S

i3
ﬂﬁ% applied
surface science

ELSEVIER Applied Surface Science 104 /105 (1996) 257-261

A normal incidence X-ray standing wave study of sulphur
adsorption on InP(110)

T.K. Johal *, P. Finetti *, V.R. Dhanak *, A.W. Robinson °, A. Patchett ",
D.R.T. Zahn °, R. McGrath ****

" Interdisciplinary Research Centre in Surface Science, The University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
® Fachbereich Physik, TU Chemnitz—Zwickau, Reichenhainer Str. 70, 9022 Chemnitz, Germany

Received 23 July 1995; accepted 10 October 1995

Abstract

A normal incidence X-ray standing wave (NIXSW) study of room temperature in-situ S adsorption on InP(110).is
described. The S atom XSW profile was measured by detecting S 1s photoemission yield for the (220) Bragg reflection. The
average perpendicular distance of the S atoms from the InP(110) surface was determined to be 1.95 + 0.02 A. The, coherent
fraction f, was found to be 0.67 £ 0.02, which upon annealing to 270°C increased to 0.82 & 0.02. A (1 X 1) low energy

diffraction (LEED) pattern was observed in all cases. Models for the adsorption geometry are discussed.

1. Introduction

The ability of chalcogens to modify III-V semi-
conductor heterojunction behaviour has been the sub-
ject of scientific and technological interest in recent
years. Improvements in electronic and optical charac-
teristics of III-V semiconductor devices treated with
sulphides has been extensively reported and at-
tributed to the reduction in the density of interface
states [1]. Surfactant behaviour of chalcogens on
GaAs(001) substrates has enabled improvements in
the growth mode of both metal [2] and semiconduc-
tor [3] thin films and Schottky barrier heights of
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metal-semiconductor systems exhibit a greater sensi-
tivity to the metal work functions when a chalcogen
interlayer is incorporated [4].

Sulphur passivation of the III-V semiconductor
surfaces arises from the modification of the surface
electronic structure and can be explained in terms of
the S /II-V semiconductor bonding geometry [5]. In
this work the bonding geometry of the S/InP(110)
system is investigated. '

A number of different approaches to the forma-
tion of S /III-V overlayer systems have been taken.
The S/InP(001) system, where the sulphur treatment
has been achieved by a variety of ex-situ wet chemi-
cal sulphide etchants [5-11] or by the in-situ expo-
sure to H,S [12,13], has been studied extensively.
Photoemission studies have shown that after room
temperature treatment using a (NH,),S_ solution S

x

bonds only to In [9] and a (1 X 1) low energy
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electron diffraction (LEED) pattern is observed [14].
Annealing in the temperature range 350°C-500°C
leads to the formation of a (2 X 1) LEED pattern
[11,14,15]. The H,S /InP(110) system has been stud-
ied for low exposure of H,S (2 L) resulting in a
weakly bound adsorbate which readily desorbs when
annealed to 50°C [16] and for high exposures which
upon annealing to temperatures in the range 200°C—
300°C results in the formation of In—S bonding [17].

In this work the interaction of S emanating from a
solid-state source in ultra high vacuum {UHV) condi-
tions with the in-situ cleaved (110) surface of InP is
studied. The advantages of studying the cleavage
surface are that it is well-understood, has a known
stoichiometry and is easily reproducible.

The structural aspects of this system are investi-
gated using NIXSW [18,19] and low energy electron
diffraction (LEED). The NIXSW technique is based
on the fact that when an X-ray impinges on a
crystalline substrate near a Bragg condition the inci-
dent beam is strongly reflected. The superposition of
the incident and reflected beam forms an XSW
which possesses the periodicity of the reflecting
Bragg planes of the crystal. The electric field inten-
sity of the XSW therefore exhibits a spatial modula-
tion over an interplanar distance, and this makes the
XSW technique sensitive to the atomic positions
since the photoexcitation of the atoms is proporticnal
to this spatial modulation. The pertinent task is to
monitor the photoexcitation process and this can be
achieved by detecting the emitted photoelectrons or
the products of the subsequent decay processes such
as Auger electrons or fluorescent photons. Analysis
of the absorption yield as a function of the photon
energy over the range of a Bragg reflection allows a
precise determination of the vertical height of the
adsorbate atom with respect to the reflecting Bragg
plane. The structures of Sb/GaP(110) [20],
Sb/GaAs(110) [21,22] and H,S /InP(110) [16] have
been investigated using this technique.

2. Experimental details

NIXSW experiments were conducted at the IRC
beamline 4.2 of the synchrotron radiation source
(SRS) at the Daresbury Laboratory, UK. A Ge(111)
double-crystal monochromator provides monochro-

matic light in the energy range ~ 1950-5000 eV
[23]. A chromium-quartz mirror combination allows
high-energy cut-off preventing contamination of the
incident beam with third-order radiation. The UHV
chamber was equipped with a concentric hemispheri-
cal electron analyser (Vacuum Generators AX100)
and Omicron LEED optics.

XSW profiles of the adsorbate and substrate atoms
were measured using photoemission yield (S 1s, P 1s
and In 3p, /2 core levels). The photoemission yield
sits on a background consisting of inelasticaily scat-
tered secondary electrons. This background was cor-
rected for by subtracting XSW profiles measured at a
kinetic energy ~ 10 eV above the photoemission
peaks.

The variation as a function of photon energy (E)
in the total electron yield TEY(E) and the sample
reflectivity R(E) were measured simultaneously with
the photoemission yield Y(E) from the adsorbate
atoms in the region of the Bragg reflection. These
measurements provide information on the energy
resolution and calibration of the incident beam. The
TEY( E) was measured using the drain current of the
sample. R(E) was measured via photocurrent yield
using a 90% transmission copper grid. The measured
photocurrent is composed of two signals, that of the
back-reflected beam R(E) and that of the transmit-
ted incident beam. R(E) is extracted from the total
signal by subtracting a polynomial background rep-
resenting the transmitted signal.

Undoped InP samples {MCP Wafer Technology,
UK) in the form of (110) orientated single crystal
bars were used. These bars were notched and subse-
quently cleaved in-situ. Sulphur deposition was
achieved by decomposition of tin(IV)sulphide {(SnS,)
in a Knudsen-type evaporator.

3. Results

The emission yield Y(E) in the XSW field where
extinction effects are negligible is given by [20]

Y(E)/Y,=1+R(E) +2/R(E) £, cos(8( E)
—27d,) (1)

where Y, is the average yield away from the region
of strong reflection, R(E) is the sample reflectivity,
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Fig. 1. (a) The (220) Bragg reflection of InP(110} as a function of
photon energy. The data are fitted to the Darwin—Prins curve for
reflectivity convoluted with a Gaussian of full width half maxi-
mum (FWHM) =0.64£0.01 eV. (b, ¢) The substrate In 3p;,,
and P 1y core level photoemission signals monitored as a function
of photon energy in the region of the (220) Bragg reflection
together with fits to Eg. (1).

6(E) is the phase factor relating the incident beam
electric field to the reflected beam electric field, @,
is the coherent distance, i.e. the adsorbate—substrate
distance in units of the reflecting plane spacing
(modulo nd, where d is the bulk interplanar spacing
and n an integer), and f, is the coherent fraction
which corresponds to the fraction of total contribut-
ing atoms at @,. f. and @, are the fitting parameters.

The measured R{E) at the (220) Bragg reflection
is shown in Fig. 1(a). By fitting this curve to the
Darwin-Prins curve for reflectivity [24] convoluted
with a Gaussian approximating the instrumental
broadening, a value of 0.64 + 0.01 eV was obtained
which is an indication of the photon energy resolu-
tion. The photon energy calibration and broadening
obtained from the reflectivity were then used in the
subsequent analysis of the XSW profiles. Fig. 1(b)
and (c) show the substrate In 3p,,, and P Is core
fevel photoemission signals monitored as a function
of photon energy in the region of the (220) Bragg
reflection together with fits to Eq. (1) using this
procedure. The coherent fractions and distances ob-
tained from the fits for the In 3p;,, and P Is core

level photoemission yields are f,=0.93, &, =1.0
and f, =0.93, & = 1.0 respectively. The departure
of the values for f, from the expected value of unity
may be due to the fact that the Debye—Waller factor
is not independently determined and is therefore
chosen to be unity in all fits.

Fig. 2(a) shows the S Is XSW profile for the
(220) Bragg reflection for a room temperature expo-
sure of 0.5 L, together with the fit to the data using
Eq. (1). A sharp 1 X 1 LEED pattern was observed
before dosing, which exhibited only a reduction in
spot intensity after dosing. The coherent fraction is

f.=0.67 £0.02 and the coherent position is @, =

0.94 +0.01. The sample was then annealed. The
annealing temperature was measured using a thermo-
couple on the sample holder to be 270°C. This is
therefore a maximum value for the sample surface
temperature. The subsequent XSW profile for the S
atoms is shown in Fig. 2(b). The fitting parameters
are f.=0.82+0.02 and €, =0.94 £0.01. The in-
crease in f, indicates that the annealing procedure
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Fig. 2. {a) Photon energy dependence of the background-sub-
tracted and normalised S 1s photoemission yield from approxi-
mately 1 ML of S on InP(110) in the region of the (220) Bragg
reflection. The fit to Eq. (1) yields f, =0.65+0.05 and &, =0.93
+0.02. (b) Photon energy dependence of the background-sub-
tracted and normalised S [s photoemission yield from approxi-
mately | ML of S on InP(110) in the region of the (220) Bragg
reflection after annealing the surface to 270°C. The fit to Eq. (1)
yields f, = 0.84+0.05 and @, =0.93+0.02. :
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increases the fraction of the S atoms at @, = 0.94 4
0.01.

4, Discussion

Room temperature S adsorption results in a mea-
sured coherent fraction of 0.67 & 0.02. This value is
low in comparison to a typical value of 0.8 obtained
for a highly ordered S overlayer [18]; this may be
explained in terms of the S adsorption occurring at
multiple sites [25] or by the presence of disordered S.

Annealing results in an increase in the coherent
fraction {(to 0.82 + 0.02) and no change in the coher-
ent position. Annealing may cause an exchange reac-
tion to occur between S and P atoms in the first
atomic fayers: S and P exchange has been observed
by photoelectron diffraction from an (NH,),S -
treated InP(001) surface annealed to 350°C [15]. The
exchange reaction is favoured thermodynamically
and by the similarity of the P and S atomic sizes
[15]. However S atoms diffused into the bulk would
assume substitutional sites and since the position of
the S atoms determined here is not that of the actual
bulk lattice positions and there is no change in the
coherent position upon annealing this is unlikely.
The fact that the coherent fraction increases without
a change in coherent position is consistent with a
single adsorption site and the removal of kinetically
limited disorder. Similar behaviour has been ob-
served in an XSW study of S adsorption on
GaAs(001) [26]. It seems probable that annealing to
the higher temperature of 350°C is necessary to
activate the exchange reaction.

As a starting point for our discussion of possible
adsorption geometries, we assume that the clean
surface relaxation [27,28] is removed by the adsorp-
tion process >. Four possible high symmetry adsorp-
tion sites (Fig. 3) are considered. These sites were
chosen to be consistent with the observed absence of
exchange reaction, the near bulk-like S distance from
the surface and the observed (1 X 1) periodicity of

2 Although there is no direct evidence for this in our study,
complete or partial removal of the clean surface relaxation has
been observed for other adsorbates, e.g. Cs/InP(110) [29],
H,S8/InP(110) [161.
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Fig. 3. Schematic diagrams of possible surface geometries for a
(1% 1) overlayer of S on InP(110). (a) Epitaxial continued layer
structure (ECLS), (b) interchain bridging structure, (c) modified
epitaxial on-top structure {(EQTS) with bonding only to In, {d)
so-called ‘defect’” model.

the overlayer. The sites are, following the notation of
Refs. [30] and [31], the epitaxial continued layer
structure (ECLS), Fig. 3(a), @= 1 ML,; the inter-
chain bridging structure, Fig. 3(b), ® =0.5 ML; a
modified epitaxial on-top structure (EOTS) with
bonding only to In, Fig. 3(c), ® =0.5 ML; and the
so-called ‘defect’ model, Fig. 3(d), ®=0.5 ML,
where the S atoms adopt the positions of P atoms in
the next atomic layer.

Since previous work on the InP(001) surface
showed that S bonds only to In [9] and only the In—-S
bond persists after annealing the H,S /InP(110) sys-
tem in the temperature range 200°C-300°C [17], the
ECLS site and the interlayer bridging site which
involve bonding to both In and P (Fig. 3(a) and (b))
can be ruled out. Assuming removal of the clean
surface relaxation, the measured coherent position of
0.94 = 0.01 corresponds to an average vertical dis-
tance of 1.95 4 0.02 A for the S atoms from the InP
surface. Within this context the In—S bond length for
the modified EOTS would be 1.95 A which is very
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much less than the sum of the covalent radii (2.48 A)
[32] so this adsorption site can also be eliminated.
Finally, the S atoms may assume P sites of the ideal
bulk termination, Fig. 3(d). If the bond-length is
assumed to be the sum of the covalent radii then the
In-S-In bond angle would be 104 &+ 1° which is
close to the bulk tetrahedral bond angle (109.6°)
implying In-S bonding of covalent sp> character.
Our work points to this site as the most likely.

5. Conclusions

Room temperature in-situ adsorption of 0.5 L of S
on the cleaved InP(110) surface results in a less than
perfect overlayer. Subsequent annealing to < 270°C
removes the kinetically limited disorder resulting in
a high coherent fraction (0.82 4 0.02) which indi-
cates a high degree of order and a single adsorption
site. The S atoms are a vertical distance of 1.95 +
0.02 A from the surface. A model for the adsorption
geometry is suggested where the S atoms assume
positions close to the ideal bulk-termination P sites.
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