 

normalization of this intensity for photon flux to form I(E), the total 

intensity as a function of the photoelectron kinetic_energy, E. The 

total measured intensity can be written 

I(E) = (x(E)+1) I 0 (E). (1 ) 

The function x(E) is the oscillatory contribution to the total 

intensity which contains the structural information and I 0 (E) is a 

slowly varying function. As in EXAFS 17 , I 0 (E) can be determined by 

fitting with a smooth cubic spline and removed to give, 

x(E) I(E) /I 0 (E) -1. ( 2) 

This procedure, however, deserves additional comment for ARPEFS 

experiments, and in particular for the data collected for this system. 

The normal emission ARPEFS for the (2x2) S overlayers contained a 

significant amount of structure indic-ating possible scattering with 

path lengths of 1 .5-2 A. In the case of an EXAFS measurement, 

structure at these distances would correspond to non-physical bond 

lengths of < 1 A, and could readily be attri~uted to low frequency 

errors in the measurement. However, for an ARPEFS experiment, the 

presence o~ this structure ~n the normal emission data could also be 

• 
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indicative of a sub-surface adsorption site. Several tests were 

performed to determine whether this low frequency structure was indeed 

due to ARPEFS. First, normal emission experiments performed on two 

(2x2) S/Ge(111) samples both indicated low frequency str~cture with 

reasonable agreement in terms of the amplitude and frequency, but with 

a significant relative phase shift in the low frequency oscillation. 

Thus, adding the two data sets led to a large reduction in the 

amplitude of the low frequency structure. Also, this structure was 

found to be sensitive to the background removal procedure. Finally, 

theoretical investigations of severai models for sub-surface 

adsorption, including sub-surface substitutional and interstitial 

sites, while reproduc:ng the structure adequately with respect to the 

frequency, did not explain the relative phase shift between the two 

data sets. This discrepancy could not be explained even considering 

possible angular differences of as much as 5-10° between· the two 

measurements, well beyond the accuracy in determining these angles. 

These models also produced worse agreement overall in the reproduction 

of the experiment than that obtained for adsorption in a surface 2-fold 

site, to be discussed below. Thus, the most likely cause of the low 

frequenct structure in these data are errors introduced in the data 

collection and reduction procedures due, for instance, to photon beam 

movement on the sample induced by monochromator crystal heating and 

cooling. 

Having established that the low frequency oscillations do not 

contain ARPEFS, structure with frequencies below 2 A in the ARPEFS for 
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both geometries was removed either by Fourier filtering or by fitting 

with a smooth cubic spline as indicated above. The off-normal geometry 

is expected to have real ARPEFS structure in this low frequency range, 

even for an adsorption site above the surface. However, due to the 

experimental difficulties in measuring ARPEFS in this range, filtering 

was also performed for those data. In comparisons to theoretical, 

calculations care was then taken to filter the calculations in the same 

manner. 

Examination of the data using Fourier transforms requires the 

conversion of x(E) to x(k). The photoelectron kinetic energy, E, 

measured outside the solid is related to the wavenumber, k, of the 

photoelectron inside the solid by 

k ( 3) 

where me is the electron mass and v0 is the inner potential of the 

solid. The value of the inner potential is typically about 10 ev, but 

the exact value is unknown and is slightly energy dependent for ARPEFS 

energies. Because we are primarily interested in only the qualitative 

features of the Fourier transforms, this conversion was accomplished by 

simply using a value of V0 = 10 eV. 

ARPEFS x(k) curves for the two experimental geometries described 

above are presented in Figs. 1 and 2. The error bars indicate the 

statistical uncertainty in the data. The dip in the off-normal curve 

near k = 6 (- 150 eV) occurs in a regie~ where the S (ls) photopeak is 

• 
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coincident in energy with the S Auger peak. However, this affects the 

data significantly for only 3 experimental points and careful fitting 

in this region can minimize the effect. The structure in the x(k) 

curve in this region is thus not due to this coincidence. 

III. Data analysis 

·Excellent results have beeri obtained recently by using comparisons 

to multiple-scattering calculations to extract structural information 

from ARPEFS. In this study we also rely on comparisons to multiple

scattering theory to identify the adsorption geometry conclusively. It 

has been shown, however, that information can also be obtained by 

qualitative examination of x(k) curves and Fourier transforms, due to 

the relatively simple nature of the scattering processes involved. 

Thus, before considering detailed comparisons to multiple-scattering 

theory, we will first present a discussion of the qualitative features 

of the data that are apparent from examinations of the x(k) curves in 

Figs. 1 and 2, and the Fourier transforms exhibited in Fig. 3. 

A. Qualitative discussion 

Several possible S adsorption sites were considered. As indicated 

previously, several models for sub-surface incorporation were included, 

primarily to help ascertain whether the low frequency structure in the 

normal emission data could be due to low path length near-forward 
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scattering events. These models were found to be inadequate and will 

not be discussed further. The most extensive consideration was given 

to the various high symmetry sites on the Ge(111) surface. These sites 

are illustrated in Fig. 4. This figure presents two views of the (111) 

surface-- Fig. 4(a) shows a view looking down along the [111] direction 

and Fig. 4(b) gives another perspective with the surface normal rotated 

40° away from the reader. The four sites indicated in this figure are 

atop, 3-fol~ hollow (a 3-fold surface site directly above a fourth 

layer Ge atom), 3-fold eclipsed (a 3-fold surface site directly above a 

second layer Ge atom), and the 2-fold bridge site. The following 

discussions will concentrate on these four sites. 

Before beginning a consideration of the ARPEFS, it is useful to 

consider the characteristics of the Ge-S bonding which might be 

expected for these sites, in view of the information available on bulk 

compounds containing Ge-S bonds. A survey of these compounds reveals a 

range of bond lengths of ~rom 2.05 -2.44 A, with a strong bias towards 

bonds of 2.15 -2.20 A in length. In particular,.germanium monosulfide 

is a layered compound with an orthorhombic structure. 18 Each S atom is 

bonded to 3 Ge near-neighbors with bond lengths of 2.44 A and nearly 

tetrahedral bond angles. There are additional Ge-S bonds of - 3.3 A. 

Germanium disulfide has a monoclinic space group 19 with tetrahedral 

units consisting of Ge atpms surrounded by four S atoms, with the S 

atoms forming bridges between adjacent Ge atoms. The Ge-S bond varies 

from 2.17 A to 2.29 A and the Ge-S-Ge bond angle takes value~ of 98°-

102°. 
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This information should be useful in considering likely bonding 

arrangements for a given site. For instance, adsorption in an atop 

site would probably involve a Ge-S bond in the range given above. In 

view of the structure of GeS, a reasonable possibility for adsorption 

in a 3-fold hollow site would involve bond lengths close to 2.44 A and 

nearly tetrahedral bond angles to the 3 first layer Ge atoms. This 

would require a value of about 0.8 A for the height of the S atom above 

the Ge surface. 

For the 3-fold eclipsed site, a similar arrangement might seem 

likely. However, for an unreconstructed site and reasonable (< 2.5 A) 

Ge-S bond lengths, the S atom is too close to the 2nd layer Ge. Based 

on the information given above for bulk Ge-S compounds, we would experit 

that the S atom would be at least 2 A above the 2nd layer so that if 

significant bonding to the first layer occurs, it would be accompanied 

by moderately large reconstruction involving Ge atoms in the first 

and/or 2nd layers. 

The 2-fold bridge site has an analog in the GeS 2 structure, as 

well as the majority of other Ge-S compounds, most of which involve S 

atoms bridging between two Ge atoms. With this analogy in mind and 

assuming an unreconstructed Ge(111) surface and Ge-S bonds of 2.2 A, 

one is le~ to postulate a value of ca. 1 A for the height of the S atom 

above the Ge surface • 

With these rather general ideas of possible adsorption structures· 

in mind, we now turn to a qualitative examination of the ARPEFS data. 
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The important aspects of the ARPEFS that are evident from Figs. 1, 

2, and 3 are as follows: 

(1) The normal emission data are dominated by a single peak 

in the Fourier transform with a path length (or path lengths) 

of 3.5-4 A and an oscillation amplitude of 20-25 %. 

(2) The off-normal data exhibit no very strong structure 

(nothing above 5-10 %) and show no dominant peaks in the 

Fourier transform. 

The structure in the normal emission data is inconsistent with 

adsorption in a 3-fold hollow site. For this site, one would expect 

two peaks in the Fourier transform, or at least broad structure with 

two centroids in the 3-5 A range, due to scattering of approximately 

the same amplitude from 3 Ge near-neighbors in the first layer and a 

similar set of 3 atoms in the 2nd layer. The path lengths for these 

two sets of atoms would be - 3 A and - 4.4 A for the GeS-type bonding 

arrangement described previously. This magnitude of path length 

separation should be clearly resolvable for the data range measured. 

Variations of the height of the sulfur atom above the Ge surface and 

moderate reconstructions of the Ge atom positions, while maintaining 

reasonable Ge-S bond lengths, would not significantly affect this 

aspect of the expected Fourier transform structure. 

• 

• 



17 

An explanation of the normal emission ARPEFS in terms of 

adaorption in an atop aite is also difficult. Although the Fourier 

transform peak at 4 A could be due to a bond to a first layer Ge atom 

within the range discussed above, the amplitude of the x(k) oscillation 

is much smaller than would be expected for a direct backscattering 

geometry. For atop adsorption, the ARPEFS would be strongly dominated 

by backscattering from the Ge atom below the s. Previous ARPEFS 

studies of S/Cu, for which the Cu backscattering amplitude is similar 

to Ge, would lead one to expect ARPEFS oscillations of 40-50 % for this 

near neighbor backscattering at a bond length of - 2 A. 

The 3-fold eclipsed site would also involve near-neighbor 

ba~kscattering for normal emission ARPEFS~ However, in this site, the 

structure at 4 A in the Fourier transform might not arise solely from 

this backscattering. For a nominally unreconstructed site and with the 

sulfur atom 2.2 A above the 2nd layer Ge atom, the 3 Ge atoms in the 

first layer would also have path lengths at normal emission of 4 A. 

This could lead to destructive interference and a reduction of the 

strong backscattering oscillation. Theoreti~al simulations (to be 

discussed later) indicate that this is, indeed, the case. Thus, we now 

turn to consideration of the off-normal data to test this adsorption 

site further. 

The off-normal geometry was chosen specifically to test for strong 

backscattering which should be apparent for adsorption in the 3-fold 

sites. For the chosen emission angle of 60° towards [100], there 

should be strong oscillation at - 5 A due to scattering from a first . 
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layer near-neighbor Ge atom for adsorption in the 3-fold eclipsed site, 

as postulated for the Te/Ge(111) system. Even considering moderate 

reconstructions, the constraints of maintaining reasonable bond 

lengths, along with the constraints already placed by the normal 

emission data, would lead to scattering from this atom which ~auld be 

within 10° of.backscattering, th~s giving a much stronger oscillation 

amplitude than that which is apparent in the off-normal curve presented 

in Fig. 2. A similar situation would occur for adsorption in the 3-

fold hollow site involving near backscattering from a 2nd layer Ge 

atom, so that the off-normal results support neither 3-fold site. 

Adsorption in a 2-fold bridge would explain the 4 A structure in 

terms of scattering primarily from a 2nd layer Ge near~neighbor atom 

with a scattering angle of 150°, including the reduced oscillation 

amplitude. Due to the different possible orientations of the Ge-S-Ge 

bridge relative to the emission direction, it is difficult to discuss 

qualitatively the off-normal ARPEFS for the 2-fold site. However, 

these different orientations would be expected to lead to smearing of 

the ARPEFS, in agreement with the lack of structure observed 

experimentally. 

This very qualitative discussion, by itself, clearly does not 

prove adsorption in a 2-fold bridge site. However, it does provide 

evidence agairtst the 3-fold or ~top geometries. To proceed further in 

determining the adsorption geometry, we will examine the results of 

comparisons to multiple-scattering calculations. 

• 

.. 
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B. Multiple scattering calculations 

The calculations performed for comparisons to the ARPEFS for (2x2) 

S/Ge(111) were based on a treatment, described in detail elsewhere, 20 

which provided excellent agreement with ARPEFS from other systems. A 

brief outline of the major features of the calculations pertinant to 

S/Ge(111) will be presented here. 

Previous work has shown that a quantitative theory of ARPEFS 

requires the inclusion of important multiple-scattering and spherical 

20 21 wave effects. ' The cluster calculations performed for S/Ge(111) 

included multiple-scattering to fourth order as well as the dominant 

corrections to the plane wave approximation due to the spherical nature 

22 of the photoelectron wave. The finite mean free path was treated by 

using an exponential damping factor, e-riA, with A=Ckn and n=l. The 

value of c was determined as c = 0.75 by fitting to the mean free path 

results forGe determined by Stern et a1. 23 on the basis of their EXAFS 

measurements. Thermal effects were treated using a correlated Debye 

model which accounts for increased thermal vibrations near the 

20 surface. The inputs to this model were bulk and surface Debye 

temperatures, and were adjusted based on EXAFS determinat~ons of the 

mean-squared relative displacements for· bulk Ge 23 and Ges. 24 Values 

producing bulk mean-squared relativedisplacements of 0.003-0.005 A2 

(8~ = 300-380 ~) and surface mean-squared relative displacements of 

. s 
0.005-0.009 A2 ce

0 
= 350-450 K) were included. The surface Debye 

temperature, 8~, accounts for the change in mass at the surface (S 
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versus Ge) . 20 These changes in the thermal parameters had little 

effect on the relative levels of agreement attained for different 

adsorption geometries. The finite angular resolution of ± 3° in our 

experiment was also included. 20 The effect of the inner potential was 

treated as an energy independent shift of the kinetic energy scale. 

The phase shifts used in these calculations were computed using a 

modified version of the program developed by Pendry for ~EEo. 25 The Ge 

potential was obtained from a muffin-tin calculation employing 

overlapping Hartree-Fock atomic wave functions. The S phase shifts 

were also calculated using a potential obtained from atomic Hartree-

Fock wave functions. In this case, the wave functions were truncated 

and renormalized at a muffin-tin valueR = 1.05 A. Several values max 

of R were tested and produced no strong differences 1n the results max 

of the analysis. The exchange potential was calculated using an Xa 

26 approach with a taken from the work of Schwarz. A total of 16 phase 

shifts were calculated for each potential for energies up to 500 eV. 

As discussed in Section II.B, the data were filtered to remove 

frequencies below 2 A. In additioni for the initial calculations 

performed to test the agreement of the various site~. the normal 

emission ARPEFS was filtered to remove frequencies above 5 A. 

Calculations were then performed with these same cut-offs. This upper 

cut-off retains the dominant structure in the data, as is apparent from 

the Fourier transform iri Fig. 3. It also includes a path length range 

large enough to include scattering from a set of atoms which clearly 

distinguishes one site from another. Further calculations for the 

.. 
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normal emission geometry were also performed with an upper cut-off of 

10 A. The off-normal calculations were all performed with an upper 

cut-off of 10 A. 

The overlayer structure for the 2-fold site was assumed to consist 

of 3 domains of a (2x1) structure, in accordance with the 1/2 ML 

coverage and the (2x2) LEED pattern, while both p(2x2) and 3 domains of 

(2x1) were tested for the other sites. This assumption is not 

cri·tical, and only. affects the' ARPEFS calculated for the off-normal 

emission to any significant degree. Even in this case, the effects are 

mainly at low path length values which have been excluded from 

consideration as described above. For each possible adsorption site, a 

series of calculations was performed with different distances of the 

sulfur atom above the Ge surface (from 0.5 -1.5 A), and also with 

varying values of the first Ge interplanar separation (from 0.5 -1.1 

A). Calculations performed for the 2-fold bridge consisted ·of equal 

contributions from the possible orientations of the S bridge with 

respect to the emission and polarization directions. 

The r-factor was taken as 

( 5) 

Here Ie(E) is the intensity of the experimental curve as a function of 

the energy and It(E) is the intensity of the theory. For each geometry 

comparisons were made to calculated curves with v0 values of 8, 10, and 

12 eV, in an attempt to account partially for the unknown value of the 
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inner potential. These r values were then averaged to produce a final 

r value. Due to the ±2-3° accuracy with which experimental angles are 

determined, the angles used in the calculations were varied to obtain 

the best simulation of the experimental curves. These optim~m angles 

were within 2° of the nominal values in all cases. The final 

structural parameters determined by the r-factor analysis were quite 

insensitive to the exact angle used. 

Fig. 5 presents the results of calculations for the 2-fold bridge, 

the 3-fold hollow, and the 3-fold eclipsed sites in normal emission 

geometry, employing an upper path length cut-off of 5 A. For each 

site, the calculation presented represents the best agreement to the 

data obtained for variation of the S to first layer Ge distance (S-Ge 1 ) 

and the separation of the first and second Ge layers (Ge 1 -Ge 2 ). The 

results for the atop geometry are not displayed because of the lack of 

any reasonable agreement. Displayed in Fig. 6 are the results of 

calculations performed for the off-normal geometry using the same 

geometries employed for Fig. 5. The much larger oscillation amplitude 

exhibited for the 3-fold sites is a consequence of the near

backscattering geometries for these two cases, as discussed earlier. 

On the basis of many calculated curves, we can exclude the atop 

and the 3-fold sites with confidence·. The fits are unacceptably poor 

in these cases, in agreement.with our expectations from the Fourier 

transforms. This conclusion is especially evident when Figs. 5 and 6 

are taken together. We proceed now to discuss the parameters for the 

two-fold site. 

. 
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Contour plots of the r-factor for the 2-fold site are presented in 

Figs. 7 and 8. Fig. 7 presents the variation of the r-factor ~ith Ge 1 -

Ge2 along the vertical axis and S-Ge 1 along the horizontal axis. A 

cle~ line of minima is indicate~ for values of these two parameters 

such that the S-Ge2 distance is 1 .8 A. This line of minima indicates 

that the normal emission geometry is more sensitive to the position of 

the second layer Ge near-neighbor atom (i.e., the sum of S-Ge 1 and Ge 1 -

Ge2) than to the first layer atoms. This is due to the closer 

proximity of the second layer atom to 180° scattering and the 

orientation of the photon polarization. Moving along this line, the 

region of the absolute minimum occurs for values of S-Ge 1 of 1 .05 ±0.02 

A and Ge 1 -Ge 2 of 0.75 ±0.02 A. (This absolute minimum is not readily 

apparent in Fig. 7) A similar canto~ plot is displayed in Fig. 8 for 

the off-normal geometry, indicating a value of S-Ge 1 of 1 .00 ±0.02 A 

and Ge 1 -Ge 2 of 0.70 ±0.02 A. The errors given represent only the 

precision of the measurement determined by the values of x2
• These 

results taken together indicate adsorption in a 2-foid bridge site 1.03 

±0.05 A above the Ge surface and with a contraction of the separation 

between the first and second Ge layers by 0.07 ±0.05 A (9 ±6 %). The 

errors quoted here are based on the stand~d deviation of the 

measurements, including the effects of experimental angle errors ( -

0.02 A) and phase shifts ( - o~o2 A ). 

Because the SEXAFS study of Te/Ge(111) indicated adsorption in the 

3-fold eclipsed site, our data were tested for shifts of the S atom 

toward the 3-fold eclipsed.and the 3-fold hollow sites. These shifts 
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were found to be limited to< 0.1 A, although this conclusion is based 

primarily on comparisons to the off-normal data, for whi.ch the weak 

experimental structure makes comparisons to theory difficult. The 

normal emission geometry is not sensitive to shifts of this magnitude 

in the horizontal direction. Also due to the somewhat long Ge-Ge 

distance and the 125° Ge-S-Ge angle compared to values of - 100° 

typically found ~n b~lk compounds, reconstructions involving shifts of 

the two Ge first layer atoms to which the S atom is bonded towards each 

other were considered, but this also led to slightly worse agreement. 

Calculations were also performed for the normal emission geometry 

with an upper cut-off of 10 A in an attempt to determine the spacing 

between the second and third Ge layers. Near-backscattering from a Ge 

atom in the third layer, which is then erhanced by forward scattering 

through a second layer Ge atom, should make this geometry sensitive to 

the Ge 2 -Ge 3 spacing. The results of these calculations are given in 

Fig. 9. This figure indicates a best value of 2.60-2.65 A for the 

bilayer spacing, compared. to a bulk value of 2.45 A. This represents 

an expansion of 8 ±3 % in the Ge-Ge bond length between these layers. 

This result applies only to the Ge-Ge bond between the second and third 

layers directly below the 2-fold adsorption site-- no information could 

be obtained-for the other bond spacings. Fig. 10 and Table I present 

a summary of the structural parameters. 

Models involving sulfur dimers were also considered. The 

investigation of these possibilities was motivated by sug~estions of 

peroxy adsorption geometries for oxygen on Si. Limited calculations 

• 
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were performed for dimer bridges between two surface Ge atoms and also 

for dimer structures for which the dimer is rotated out of the plane 

containing the two Ge atoms, to allow for bond angles of 90-100° at the 

S atoms. None of these models produced as good agreement as that found 

for the 2-fold bridge geometry. 

IV. Conclusions 

We have performed ARPEFS measurements for the (2x2) S/Ge(111) 

surface which is formed upon annealing a surface covered with 1/2 ML. of 

sulfur. The sulfur was determined to occupy the 2-fold bridge position 

1 .03 ±0.05 A ahove the Ge surface. These studies also indicate a. 

contraction between the first and second Ge layers of 9 ±6 % and an 

expansion between the second and third Ge layers of 8 ±3 %. The 

weakening of the Ge-Ge bond may provide an explanation for the 

mechanism by which the etching of Ge in sulfur vapor occurs. 27 This, 

however, does not explain the similar etch rates observed for the 

different faces of Ge. 27 

The different structures obtained in this study and the SEXAFS 

study of Te/Ge(111) are hard to explain considering the other apparent 

similarities between the two systems. The locally unreconstructed 

adsorption site proposed for Te/Ge3b is somewhat unusual consid~ring 

the closeness of a second layer Ge atom to the adsorbed Te. In 

addition, the other two cases of divalent atomic adsorption. on (111) 
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surfaces of homopolar semiconductors-- Se/Si(lll) and Te/Si(lll)-- both 

indicated 2-fold bridge sites. 

Further studies for adsorption on semiconductor systems are 

planned. Preliminary LEED and AES studies of the adsorption of 

phosphorus on Ge(111) have been performed, and ARPEFS experiments are 

planned. This system will extend the investigation to trivalent 

adsorbates and should provide an interesting comparison to the recent 

angle-resolved photoemission studies and total energy calculations 

performed for As/Ge(111) and As/Si(111). 28 It has been proposed that 

As passivates these surfaces by occupying first layer substitutional 

sites. 

While these studies can be viewed as attempts to understand the 

basic aspects of the chemisorption and bonding which occurs on these 

surfaces, they may have important technological implications as well. 

These systems may provide information that is important in 

understanding the changes in the CVD growth rates of Si when in situ 

29 doping by the addition of PH 3 and 8 2 H6 is attempted. Different 

adsorption sites or differing amounts of surface strain intrOduced in 

accomodating the adsorbate may lead to the reduction or enhancement of 

the normal Si growth rates •. For ·instance, the passivation of the. 

28 Si(111) surface found for As overlayers may provide an explanation 

of the greatly reduced growth rate when PH 3 is introduced. There have· 

also been suggestions that "surface dopi~g" with adsorbed gases might 

be employed to control Schottky barrier heights 30-- knowledge of the 



... 

27 

adsoption structure will help in understanding the character of the 

"dopant". 
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Table I. Summary of the structural parameters determined from the 

ARPEFS measurement. The definitions of the parameters S-Ge 1 , Ge 1-Ge 2 , 

and Ge 2 -Ge 3 are the distance of the sulfur above the first Ge layer, the 

separation between the first and second Ge layers, and the separation 

between the second and third Ge layers respectively. The final 

parameter is the Ge-S-Ge bond angle. 

Parameter ARPEFS result 

S-Gel 1.03(5) A 

Ge 1 -Ge 2 0.73(5) A 

Ge 2 -Ge 3 2.65(7) A 

Ge-S-Ge 1 25 ° 

angle 
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Normal emission x(k) data. The upper c~rve gives the raw 

data and the lower solid curve represents the same data after 

Fourier filtering to remove "frequencies" above 10 A. The 

error bar at the top displays the level of statistical 

uncertainty in the data. These data represent the average of 

two normal emission ARPEFS measurements. 

Same as Fig. 1 for the off-normal data, except that only one 

measurement was performed for this geometry. 

Fourier transforms of the data from Figs. 1 and 2, using a 

gaussian broadened (1 A) window function to reduce truncation 

effects. 

Two views of the Ge(111) surface illustrating the adsorption 

sites discussed in the text. The upper panel presents a view 

looking down on the surface and the lower panel gives a 

perspective with the surface normal rotated away from the 

reader. Two 2-fold bridge sites are included to illustrate 

the different possible orientations of the sulfur bridge. 

This figure illustrates the best fits to the normal emission 

data (filtered at 5 A) determined from r-factor comparisons 
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Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 
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Off-normal theory compared to the data (filtered at 10 A) for 

the same geometries used in Fig. 5. 

Contour plot of the r-factor for the normal emission data. 

The horizontal axis gives the distance of the S atom above 

the first Ge plane, and the vertical axis gives the 

separation between the first and second Ge layers (bulk value 

a 0.8 A). The contours are in increments of 0.3. 

Same as Fig. 7 for the off-normal data. Each contour is 

incremented by 0.4. 

Comparison of the normal emission data (filtered at 10· A) to 

theory for several values of the separation between the 

second and third Ge layers (first and second Ge bilayers). 

Segement of the (111) surface indicating the adsorption site 

and local structure determined from ARPEFS. The surface is 

cut along a (1~0) plane-- the Ge atoms connected by thick 

bonds are in a plane closer to the reader than the Ge atoms 

connected by thin bonds. The sulfur atom is also in the 

sec6nd, thin-bond plane. Our results do not give information 

about the planarity of the Ge layers, and hence the spacing 

values of 1.05 A (S-Ge 1 ), 0.75 A (Ge 1 -Ge 2 ), and 2.65 A (Ge 2 -

Ge3) apply only to the Ge atoms below the 2-fold bridge 
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planar, then we would quote layer spacings of 1.05 A (S-Ge 1 ), 

0.75 A (Ge 1 -Gez), and 2.65 A (Gez-Ge 3 ). However, our 

results do not give any information about the planarity of 

the Ge layers, and hence the spacing values apply only to the 

Ge atoms below the 2-fold bridge adsorption site. (The 

values indicated are rounded to the nearest o.o5 A.) 
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