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Structure of an InAs(111)A-(2X2)S surface studied by scanning tunneling microscopy,
photoelectron spectroscopy, and x-ray photoelectron diffraction
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The structure of an INX811)A-(2X 2)S surface has been studied by using scanning tunneling microscopy
(STM), synchrotron radiation photoemission spectroscdBRPES, and x-ray photoelectron diffraction
(XPD). Honeycomblike images are observed by STM measured at a bias voltage 4. Similar images
are also observed at1.5 V, although the intensity of the alternative corner of a hexagon is depressed,
resulting in a threefold symmetry. $2nd As 31 XPD patterns show that sulfur atoms rarely exchange the
fourfold arsenic sites. Three surface components are found in the $pdctra. On the other hand, no surface
components are found in the Agl3pectra. Based on the STM, SRPES, and XPD results, a probable structure
model for the (2<2)S surface is proposed. The experimental XPD patterns are in good agreement with the
calculated ones.

[. INTRODUCTION tion, being in good agreement with STM restfitAlthough
the 1x 1 structure was found on the 1(0®1) surfacet® a
Sulfur-adsorbed I1I-V compound semiconductor surfacegeconstruction with a sulfur coverage about 1 ML was as-
have been extensively studied by various surface-sensitiveribed to the 21 structures based on the STM, low-energy
techniques because electrical properties of the surfaces agéectron-diffraction(LEED), and x-ray photoelectron spec-
tremendously improvetOn the other hand, understanding troscopy(XPS) resuits'?
the surface structure in an atomic level is very important for The 2xX1 and 1x1 reconstructions were reported for the
homoepitaxy and heteroepitaxy on the sulfur-adsorbed sugulfur-adsorbed InA§01) (Ref. 14 and (111B (Ref. 15

faces, because the epitaxial growth is strongly dependeﬁl“rfaces’ respectively, which is the same resul; as for GaAs.
upon the surface structure of substrates. However, recently we found thex22 reconstruction for the

For sulfur-treated GaAs, 21 (Ref. 2 and 1x1 (Ref, 3  Sulfur-adsorbed InA41)A surfacet* This is completely
reconstructions were found £6001) a-nd(lll) surfaces. re- different from the reconstruction which was reported on the

spectively. It was reported that sulfur is bridged to Ga atomgulfur-adsorbed 11I-V: compound semiconductor surfaces.
to form the 21 structuré*® The photoelectron spectra Therefore, we have studied thex2 surface in detail with

(PES and scanning tunneling microscofsTM) results STM, synchrotron radiation photoemission spectroscopy

suggested that S-S dimer is formed on the]élsurfacé On (SRbPEb?' ang le' ra)t/h pTOgﬁ%irog Xdziffl’SaCtiOflﬁXPD)..” Q
the other hand, formation of the dimer lining up in {Hel 0] probable modet for the In - )S surface will be

direction was not confirmed by soft-x-ray standing Waveproposed.

(XSW) method* Based on the above results, two models for

the 2x1 repons}ruction can be gssumed: One js the model Il EXPERIMENT

that sulfur is bridged on alternative Ga atoms in fti&Q]

direction, and the other model that sulfur is bridged on all Ga An n-type InAg111) sample (carrier density, 3

atoms in the[110] direction, forming a S-S dimer in the Xx10'/cm’®) was used. Preparation of the INA$1)A-(2

[110] direction. The sulfur coverages are 0.5 and 1.0 ML forx2)S surface was described elsewhétdlo contaminants

the former and latter models, respectively. It was suggestedtich as carbon and oxygen were detected by XPS. The sur-

by XSW (Ref. 6 and PES(Ref. 7 results that sulfur is face structure was confirmed by a cleax2 LEED pattern.

adsorbed on Ga atoms at the (1Aljurface and exchanges STM measurements were performed using a JSTM-

As at the (111B to form the 1x 1 structure. The X6 re-  4500XT system(JEOL). STM images were measured with

construction prepared by,8 adsorption was also reportéd. an electrochemically polished tungsten tip at two sample bi-
The 2x1 reconstruction was also found for sulfur- ases ¥s) of —1.4 and+1.5 V. XPD measurements were

adsorbed GaR0l) (Ref. 9 and InR0O01) (Refs. 10 and 11 Performed using an angle-resolved electron spectrometer

surfaces, although it was reported to be the 2l surface ~ System(ADES-400, VG Scientific where the acceptance

(Refs. 9 and 1)lLbecause the cation-stabilized surface struc2ngle of photoelectrons was2°. S 2 and As 3l photoelec-

ture was understood to be thex2 reconstruction at that tron intensities were measured by using a Kg (1253.6

time. Since the sulfur coverage was found to be about 0.8V) source. The azimuthal ang#e=0° in the photoemission

ML, 9 sulfur could be bridged on (Ga) in the[110] direc-  direction for the sample was set in tfi@ 12] direction
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FIG. 1. A STM image(a) and the magnifie_d imagé) of the FIG. 2. A STM image(a) and the magnified imagéh) of the
|nAs(11])A-(2>_<2)S su_rface_measured at bias voltage ¥f= INAs(111)A-(2x2)S surface measured at bias voltage \bf=
—1.4V. The image sizes i@ and (b) are 10<10 and 2.2 | 15y The image sizes ina) and (b) are 10<10 and 2.2
X 2.2nm, respef:tlvely. Arrows if@) indicate the defects on the X 2.2 nm, respectively. Arrows ife) correspond to the defects in
surface. Open circles ith) correspond to the corners of the hexa- Fig. 1(a). Both solid and broken circles ifb) correspond to the
gon. corners of the hexagon. The protrusions indicated by the broken

circles are located lower than those indicated by the solid ones.
SRPES measurements were performed at the vacuum ultra-

violet (VUV) beam line(BL18A) of Photon Factory at KEK the protrusions corresponding to the corners of the hexagon

g:url:]lézzh‘rljgzﬂg hgft?:]dz;; dsgsagjd;%%t?;/ \rnéesreegtsi\?gl for is alternatively depressed, resulting in a threefold-symmetric
XPD STM and SRPES measuremenris wer,e caFr)ried ou)t/.in structure. Since a band at abotfl.5 eV above the Fermi
’ ’ fBvel in an inverse photoemission spectr@ffES for the

-8
better vacuum than110""Pa. (2% 2)S surface was ascribed to unoccupied dangling bond
states of surface indium atonsthe STM image shown in
Il. RESULTS Fig. 2 represents a contour of the states.
Line profiles along 1-1[Fig. 1(@] andm-m’ [Fig. 2@)],
A STM image of the (111A-(2x2)S surface measured \hich are in thg211] direction, are shown in Figs(8 and
at a bias voltage of-1.4 V is shown in Fig. (a), where the  3(p), respectively. It is found that the distance between the
images of a honeycomb shape are observed. The nearest digo protrusions corresponding to a neighboring corner of the
tance between the holes of the hexagons i 0] direc-  hexagon is about 0.5 nm, and that the depth of a center hole
tion is about 0.86 nm, being in accordance with two times ofin the hexagon is about 0.1 nm. It is also found from profile
the distance betwed 10} planes of InAs. Figure(b) shows  (b) that the difference in height between the nearest corners
the magnified image of the honeycomb structure observed iis about 0.03 nm.
(a). The height of protrusions corresponding to the corners of Some defects are observed at a negative [@a®ws in
the hexagon is almost equal, resulting in a sixfold symmetrid=ig. 1(a)]. Comparing Figs. (8 and 2a), all the defects
structure. observed at the negative bias correspond to the low-intensity
The STM image measured at a bias voltagerdf5 Vis  corners of the hexagon in Fig(& (arrows. The defects are
shown in Fig. 2a), where the 2 2 honeycomb structure is not always observed at a positive bias, although the défect
also seen. However, as shown in Figb)2 the intensity of and bumpB, which correspond to the defecés and B,
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FIG. 3. Line profiles along the lines-41’ (a) andm—m’ (b)

shown in Figs. 1 and 2, respectively. Both profiles trace the same FIG. 5. S % polar XPD patterns for the INnA$11)A-(2X2)S
line on the surface. surface measured dt=0° (open and 60°(filled). The photoemis-

sion intensity to the background is plotted as a functior.of
respectively, in Fig. @a), are observed in Fig.(d).

Figure 4 shows S2[(a)—(c)] and As3l (d) XPD azi- toemission intensity depends upon the detection angles, the
muthal patterns for the surface. These patterns were mentensity ratiol/l 5 is used as the anisotropy. Herand | g
sured at polar angles of 63&), 71°[(b) and (d)], and 78°  correspond to the S®and background intensities, respec-
(c). A strong peak appears for the Ad3pattern at¢  tively. The large anisotropy is observed a®
=60°, that is, thdg 211] direction. The peak originates from =71°-81°(60°-69°) for the pattern measured &t
forward scattering of As@ photoelectrons by nearest In at- =0°(60°). This is consistent with the $2azimuthal pat-

oms in the[ 111] direction. A large anisotropy is observed at t€rns thWE‘ in Fig. 4.°Since the large anisotropy appears at
about¢=0° and 60° for the S patterns measured at the ¢=60°—69° for¢=60°, the sulfur atoms do not exist at the

polar angles ob=71°, 78°, and 63°, respectively. The large first layer of the surface. ,
anisotropy ath=60° does not appear at=71° for the S 2 In 4d spectra for the surface measured at detection angles

pattern while it was found for the A<Bpattern atg=71°,  ©f 80°(& and 0°(6b) are shown in Fig. 6. The curve fitting by
indicating that no strong scatterers for § ghotoelectrons ahV0|gt_ furrl]cnorjr and vaar |$u;|pa|1rameters_ folr th;:hflttmg ai)el
exist in the[111] direction. This implies that most of the io?nvy\;r(])rllré;ts ;gicgg aannng aen(;I I:St)%(?fté\;emybonéemeargu et
Eml];?r atoms do not occupy the fourfold arsenic sites in thefound The bindil,qg énergie@éE’s) of SI. S2 andS3 are

Uik shifted by +0.58, +0.30, and—0.60 eV, r’esp'ectively, from
melzglljrr:dSafggﬁuigalx;[élgglg; gft;ﬁ;nség?ré?necsliggcshéhe bulk component. Since the relative intensitiesSbf S2,

‘ and S3 to that of the bulk component are increased at the
high detection angle, these components can be ascribed to
indium atoms located at the surface. The intensity ratios of
S1/B, S2/B, andS3/B are 0.53, 0.71, and 0.11, respectively,

— Anisotropy (20% exp, 45% calc.)

Ay @
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FIG. 4. S & (a)—(c) and As 3 (d) azimuthal XPD patterns for
the INAg111A-(2X 2)S surface. Anisotropy, i.e., relative intensity
to the maximum intensity, are plotted as a function of the azimuthal Kinetic energy (eV)
angle¢. The patterns measured@t 63° (a), 71°[(b) and(d)], and
78° (c), off the normal to the surface, are displayed by dots with  FIG. 6. In 4d spectra for the INAQ1DA-(2X 2)S surface mea-
solid lines. The patterns calculated using the single scattering prosured at detection angles of 8@) and 0°(b) off the normal to the
cedure are superimposed on the measured (ahegled lines surface. The spectra were measured at a photon energy of 80 eV.
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TABLE I. The curve-fitting parameters for Inddspectra. TOp view
Components B S1 S2 S3

Relative intensity §=0° 1 0.27 0.46 0.04

0=80° 1 0.53 0.71 0.11

Branching ratio #=0° 1.36 1.23 1.23 1.17

0=80° 1.37 1.26 1.23 1.23

Spin-orbit splitting(eV) 0.87 0.89 0.84 0.89
BE shift (eV) 0 0.58 0.30 —0.60

Lorentzian width(eV) 0.20 0.20 0.20 0.20

Gaussian widtieV) 0.41 0.41 0.41 0.41

at the detection angle of 80°, where the escape depth of the
photoelectron is estimated to be 0.1-0.2 nm. The intensity
ratio of S3/B is too small to be ascribed to the principal
indium atoms which constitute the ¥2)S surface struc-
ture.

As 3d spectra for the surface measured at detection angles
of 80° (a) and 0°(b) are shown in Fig. 7. Only one doublet
component is found to be fitted for both spectra. The fitting
parameters are as follows: the Gaussian and Lorentzian
widths are 0.5 and 0.075 eV, respectively; and the spin-orbit
splitting is 0.69 eV. The surface core-level shift of A3
photoelectrons is not found for the surface. This doublet
component can be ascribed to arsenic in the bulk.

Side view
IV. DISCUSSION

Based on the STM, XPD, and SRPES results described
above, as well as the XPS and IPES restita, structure l ®In ®As OS < Vacancy
model for the INA§111)A-(2X2)S surface is proposed in
Fig. 8. The first and second layers in the model are occupied F!G- 8. A model for the INAEL1DA-(2x 2)S surface. A broken
by In and S atoms, respectively, forming a honeycomb Struc[hombus corresponds to a<x2 surface unit cell. The surface unit
ture in which the length between the nearest protrusions i¥ectorsa anda, (|a|=|a,/=0.86nm) are shown. | and Il corre-
suggested to be about 0.5 nm from the STM results Thépond to the In atom located above the As atom in the fourth layer
ind%gm atoms at the first .Iayer are bonded to sulfur a.t theand that above the center of an As triangle in the third layer, re-

pectively.

second layer, and they are in a threefold coordination, resulf

ing in having an unoccupied dangling bond. The bond length
between In and S is assumed to be 0.27 nm, which is close to
(a) the sum of the atomic radii of In and ®.15 and 0.10 nm,
respectively’). The sulfur coverage for this model is 0.75
ML, which is almost in agreement with the XPS resdifhe
model satisfies the electron counting fflalthough it con-

- _— tains not only the group-lll and -V atoms but also the
group-VI atoms, i.e., S. The number of unoccupied dangling
(b) bonds in the surface unit cell is two which is less than that
(thre@ for the clean INAEL11)A-(2X2) surface explained
by the vacancy-bucklingvVB) model*® This is consistent
with the previous IPES resuft.

The indium atoms occupy two kinds of the atomic sites,
i.e., In(l) and InIl). They correspond to the indium atoms at
52 53 54 55 56 57 the sites above the As atoms in the fourth layer and above
the center for the triangles of In and As in the third and
fourth layers, respectively. The(ln atoms are located lower

FIG. 7. As 3 spectra for the INAQ1DA-(2x2)S surface  than the Iiill) atoms by about 0.06 nm, which is consistent
measured at detection angles of 8@fand 0°(b) off the normalto ~ With the STM image measured at the positive bias. The

the surface. The spectra were measured at a photon energy of 16anken Iil) atoms are necessary to explain thesSXPD
ev. patterns, as discussed below. The sinking might be derived

Photoemission intensity (arb. units)

| L

Kinetic energy (eV)
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from the Coulombic interaction between the In and As atoms TABLE Il. Atomic coordinates (;,r,,z) of the structure model

in the fourth layer. shown in Fig. 8. The lateral components and r, refer to the
For the bulk In atoms in the model, the atoms in the thirdsurface unit vectorsy and a,(|ay|=[a,|=0.86 nm), respectively.

layer are bonded to one S atom and three As atoms, ante Vertical componert is represented in nm.

those in the fifth layer are bonded to four As atoms. The

three main indium components are found for the thspec- Atom 1 2 2 (nm)
tra in Fig. 6: the one bulk component and two surface com+n (Il) 0.333 0.333 0.00
ponents for the (X 2)S surface. The BEs of the two surface In (1) 0.667 0.667 —0.06
components are shifted higher By0.58 and+0.30 eV than s 0.016 0.492 -0.13
that of the bulk component. Because S has a larger electrone- 0.492 0.016 ~0.13
gativity than As, the BE of In 4 at the third layer would be g 0.492 0.492 ~0.13
higher than that of the In atoms in the third layer. In addition, |, 0.000 0.500 —0.40
since the SCLS of In d for the clean InAs(11)-(2X2) |, 0.500 0.000 ~0.40
surface’® where the In atoms are in a threefold coordination,, 0.500 0.500 ~0.40
is about+0.3 eV, the BE shift of the surface indium atoms , 0.167 0.167 —0.49
bonded to sulfur would be larger thah0.3 eV. Therefore, 0167 0.667 049
the surface components with the BE shifts ©0.58 and 0667 0167 049

+0.30 eV can be ascribed to the indium atoms at the first an
third layers, respectively. Although the atoms at the surface S
occupy two kinds of sites, the BE difference betweef)In
and InIl) would be too small to be distinguished.

As atoms with two kinds of chemical states exist at theto the surface unit vectoes anda,, respectively and s the
fourth layer: the As atom bonded to four In atoms, and thavertical component in nm. The SSC results are superimposed
bonded to three In atoms with one occupied dangling bondon the experimental patterns in Fig. 4. The unreconstructed
The former is located under the(lin atoms, and the latter (111)A surface structure was used for the calculation. The
around a vacancy of In atoms at the third layer. Because thassumption of the unreconstructed surface is not seriously
BEs of the As atoms in threefold and fourfold coordinationseffective for the As 8 pattern because of the long inelastic
cannot be distinguished,one doublet peak appeared in the mean free pati4.1 nm of the As 3 photoelectrons excited
As 3d spectra shown in Fig. 7. by a Mg Kea line. The result is also superimposed on the

The honeycomb images clearly observed in Fig. 1 repreexperimental pattern in Fig. 4. The forward-scattered peak of
sent a contour of the occupied states at abolitd eV below As 3d by the nearest In atoms appearsdat 60° for the
the Fermi level. Surface states localizedatype bonds be- simulated As 8 pattern. The strong peaks &t=0° (at 6
tween P and In atoms in the first and second layers for the=71° and 78f and 60°(at #=63°) for the simulated S &
INP(001)-(2x 4) surface®* respectively, were found by cal- patterns originate from forward scattering by the neares} In
culation. In analogy to this result, the images would corre-and Ir(ll) atoms, respectively. AR-factor analysi& is per-
spond to surface states localized at the bond between In aridrmed for the simulated and experimental patterns foisS 2
S atoms in the first and second layers, respectively, for thand As 31. The R factors obtained for the Ss2and As 3
proposed model. The detail of the occupied states for theatterns are 0.15-0.32 and 0.38, respectively, indicating that
(2x2)S surface must be investigated by ultraviolet photo-both the simulated patterns are in good agreement with the
electron spectroscopy and calculation to ensure the abowexperimental.
speculation. Indium vacancies are required in our model. If one indium

In the STM images shown in Figs.(ad and Za), the  atom were put on the vacancy site, three unoccupied dan-
defect A and bumpB observed at the positive bias corre- gling bonds would exist in the surface unit cell. This is the
spond to the defect&’ andB’, respectively, at the negative same number as that on the InAs(1A1()2x2) surface,
bias. Since defects andA’ are observed at the same place,which is not consistent with the IPES restitThis (2
both correspond to a vacancy in thdllip site. The bum@B X 2)S model is similar to the VB modéf in which the
and defecB’ can be attributed to an indium cluster formed creation of one vacancy in eactx2 cell allows the remain-
on the In atoms at the first layer. The formation of the indiuming Ga surface atoms to have a large inward relaxation, re-
clusters is suggested by the componsaitin the In 4d spec-  sulting in a 2.3-eV reduction in energy. Not only the XPD
tra because the SCLG-0.6 €V) is close to that of the me- result but also the total-energy calculation of the surface
tallic component$? However, the other defects observed atwould be necessary to understand the details of the structure.
the negative bias do not correspond to defects or bumps at The previous XPS result suggested that sulfur is bonded
positive bias. Further works are necessary for understanding indium in threefold coordination for the sulfur-adsorbed
this. INAs(111)A and (111 surfaces® On the other hand, sul-

The S Z XPD azimuthal patterns were simulated by afur was adsorbed on gallium at the on-top site for a
single-scattering clustéSSQ calculatior?® using the model GaAs(111A surface, leading to the formation of axiL
shown in Fig. 8. In the calculation, we take account of threestructure® If the sulfur were adsorbed on the on-top site for
S, five In, and four As atoms included in and bel¢the  the InAs(111A surface, the X1 structure would be
fourth layep the 2X 2 surface unit cell of the model. Atomic formed. The formation of the different structure, thx 2
coordinatedr, r,, andz) of the above atoms are shown in structure, which was not found on the other IlI-V compound
Table Il, wherer; andr, are the lateral components relative semiconductor surfaces, would be due to the preferable

0.667 0.667 —0.49
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threefold coordination of sulfur with indium on the the (SCLS: —0.6 eV) cannot be ascribed to the principal
INAs(111)A surface. constituent of the surface. No surface components are found
in the As 3 spectra. Based on STM, SRPES, and XPD
V. SUMMARY results, a probable structure model for thex(2)S surface is

proposed. The SSC calculation of the § 2PD patterns is

The structure of the InAs(11&)(2X2)S surface has performed using the model. The simulation result is in good

like images with some defects are observed by STM at a bias
voltage of—1.4 V. Similar images are also observed at a bias
voltage of+1.5 V, although the corners of the hexagon are
alternatively depressed in intensity, resulting in a threefold
symmetry. The S 2and As 31 XPD patterns show that most This work was partially supported by the Institute of Ma-
of the sulfur atoms do not occupy sites at the first surfaceerials Structure Sciend®roposal No. 97G328The authors
layer, and rarely exchange the fourfold arsenic sitesare grateful for the technical support of the staffs at Photon
The three surface and one bulk components are found iRactory. One of the authok$.l) greatly acknowledges par-
the In 4d spectra although one of the surface componentsial financial support from Kokan Keisoku K. K.
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