IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Adsorbate-induced de-reconstruction in the interaction of HZS with Ge(001)2*1

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1992 J. Phys.: Condens. Matter 4 8441
(http://iopscience.iop.org/0953-8984/4/44/006)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.96
The article was downloaded on 11/05/2010 at 00:44

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/4/44
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matter 4 (1992) 8441-8446. Printed in the UK

Adsorbate-induced de-reconstruction in the interaction of
H,S with Ge(001) 2 x1

K Newsteadt§, A W Robinson t, § d’Addatot, A Patchettj, N P Princet,
R McGratht§]], R Whittlet, E Dudzik} and I T McGovern}

t Interdisciplinary Resecarch Centre in Surface Science, University of Liverpool, PO Box
147, Liverpool L69 3BX, UK

1 Department of Pure and Applied Physics, Trinity College, Dublin 2, Ireland

Received 26 May 1992

Abstract. The oom temperature adsorption of H;S on Ge(001) 2 x 1 has been studied
using surface-extended x-ray-absorption fine structure, low-energy electron diffraction
and Auger electron spectroscopy. The Ge(001) 2 x I-S system formed by a saturation
dose followed by an anncal to remave H has a S-Ge bond length of 2.36 £ 0.05 A,
with § sitting in twofold bridge sites, consistent with breaking of the Ge-Ge dimer
reconstruction. Further adsorption of H,S at low or elevated temperatures is kinetically
unfavourable, and it is proposed that this is consistent with the surface Ge atoms sitling
in non-ideal rather than bulk-terminated positions.

1. Introduction

Adsorbate-semiconductor systems where the adsorbate provides a bulk termination
to the semiconductor, removing the clean surface reconstruction, are of interest as
model systems for testing new experimental and calculational techniques. For this
reason there has been recent interest in the adsorption of S and H,S on dimer-
reconstructed Ge(001) 2 x 1. Three overlayer systems have been identified, as listed
below:

(i) Ge(001) 1 x 1-S: Weser and co-workers used photoemission core-level
spectroscopy [1} and ultraviolet photoemission spectroscopy (UPs) [2] to infer that
molecules of S, adsorbing on this surface dissociate with S breaking the dimer bonds
and adsorbing in bridge sites. An ideally terminated Ge(001) surface is formed with
a 1 monolayer (ML) coverage and 1 x 1 periodicity. A core-level shift of the Ge
3d of 0.33 eV to higher binding energy results. These results are supported by the
calculations of Kriiger and Pollmann {3], their band structure for the bridge site being
in good agreement with the experimental determination. They suggest a bond length
of 2.36 A for this system [3].

(ii) Ge(001) 2 x 1-HS: H,S adsorption on Ge(001) 2 x 1 was characterized by
Ranke and co-workers [4, 5] using Auger electron spectroscopy (AES), core-level UPS
and valence band UPS. It was shown that at room temperature the H,S dissociates to
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H and HS, the coverage of S is 0.5 ML and the adsorption is on the terrace sites. A
core-level shift for Ge 3d of 0.43 eV to higher binding energy results for this system:
the surface retains 2 x 1 periodicity, and both H and HS are present.

(iii) Ge(001) Z x 1-S: Shirley and co-workers [6] have used low-energy clectron
diffraction (LEED) and electron energy loss spectroscopy (EELS) in showing that H can
be removed by annealing to 300°C leaving a Ge(001) 2 x 1-S overlayer. The bond
length was determined by angle-resclved photoemission fine structure (ARPEFS) to be
2.36 + 0.05 A and the adsorption site favoured is the bridge site.

These results for these three closely related overlayer systems pose a number of
questions. Firstly, the Ge-S bond length of 2.36 A as calculated for Ge(001) 1 x 1-S
(3] and as measured for Ge(001) 2 x 1-S [6] is long compared to the sum of the
covalent bond radii of S and Ge (2.26 A); a second experimental determination of
this system is therefore desirable. Secondly, the Ge core-level shift to higher binding
energy on Ge(001) 1 x 1-S (0.33 eV) and on Ge(001) 2 x 1-HS (0.43 eV) suggests
that the adsorption site is similar while the ARPEFs results suggest a similar site for
Ge(001) 2 x 1-S; because of this close interrelation it is puzzling that the periodicity
remains 2 x 1 and the coverage 0.5 ML when dosing with H,S at room temperature,
It is of interest therefore to determine whether there are any conditions under which
the coverage can be increased and the periodicity changed from 2 x 1 to 1 x 1 by
further adsorption of H,S.

In an attempt to address these questions we have used surface extended x-ray
absorption fine structure (SEXAFS), LEED and AES measurements to characterize H,$
adsorption on Ge(001) 2 x 1. Our results confirm the bond-length for Ge(001)
2 x 1-8 to be 2.36 + 0.05 A, and the bridge site is found to be the favoured one.
No dosing method was found of transforming the Ge(001) 2 x 1-S overlayer to the
Ge(001) 1 x 1-S overlayer and it is suggested that this may be because H,S does
not completely remove the clean surface reconstruction, Jeaving a kinetic barrier to
further adsorption.

2. Experimental aud analysis details

The SEXAFS experiments were performed on Surface Science beamline 6.3 at the
Daresbury Laboratory [7]. This beamline provides monochromatic radiation of high
intensity in the region of the S K-edge (2468 eV). The data were collected with a
Physical Electronics double-pass cylindrical mirror analyser (CMA) using the yield of
S KLL Auger electrons as a measure of the absorption cross section. Normalization
was accomplished using an Al foil. SEXAFS experiments were done in both normal
and grazing incidence. All measurements were performed at room temperature.

The sample was cleaned by cycles of sputtering with 1 keV Ar* ions and annealing
to 1000 K. Several cycles were needed to produce a sharp 2 x 1 LEED pattern. The
sample was then dosed with H,S; a saturation dose of 5 L produced the Ge(001)
2 x 1-HS surface. The coverage was taken to be 0.5 ML by comparison with previously
published work [4, 5).

The procedure developed by Shirley and co-worker [6] for removal of H was
followed to preduce an atomic 2 x 1 S overlayer; the S AES intensity remained
unchanged, indicating a 0.5+ 0.05 ML coverage of atomic 8. This overlayer was found
to be stable against contamination, remaining clean for periods of days in the vacuum
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of < 2 x 107 Torr. The overlayer could be removed by annealing to 650 K leaving
a clean Ge(001) 2 x 1 surface, again consistent with previous results [6].

Data reduction and analysis were done using the program library at Daresbury
Laboratory. After normalization to the edge height and subtraction of a smoothly
varying polynomial background the normalized oscillatory part of the fine structure
x(k) was analysed using the EXCURVE fitting program [8]. To evaluate an unknown
bond length using EXAFS it is necessary to know the phase shift ¢(k) which is the
sum of the shifts experienced by the electron on encountering the central atom
potential (twice) and the phase shift introduced by the backscattering atom. @(k)
can be assessed by calculation or by measuring a compound with the same absorber—
backscatterer pair whose structure is known. Several systems were considered in
choosing a model compound. Sulphides of Ge lack a well-defined first shell and
may exist in several phases at room temperature [9]. ZnS which has a zincblende
structure, and CoS,, which has the pyrite structure [9] are suitable, provided the
change in backscattering phase from Zn and Co to Ge can be accurately asscssed.
The calculated phase shifts of Teo and Lee [10] were used to make this estimate,
yielding a value of —0.004 A per element with decreasing atomic number. When this
correction is applied, the phase functions of ZnS and CoS$, are found to be consistent
to within 0.005 A. Accordingly for Ge-S bond length estimation the ZnS phase shift
was used applying a correction of +0.008 A.

The effective coordination number ratio was extracted from the data by comparing
the amplitudes in grazing and normal incidence. Experimentally determined effective
coordination numbers N7 were compared with calculated values for the different
structural geometries. N} can be calculated for any system from the expression

N;
N7 =3) cws’d,;
: i=l

where 6;; is the angle between the polarization vector of the radiation and »;;, and
N; is the total number of atoms in the jth shell.

3, Results

The edge jump (10%) in the SEXAFS data is small compared to more favourable cases
(e.g. ~ 100% for 0.22 ML of S on a Cu(001) surface using fluorescence detection
[11]). The background subtracted and edge-step normalized EXAFS x(k) weighted by
-k for normal and grazing incidence are shown in figure 1 (left side). The modulw
of the resulting Fourier transforms are shown in figure 1 (right side). In order to
extract structural parameters of interest, the first-shell contribution was extracted by
Fourier filtering; the back-transformed contribution from this component is shown
as the smooth solid line superimposed on x(k). A sulphur central atom with Ge
backscattering atoms was assumed. The component at the unphysical distance of 1.6 A
in the grazing incidence data arises from the difficulty in performing a background
subtraction when the SEXAFS oscillations are weak. It does not affect the distance
determination, and its effect on the amplitude determination is reflected in the error
bar in the coordination number ratio which was estimated to be +20%. The only
amplitude parameters varied were the effective coordination numbers. Error bars in
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the distance determinations were estimated by studying changes introduced by varying
the threshold energy I, and by taking different k-space ranges for the data.
Distances of 2.34 + 0.05 A and 2.38 £ 0.05 A were found for the first shell in
normal and grazing incidence giving an average value of 2.36 + 0.05 A. The ratio of
amplitudes for normal to grazing incidence was found to be 1.1+0.2. The possibility
that these results represent a disordered overlayer can be discounted because of
the sharp 2 x 1 LEED pattern. To identify the adsorption side, calculations of the
expected coordination number ratio were performed for (a) an atop site, (b) a bridge
site, where the S atom sits between two Ge atoms with a fourth-layer Ge atom below
() an anti-bridge site, where the S atom sits between two Ge atoms with a second-
layer atom below, (d) a four-fold hollow site and (¢) where S sits on a Ge dimer
atom. These sites are shown in figure 2. The results are shown in table 1, together
with the experimental data.

Ge(001)2x1-S
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Figore 1. S KLL Auger yield SEXAFS data x(k}
and corresponding Fourier transforms for Ge(001)
2 x 1-S. Top panel: normal incidence SEXAFs after
background subtraction and normalization to the
edge jump. The sexars function x(k) is shown
weighted by k. The solid line is the filtered and
back-transformed first-neighbour shell r;. Bottom
panel: as above for grazing incidence.

Table L

adsorption siles shown in figure 2.
Site Ratio

Atop 0.0

Bridge 12

Anti-bridge 1.2

Hollow 1.4

Dimer 01

Experiment 1.1 +0.2

Figure 2. Plan view of the surface structures
for S adsorption on Ge(001) considered in the
calculations of effective coordination number. The
solid lines indicate bond directions. White circles
denote S atoms, filled circles denote top-layer Ge
atoms and dotied smaller circles denote second-
layer Ge atoms.

Calculated first-shell normal/grazing amplitude rtios for the five possible
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Only the bridge and anti-bridge sites are consistent with the data. A higher shell
at ~ 2.7 A should be present in the grazing incidence data for the anti-bridge site
but not for the bridge site (see figure 2); however, the data quality is not sufficient to
clarify this point. A strong argument against the anti-bridge site is that the dangling
bonds for the neighbouring Ge atoms point perpendicular to the Ge-S-Ge bond
direction for this site (as indicated in figure 2). This site was discounted by the
calculations of Kriiger and Pollmann [3] for Ge(001) 1 x 1-S. As the 2 x 1 periodicity
is maintained, and the coverage is 0.5 ML, there are a number of possibilities for the
medium-range-order arrangement of the atoms in the bridge sites [6). As SEXAFS is
a short-range-order probe, these cannot be distinguished in this study.

A scries of dosing experiments were performed to establish the conditions under
which the 2 x 1 overlayer is obtained, and whether the 1 x 1 overlayer (coverage 1
ML) can subsequently be formed. These attempts followed a methodology developed
previously in a study of H,S adsorption on Cu(001) [11]. The Ge(001) 2 x 1-S surface
formed after annealing for removal of H was re-dosed with H,S. This did not lead to
any increase in H,S adsorption or change in the LEED pattern. The 0.5 ML Ge(001)
2 % 1-8 surface was cooled to 150 K and re-dosed, then warmed to room temperature.
Again this did not result in additional S coverage. Finally, the clean surface was dosed
at 575 K; this again produced the Ge(001) 2 x 1-8 0.5 ML overlayer. These results
all point to a strong kinctic barrier to further H,S adsorption and dissociation.

4. Discussion

The SEXAFS results presented here for Ge(001) 2 x 1-S confirm the results of Leung
et al [6] that the S-Ge bond length in this system is 2.36 A. This is longer than the
sum of the covalent radii (2.26 A) and the S-Ge bond length of 2.23 +0.05 A in
Ge(111) 1x 1-S [13); this is a reflection on the different adsorption sites in these two
systems.

It is the same bond-length and adsorption site as determined for the Ge(001)
1 x 1-S system {1-3]. It is clear therefore that there are major similaritics in the
structures of both the 1 ML Ge(001) 1 x 1-S system formed by dosing with atomic S
and the (.5 ML Ge(001) 2 x 1-S system formed by annealing the Ge{001) 2 x 1-HS
system. The bond length and the adsorption site in both cases are the same. The
similarities in core-level results from Ge(001) 1 x 1-8 [1] and Ge(001) 2 x 1-HS [5]
provide indirect evidence that the site is similar also for these systems.

The question remains as to why the 1 x 1 1 ML surface cannot be formed by
H,S dosing. A possible explanation comes from studies of the adsorption of H,S on
Cu(001). Here a kinetic barrier to room temperature H,S dissociative adsorption is
found after the adsorption of 0.22 ML of H,S [11]. In a separate study using grazing
incidence x-ray diffraction a reconstruction of the Cu surface was found [12] involving
a small (0.03 A) outward lateral relaxation of the four Cu atoms to which an S atom
was bonded; this was proposed to make the adjacent sites unfavourable to further
H,S adsorption. A similar mechanism may obtain in the present study, whereby upon
H,S dosing, the Ge(001) surface does not obtain its ideal termination (as it does
with §, dosing), a small remaining reconstruction providing a barricr to further H,S
adsorption despite the breaking of the Ge dimers.
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5, Conclusions

The adsorption of H,S on Ge(001) 2 x 1 has been studied using SEXAFS, LEED and
AES. The Ge(001) 2 x 1-S overlayer formed after H desorption has the S atoms in
bridge sites with a bond length of 2.36 + 0.04 A which is consistent with previous
work. No further adsorption of H,S takes place on'this surface suggesting a kinetic
barrier to dissociative adsorption which could be caused by small disturbances of the
Ge atoms from their bulk-terminated position. It is planned to ‘test this proposal

using scanning tunnelling microscopy (STM) which would provide information about
the medium-range order of the Ge(001) 2 x 1-S overlayer.
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