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The ex situsulfur treatment of In®01) by (NH,),S and subsequent annealimgsitu finally results in a
sulfur-induced (X 1) superstructure as observed by low-energy electron diffraction. We have investigated the
development of the Ind, P 2p, and S 2 core levels with increasing temperature by using soft x-ray
photoelectron spectroscopy. The measured core level shifts are compared with the corresponding data obtained
on the (2<4) reconstruction of the clean I{#01) surface. On the basis of the core level data some models of
the (2x1)S structure are discussed. Valence-band photoelectron spectra of Xt $2and the (X4)
surfaces have been measured in dependence on photon energy at normal emission ané derjveidper-
sions are analyzed. Although significantly different surface features are observed on both surfaces, there are
similarities, which may be interpreted in terms of contributions from similar structural elements, possibly
surface dimers.

I. INTRODUCTION separate bulk states from nondispersing states, which are
candidates for surface-related features. Both core and
Sulfur treated [11-\{001) surfaces have received much at- valence-band data are compared to corresponding measure-
tention during the last years because of the achieved imments on the (X4), and from this analysis a consistent
provement of chemical and electronic surface and interfacgtructural models is proposed for theX2)S at low sulfur
properties. Improved stability against oxidation at ambientcOverages.
conditions and greatly enhanced photoluminescéReg in-
tensities were reported for ammonium sulfide (N5
treated surfaces.  High PL intensities at

SiN,/(NH,)»S/InP(001) insulator-semiconductor interfaces  The experiments were performed at the beamline TGM 3
and increased lifetimes of metal-insulator-semiconducto(BESSY | using an angular-resolving VG ADES 400 spec-
(MIS) devices were attributed to sulfur-induced electronictrometer. The overall resolution was 200 meV hap
and chemical passivation, and these observations were re-25 eV, 280 meV at 60 eV. Core-level spectra were taken
lated to reduction of the density of gap states. in normal emission at 60ein 4d and VB) and 190 eV(S

The ex situ(NH,),S treatment of INn0O1) typically re- 2p, P 2p, and In 4). Valence-band spectra were recorded
sults in (1x 1) low-energy electron diffractiofLEED) pat-  for photon energiehiv=15-30 eV in steps of 0.5 eV in
tern, which transforms into a (21) after annealing in UHV. normal emission, too. The preparation of tireype INnR001)
These sulfur-induced structures have been investigated intefamples (% 10'® cm™2, supplied by CrysTecwas per-
sively using photoemission techniques as ¥P&jiffraction ~ formed under nitrogen atmosphere using a glove bag. The
techniques (XPD),*® scanning tunnelling microscopy _sample_s were etched in_fluoric aciq, dippeq in methanql, and
(STM),® and theoretical simulations of the structural andimmediately immersed in ammonium sulfide (N&S. Fi-
electronic propertie!! Experimental determinations of the nally, the samples were rinsed in methanol, blown dry with
band structure have so far focused on angle-resolved ultrdlitrogen, and transferred into UHV. Annealing to 300 °C sig-
violet photoemission spectroscop§RUPS.? Only one in-  hificantly improved the weak (1) LEED pattern of thex
vestigation relating photoemission alodg-X on InP is  Situ prepared samples. The X21)S superstructure was ob-
known!® Nevertheless, there is still large scatter in the retained at 350-360°C. The remaining sulfur coverage was
ported data regarding the obtained number of sulfur specie§stimated to be only slightly in excess of 0.5 monolayers
their assignment, and the structural ideas, which may posstML’s) for this surface. The (24) reconstruction(with
bly be related to differences in the preparation procedures ttwofold spots alondg 110]) investigated here was prepared
a great extent. by sputter(Ne™) and annealing (380 °C) cycles as described

In this paper we present surface-sensitive core level spe@isewheré? Note that further annealing=400°C of the
tra as well as energy-dependent valence-band measuremestdfur-induced (X 1) also changes the LEED pattern to (2
of the (2x1)S, prepared bex situsulfurization and anneal- X 4), but this is accompanied by metallic features in the
ing. The derivede(k, ) dispersions are analyzed in order to photoelectron spectra including a Fermi edge in the valence

II. EXPERIMENT
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' (1X1)S (bottom), respectively. The results are in very good
In 4d agreement with the existing core level studies on the
In-2 (2% 4) (Refs. 18, 24, and 25%nd the (x1)S13*

The high BE In 4l component(In-S) observed on the
sulfurized surface were attributed to In-S bonds,
previously®* An interpretation of the surface components

(2x1)s observed on the clean §4) was recently related to the
In-S mixed In-P dimer reconstruction, which represents the low-

jeeee eI N ® est energy surface structure of the cation-rich(0fR) as

suggested by Schmidit al'”*® In this manner the In @

b component In-2 at the higher BE was assigned to threefold
ulk bulk )
. coordinated In atoms at the clean surface. The surface com-
In-S (1x1)s P-1 ponent In-1 at lower BE was assigned to fourfold coordi-
nated surface In atoms, which are characterized by an In-rich

environment due to In-In bonds. The surface component P-1
of the (2x4) was attributed to lower-coordinated surface
phosphorus as mentioned above, most likely P in the mixed
FIG. 1. The In 4l (left) and P 2 (right) photoelectron spectra dimer.
of the (1x 1) S(bottom), the (2x< 1) S(centel, and the (2 4) (top) In order to provide a base for the interpretation of the
reconstructed In@01) surface. The used photon energy was 60 eVsurface core-level spectra of the X4)S we propose a
for In 4d, 190 eV for P D and S 2. Inset: the S P line of the  simple structural model, which fulfills the electron counting
(2x1)s. rule® The substrate core levels of the X4)S and the
(2% 4) are strikingly similar with respect to the number of
band, indicating surface damage. All binding enerd8)  surface(or shifted components, the sign of the shifts and
are referred to the valence-band maxim@BM), by fol-  even the magnitude of the core-level shifts. This similarity of
lowing the In 4 core level and applying(In 4ds, bulk)-  the core-level spectra is a first hint for a similar surface struc-
E(VBM) =16.65 eV*° The numerical decomposition of the ture. Therefore the model includes the most prominent struc-

132 181 130 120 128 127 126
B|nd|ng energy (eV)

core-level spectra is described in detail elsewH&ré. tural element of the (X 4), the mixed dimer. Guided by the
single component S 2 spectrum of the (X1)S (Fig. 1,
IIl. RESULTS AND DISCUSSION centey and the low S coverage we restrict ourselves to those

models which possess just one S component, which we ten-

The core-level spectra of the sulfur-treated (B®) sur-  tatively place on a substitutional siteg)Sn the first subsur-
face at different stages of preparation recorded at surfacgace P layer. This is in accordance with results of several
sensitive conditions are presented in Fig. 1 in comparisogroups?=" On top of the In surface layer a mixed In-P dimer
with  the corresponding spectra of the cleanis formed. However, this base model for a sulfur-induced
(2x4)-reconstructed surface. A cursory inspection by eyg2x 1) dimer-based superstructure may be easily modified to
reveals only minor indications for additional components inderive related models, which also fulfill electron counting.
the peaks but the fit procedure permits a reliable analysis, an exchange of In atoms by P or vice versa in the dimer or
may be indirectly concluded from the residuals shown belovwan exchange of the S in the P layer with P from the dimer or
spectra and fit components. All B3pectra displayed on the a shift of the S in the second layer will not violate electron
right-hand side of Fig. 1 require the inclusion of a surfacecounting. In this manner mixed In-S dimers, In-In cation
component P-1 at slightly lower BE compared to the domi-dimers, P-P anion dimers, or mixed P-S dimers may be gen-
nating bulk P 2 doublet. The determined surface core-levelerated from the initial mixed In-P dimer model by suitable
shifts (SCLS are quite close and correspond to SCLSatom exchange. Specific examples for such models are dis-
=-0.47, —0.48, and—0.45 eV in the case of the (24)  played in Fig. 2.
(top), (2% 1)S(centey, and (1X1)S (bottom), respectively. The mixed In-P dimer model of Fig.(& permits us to
P-1 may be associated to lower-coordinated phosphorus ireasonably explain the surface components on the (S
the surface. In contrast, the numerical analysis of thedn 4 in analogy with the interpretations given in case of the
spectra, shown on the left-hand side of Fig. 1, had to includ¢2<4), keeping in mind a likely energetic overlap of three-
up to two surface-related components in addition to the bullfold coordinated In and In-S contributions. Problems in the
contribution. Surface components at lower BE, exhibitinginterpretation arise for assignment of the surface components
SCLS=—-0.45 and—0.52 eV, are only detected for Ind4 in case of the other models. Evidently, the P-1 surface com-
spectra of the clean (24) (top) and the (2<1)S, respec- ponent is difficult to explain in case of the In-In cation dimer
tively. The annealing-induced appearance of this In-1 com{Fig. 2(b)] and the mixed In-S dimer model. Further, obvious
ponent in addition to the single component § &ectrum interpretation for In-1 is lacking in case of the P-P anion
(see Fig. 1, centgiis a striking spectroscopic feature, which dimer[Fig. 2(c)] and the mixed P-§Fig. 2(e)]. In summary,
accompanies transformation of the LEED pattern on thehe proposed mixed In-P dimer model involving incorporated
sulfur-treated INFD01) surface to a (X 1)S. Surface com- sulfur on P sites offers the most straightforward interpreta-
ponents at higher BHn-2 or In-§ are observed for all Ind  tion of the surface components onX4)S among the struc-
spectra at SCLS values af0.30, +0.53, and+0.52 eV, in  tural models considered above.
the case of the (4) (top), (2X1)S (centej, and The valence-band structure of the (6P1)-(2x1)S and
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FIG. 2. Some possible models of theX2)S: (a) a mixed In-P
dimer on top with a filled dangling bond at the anion, sulfur built in
on P site below the dimefh) a cation In-In dimer{c) a anion P-P
dimer; (d) a mixed In-S dimer on top, no S built i) a mixed P-S
dimer, no S built in. The white circles mark In, gray mark P, the
black circle is S, the atoms on top are bigger than the atoms in the
layers below.

the INR00D-(2x4) was studied by following the evolution
of the states with photon energy at normal emission, i.4., at

in the surface Brillouin zonéSBZ2). The derivedE (k) dis- ’//J\//\\‘¥
persion allows us to distinguish between dispersing bulk- W
related features and nondispersing states, which may be due A Vi S2

to surface-related statésurface states, surface resonances S Ea e
and adsorbate-induced states or due to indirect emission & 7 6 5 4 3 2 1 0 -
from density-of-states features. A set of experimental Binding energy (eV)
valence-band spectra obtained onx(2)S is plotted in Fig.

3. Inspection by eye already reveals the existence of dlsper§vIt
ing states as well as nondispersive features. At photon ener-
gies below 18 eV the In d peak excited by second-order
light crosses the upper valence-band region and complicat
the analysis. Analogous sets of spectra were also record
for the (2x4) (not shown.

The experimentally derived dispersiofigk,) are pre-
sented in Fig. 4 for both (8 1)S and (2<4). Inner poten-
tialsVo=—7.5and 7.7 eV were used for the determination
of k, datd®in Fig. 4 on (2x1)S and (2 4), respectively.
These values are close ¥ values of—9 eV (Refs. 13 and
20) and of —7.7 eV (Ref. 21) applied for the analysis of
E(k,) dispersions from other surface orientations or recon-
structions on InP, keeping in mind that the surface structure

FIG. 3. Valence-band spectra of theX2)S surface recorded
h hy=15-30 eV in normal emission.

X 4), features A and C are detected on th&x@ S only.

rther investigations are needed to identify the origin of
these features.

The topmost nondispersive feature S1 att0031 eV on
the (2X1)S can be observed throughout the whole range of
spectra along thd —X line of the BZ. This peak can be
directly related to the surface-derived state found in the
ARUPS studies by Mitchelkt all? Its energy position is

gaks B and D, which may be found on bothq2)S and
u

A X

will also influenceV, to some extent’ We emphasize the ol st* o
very good accordance of the dispersing statésandV?2 of °e° E)
(2X1)S and (2¢4), and the good matching of these experi- _ 1r oy Ss2 1
mental states with the solid lines provided in Fig. 4, which g oL [ @) A ,
represent the dispersion of two bulk bands aldhg X as = o (2x1)s Xez
calculated by Chelikowsky and Cotérand presented in ¢ 3| {3
Refs. 13 and 21. o B %

Unfortunately, the accessible photon energies of 15— 30§ irl e o 14
eV were not sufficient to cover the whole—X lineanda @ ,[| 6~ & 1s
comparison to available experimental bulk state energies a
I' and X is not possible. We can find several nondispersing s} Q%‘%w%ow% X, 6
structures in Fig. 4 denoted by S1, 88w BE), and A-D 00 07 02 03 04 05 06 07 08 05 10 11 12
(higher BB. The peak D at 5.80.1 eV is clearly due to the r K (AY) X
well-known density-of-states (DOS) feature reported *
frequently>29?%(from the X point of the BZ. The feature FIG. 4. Experimental dispersiori&(k, ) for the (2x1)S (open

B at 3.5£0.1 eV was attributed to the bulk emission from circles and the (2<4) (filled diamond$ surfaces along — X; the
the %1 nin point!*?223 |In contrast to these DOS-derived solid lines are calculated bands from Refs. 13 and 22.
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slightly but reproducibly below the Si1* state at 0.1 energy. Schmidtet all’” calculated the surface electronic

+0.1 eV observed on (4), which can be clearly as- states of the mixed dimer (24). At K in the SBZ he found
signed to the well-known surface state on this surfdé8. several surface states, which could be related to the occupied
The feature denoted S2 is much weaker in intensity than S dangling bond and the bonds of the mixed dimer, including
It seems to degenerate with the states of the bulk bafids a|so In-In bonds. Probably, the surface-related peaks ob-
andV2 at photon energies closely corresponding tollded  served in our energy-dependent study of thex@® can be

Ne 1, respectively. This might be an explanation for the factyaced back to the dimer, too. Summarizing briefly, in the
that no similar feature was reported in the ARUPS study byjign of the previous discussion of the surface core levels in a

M'thhe” etdal. inlthe (2<4) aiondlspersmg ;e_zaturef S2* fingerprinting way, now we may suggest also from the
is observed at similar energy1.4=0.2 eV. On this surface valence-band structure that structural similarities occur for

similar structures near 1 eV BE were also found in Refs. 2]t e (2x1)S and the (X4). Hopefully, this proposal can
e ' f
t

and 2?’ and they were also assigned to surface-relat imulate further theoretical work in order to solve this ques-
states’® Note that on our (X1)S no surface states are ob- ion

served in the fundamental gaplatwhich were predicted for
the case of a sulfur-rich (21)S by Ferraz and Srivastav.
Evidently, our route of preparation lead to a loss of sulfur,
and thus the investigated surface does not adopt this pre-
dicted structure. We gratefully acknowledge the support by the groups of
This comparison of the states at the two surfaces hak. Horn and H. KuhlenbecKFHI Berlin) at BESSY |. Fi-

shown that surface-related electronic states on the (S  nancial support was supplied by BMBBGrant No. 05 SE8
and the (2<4) are somehow similar but slightly different in OLA 7).
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