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For a selenium-treated GaAs (001) surface followed by heat treatment at -530 “C, we have 
observed using field ion scanning tunneling microscopy ordered arrays with regular 
intervals of 4Xperiodicity in the [ilO] direction ( 1.6 nm) to line up in the [l lo] direction. 
These ordered arrays are in good agreement with the 4X 1 structure previously 
observed by other methods. In a closer view, the 4~structure was found to be formed by 
closely placed double rows. 

Formation of surface/interface states within the band 
gaps-of compound semiconductors has been a persistent 
and important problem in developing an advanced technol- 
ogy in semiconductors. Thus, passivation of compound 
semiconductor surfaces has been studied extensively.“’ Re- 
cently, sulfur and selenium treatments have been attracting 
considerable attention because of their beneficial effects on 
improving the electronic properties of compound semicon- 
ductor surfaces.3-9 Understanding the passivation mecha- 
nism employed by those materials is very important from 
both fundamental and practical points of view. 

The surface/interface gap states have been considered 
to be caused by the formation of surface/interface defects.’ 
However, recently, Feenstra et al. showed by scanning tun- 
neling spectroscopy on metal/GaAs surfaces that, for cer- 
tain metals such as Au, the metal-GaAs bonding states 
themselves are responsible for the gap states rather than 
defects.*@-i2 Therefore, in such cases, the metal-GaAs 
bonds at the interfaces must be replaced by some other 
structures in addition to the formation of the ordered 
surface/interface without defects. Since the electronic 
properties of the Au-GaAs interface are improved by the 
S/Se treatments,4’7 the structures of the terminal layers 
formed by S or Se atoms are expected to satisfy the require- 
ments given above. 

According to the first-principle study of the GaAs 
(001)-l X 1 surfaces adsorbed with a monolayer of sulfur 
or selenium, the surface gap state density is markedly re- 
duced by the formation of S/Se-Ga bondings.i3,” Recent 
experimental results support the S/Se-Ga bond formation 
at the interfaces; however, the structures observed experi- 

mentally are rather complex compared to the structures- 
used for the theoretical calculations; the interfaces are not 
abrupt, but involved a few layers at the interface 
boundary.5*‘5-‘7 In order to pinpoint the structural models 
and to understand the passivation mechanism, it is impor 
tant and urgently needed to characterize the structure of 
the terminal layers on an atomic scale. 

In this letter, we report the surface structure of Se-; 
treated GaAs( 001) observed by a field ion scanning tun- 
neling microscope (FI-STM) .I8 

GaAS (001) surfaces, oriented to within l/2” of the 
[00 l] direction and Si doped at - 1 X lOI* cm - s, were pre.. 
pared by thermal cleaning. Selenium was evaporated onto 
the GaAs (001). surface using a Knudsen cell with a Se 
backpressure of - 1 X 10 - 6 Torr. The thicknesses of the Se 

- films thus deposited were estimated to be 100-300 nm. 
For the observation by the STM, the samples were 

transferred from the preparation chamber to the STM 
chamber through air. Heat treatments were given in the 
STM chamber, the base pressure of which was -4X lo- ‘I 
Torr. Tungsten tips were prepared by electrochemical etch- 
ing, and the surface condition of the tips was characterized 
and manipulated by means of a field ion microscope 
(FIM) mounted in the STM chamber.‘*,t9 

According to the electron diffraction measurements on 
the Se-treated GaAs (001) surface, a stable 4X 1 structure 
appears upon heat treatment at 500-600 oC.5*8,20 

Figure 1 shows a STM image (40 nmX40 nm) of 
Se-treated GaAs (001) with heat treatment at -S30 “C. 
The sample bias was kept at - 2.0 V throughout the mea- 
surement and STM imaging was performed in the constant 
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Foraselemium-treatedGaAs(001)surfacefo1lowedbyheattreatmentat-530cc,wehave
observedusing丘eldionscamlngtunnelingmicroscopyorderedarrayswithregular
intervalsof4×periodicityintheLTIO】direction(1.6nm)tolineupinthel110]direction.
Theseorderedarraysarehgoodagreementwittlthe4×1structurepreviously
observedbyothermethods.Inacloserview,the4×structurewasfoundtobeformedby
closelyplaceddoublerows.

Formationofsurface/interfacestateswithintheband

gaps~ofcompoundsemiconductorshasbeenapersistent
andimportantproblemindevelopinganadvancedtechnol-
ogy帆 semiconductors.Thus,passivationorcompound
semiconductorsurfaceshasbeenstudiedextensively･l･2Re-
cently,sulfurandseleniumtreatmentshavebeenattracting
considerableattentionbecauseoftheirbene丘cialeqectson

improvmgtheelectronicpropertiesorcompoundsemicon-
ductorsurfaces･3-9Understandingthepassivationmecha-
nismemployedbythosematerialsisveryImportantfrom
bothfundamentalandpracticalpointsofview.

Thesurface/interfacegapstateshavebeenconsidered
tobecausedbytheformationofsurface/interfacedefects.I
However,recently,Feenstraetal.showedbyscanningtun-
nelingspectroscopyonmetal/GaAs surfacesthat,forcer-
tainmetalssuchasAu,themetal-GaAsbondingstates
themselvesareresponsiblefb∫thegapstatesratherthan
defects.10-12Therefore,insuchcases,themetal｣ユaAs

bondsattheinterfacesmustbereplacedbysomeother
structuresinadditiontothefわrmationortheordered

surface/interfacewithoutdefects.Sincetheelectronic

propertiesoftheAu-GaAs interfaceareimprovedbythe
s/setreatments,4,7thestructuresoftheterminallayers
formedbySorSeatomsareexpectedtosatisfytherequlre-
mentsglVenabove.

Accordingtothe丘rst-principlestudyoftheGaAs
(001)-1×1surfacesadsorbedwithamonolayerofsulfur
orselenium,thesurfacegapstatedensityismarkedlyre-
ducedbytheformationofS/Se-Gabondings･13,14Recent

experimentalresultssupporttheS/SトGabondfわrmation
attheinterfaces;however,thestructuresobservedexperi-

mentallyarerathercomplexcomparedtothestructures~
usedforthetheoreticalcalculations;theinterfacesarenot

abrupt,butinvolved a few layersatthe interface
boundary･5,15-171nordertoplnPOintthestructuralmodels~
andtounderstandthepassivationmechanism,itisimpor..
tantandurgentlyneededtocharacterizetileStructureOf
theterminallayersonanatomicscale.

Inthisletter,wereportthesurfacestructureofSej
treatedGaAs(001)observedbya丘eldionscanningtun･･
nelingmicroscope(FI-STM).lS

GaAS(001)surfaces,orientedtowithin1/2oofthCl-

lool]directionandSidopedat-1×1018cm13,werepre･･
paredbythermalcleanlng.Seleniumwasevaporatedonto
theGaAs (001)-SurfaceusingaKnudsencellwithaSe'
backpressureof～1汰10-6Torr･ThethicknessesoftheSc;-
氏lmsthusdepositedwereestimatedtobe100-300nm.

FortheobservationbytlleSTM,thesampleswere~
transferredfrom thepreparationchambertotheSTM
chamberthroughair･HeattreatmentswereglVeninth:t
STMchamber,thebasepressureorwhichwas-4×10-ll
Torr.Tungstentipswerepreparedbyelectrochemicaletch･･
lng,andthesurfaceconditionofthetipswascharacterized
andmanlPulatedbymeansofa丘eldionmicroscopt∋
(FIM)mountedintheSTM chamber.18,19

Accordingtotheelectrondi駄actionmeasurementsOIT
theSe-treatedGaAs(001)surface,astable4×1structure

appearsuponheattreatmentat500二600｡C･5･8720
Figure1showsaSTM image(40nmx40nm)of

Se-treatedGaAs(001)withheattreatmentat-530cc.

Thesamplebiaswaskeptat-2.0Vthroughoutthemea･･
SurementandSTMimaglngWasPerfomedintheconstant
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FIG. 1. STM image of the Se-treated GaAs (001) surface after heat 
treatment at -53O’C ( Vs = - 2.0 V, I,= 20 pA, 40 nmx40 nm). 

current mode (setting current: Is = 20 PA). As shown in 
Fig. 1, the surface is rather rough at an atomic level and 
there are many islands which are considered to be Se over- 
layers remaining on the surface. This roughness may be 
responsible for the diffuse low-energy electron diffraction 
patterns which have been reported concerning this surface. 
However, the ordered linear arrays are clearly seen lining 
up in the [l lo] direction in the flat area of the surface. The 
distance between the rows is 1.6 nm and is very close to the 
4Xperiodicity of the GaAs (001) surface in the [ilO] di- 
rection. This 4Xstructure thus observed in the STM im- 
ages is in good agreement with the 4 X 1 structure reported 
by Chambers et aL5’* 

Figure 2 (a) shows another image of the treated surface 
(25 nmX 25 nm), and a cross section is drawn along A-B 
in Fig. 2(b). The ordered arrays observed in Fig. 1 are 
resolved in this figure to have a double-row structure; each 
array which appears to be single in Fig. 1 consists of two 
closely placed rows as shown in Fig. 2. The 4Xperiodicity 
of 1.6 nm is formed by two kinds of alternating distances 
between the rows, i.e., Dt = - 1.1 nm and D, = -0.5 nm. 

When a - 0.25 monolayer of aluminum is deposited on 
the GaAs (00 1) -2 X 4 surface, a 4 X 1 symmetry appears.21 
Dormer et al. interpreted the 4Xstructure in the [ilO] di- 
rection as the pairing of the As-dimer rows, which they 
considered to occur through the Al adsorption between the 
dimer rows. A similar model is proposed for the GaAs 
(001)-4X 1 structure by Daweritz.22 In order to compare 
such models with our experimental results, the dimer 
structure is drawn schematically in the lower part of Fig. 
2(b) in consideration of the symmetry of the cross section. 
Adsorption sites in the models are indicated by arrows. 

Taking the recent experimental results into consider- 
ation, As atoms at the Se-treated surface may be partially 
replaced by Se atoms. If the gap states of the 4X 1 surface 
are removed by the Ga-Se bond formation, as is calculated 
on the GaAs (001)-l X 1 surface,13Z14 the passivation effect 
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FIG. 2. (a) STM image of the Se-treated GaAs (001) surface after heat 
treatment at 530 “C ( V, = - 2.0 V, Is = 20 pA, 25 rimx25 nm). (b) 
Cross section along A-B in (a), normal dimer and buckled dimer struc- 
tures are drawn together. (c) Cross section along C-D in (a). D, = - 1.1 
nm, Dz = -0.5 run. 

will depend on the amount of Se atoms included in the 
surface dimer layer. 

Since a dip structure around the adsorption sites be- 
tween the dimers was observed experimentally, such 
charge transfer appearing in the GaAs (011) surface or 
modified adsorbate configuration must be introduced in 
order to interpret the Se-GaAs (001) surface structure 
with this model. For example, the double peaks, which are 
separated by the dip structure as shown in the cross sec- 
tion, may correspond to the two adsorbates on the,dimers. 
Adsorption at the asymmetric positions on the bridge site 
is very likely because of the Jahn-Teller effect.23 The cov- 
erage becomes equal to or higher than 0.5 monolayer in 
this case. 
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FIG.I.STMimageoftheSe･treatedGaAs (001)surfaceafterheat
treatmentat～530℃(V5--2･OV,75-20pA,40nmx40nm)･

currentmode(settingcurrent:Zs=20pA).As Shownin

Fig.1,thesu血ceisrattlerroughatanatomicleveland
therearemanyislandswhichareconsideredtobeSeover-
1ayersremalnlngOnthesurface･Thisroughnessmaybe

responsibleforthediffuselow-energyelectrondiqraction
patternswhichhavebeenreportedconcerningthissurface･
However,theorderedlineararraysareclearlyseenlinir唱

upinthe【1loョdirectioninthenatareaofthesurface･The
distancebetweentherowsis1.6mmandisveryclosetotile

4×periodicityoftheGaAs (001)surfaceintheLTIO】di-
rection.This4×StructurethusobservedintileSTM im-

agesisingoodagreementwiththe4×1structurereported
byChambersetal･5･8

Figure2(a)showsanotherimageofthetreatedsurface
(25nmX25nm),andacrosssectionisdrawnalongA-B

inFig.2(b)･TheorderedarraysobservedinFig.iare
resolvedinthisfiguretohaveadouble-rowstructure;each

arraywhichappearstobesingleinFig･1consistsoftwo
closelyplacedrowsasshowninFig･2･The4×periodicity
of1.6nmisfわrmedbytwokindsofaltematingdistances
betweentherows,i.e.,D1- -1.1nmandD2--0･5nm･

Whena-0.25monolayeroraluminumisdepositedon

theGaAs (001)12×4surface,a4×isymmetryapRearS･21
Donneretal.interpretedthe4xstructureinthel110]di-
rectionasthepalnngOftheAs-dinerrows,whichthey
consideredtooccurthrough theAladsorptionbetOeenthe
dinerrows.A similarmodelisproposedfb∫theGaAs
(001)-4×1structurebyDaweritz.221nordertocompare
suchmodelswithourexperimentalresults,thediner
structureisdrawnschematicallyinthelowerpartofFig･
2(b)inconsiderationofthesymmetryofthecrosssection･

Adsorptionsitesinthemodelsareindicatedbyarrows･
Takingtherecentexperimentalresultsintoconsider-

ation,AsatomsattheSe-treatedsurfacemaybepartially

replacedbySeatoms･Ifthegapstatesofthe4×1surface
areremovedbytheGa-Sebondformation,asiscalculated
ontheGaAs (001)-1×1surface,13,14thepassivationeffect
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FIG.2,(a)STMimageoftheSe-treatedGaAs (001)surfaceafterheat
treatmentat530oC(Vs--2.0V,Zs-20pA,25血1×25nm)･(b)
CrosssectionalongA-Bin(a),normaldinerandbuckleddinerstruc-
turesaredrawntogether.(C)CrosssectionalongC-Din(a)･β1--1･1
nm,D2--0.5nm.

willdependontheamountofSeatomsincludedinthe
surfacedinerlayer.

Sinceadipstructurearoundtheadsorptionsitesbe-
tween thedinerswasobserved experimentally,such
chargetransferappearingintheGaAs(011)surfaceor
modi丘edadsorbatecon8gurationmustbeintroducedin
ordertointerprettheSe-GaAs(001)Surfacestructure
with血ismodel.Forexample,thedoublepeaks,whichare
separatedbythedipstructureasshowninthecrosssec-
tion,maycorrespondtothetwoadsorbatesonthe'dimers･
Adsorptionattheasymmetricpositionsonthebridgesite
isverylikelvbecauseoftheJahn-Tellereffect･23Thecov-

eragebecomesequaltoorhigherthanO･5monolayerin
thiscase.
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FIG. 3. STM image of the Se-treated GaAs (001) surface after complete 
removal of Se overlayers ( Vs = - 2.0 V, Is = 20 pA, 6.0 nm X 3.5 nm). 

As is mentioned above, according to the recent exper- 
imental results, the Se/GaAs (001)-4x 1 surface has the 
GaAsr -,$e, structure over a few layers.5’8 Therefore the 
reconstruction such as dimer pairing may be caused by the 
partial replacement of As atoms by Se in the surface layers 
rather than by the adsorbate-induction mechanism. A 
buckling dimer may produce the 4xperiodicity in the 
[TlO] direction in such a case, as shown schematically in 
Fig. 2(b) for comparison.24 

Overlayers with certain orderings can be seen in Fig. 
2 (a). Domain labeled R seems to have a structure similar 
to the 4 x layer below, but rotated by 90”. A cross section is 
drawn along C-D in Fig. 2(c). The corrugations of the 
double rows in both layers are -0.05 nm. The thickness of 
the overlayer, determined by the heights of both edges of 
the cross section in Fig. 2(c), is -0.15 nm, which corre- 
sponds to a single atomic layer of GaAs (001). Compari- 
son of those cross sections show that, the 4 x layer consist- 
ing of double rows is probably a single atomic layer. 
Therefore, such a structure as a buckling dimer model 
without adsorbates is more probable. 

Figure 3 shows a STM image of the treated surface 
after complete removal of the Se overlayers (6.0 nmx3.5 
nm, Vs = - 2.0 V, is = 20 PA). The 4x2 units consist- 
ing of three Ga dimers are resolved well. The STM image 
is similar to the As-rich GaAs (001)-2x 4 structure ob- 
tained by Pashley et al. except for a 90” rotation of the 
ordering.“‘-” Since the GaAs (001) surfaces were pre- 
pared by thermal cleaning, the surfaces before the Se treat- 
ment are thought to have similar Ga-rich structures. 

In order to complete the structural analysis and to 
understand the passivation mechanism, a well-controlled 
surface preparation technique is necessary, and a proce- 
dure for it is currently being under consideration. Precise 
measurements of the stoichiometry of the treated surface 
for the structures must be performed, together with de- 
tailed calculations. 

In conclusion, for the Se-treated GaAs (001) surface 
with heat treatment at -530 OC!, the ordered arrays with 
regular intervals of 4Xperiodicity in the [TlO] direction 
( 1.6 nm) were observed by FI-STM to line up in the [1 lo] 
direction, which is in good agreement with the 4x 1 struc- 
ture observed by the previous methods. In a close-up view, 
a 4Xstructure was found to be formed by the closely ad- 
jacent double rows. 
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FIG･3･STMimageoftheSe-treatedGaAs (001)surfacea托ercomplete
removalofSeoverlayers(Vs--2.0V,Is-20pA,6.0nmx3.5nm).

Asismentionedabove,accordingtotherecentexper-
imentalresults,theSe/GaAs(001)-4x1surfacehasthe

GaAs 1_xSexstructureoverafewlayers･5･8Thereforethe

reconstructionsud asdinerpalrlngmaybecausedbythe

partialreplacementofAsatomsbySeinthesurfacelayers

ratllerthan by血eadsorbate-induction mecllanism.A

bucklingdinermayproducethe4×periodicityinthe

LTIO】directioninsuchacase,asshownschematicallyin

Fig.2(b)forcomparison.24
0VerlayerswithcertainorderingscanbeseenimFig.

2(a).DomainlabeledRseemstohaveastructuresimilar

tothe4×layerbelow,butrotatedby900.Acrosssectionis

drawnalongC-D in Fig.2(C).Thecorrugationsofthe

doublerowsinbo血layersare-0.05nm.Thethicknessof

theoverlayer,determinedbytheheightsorbothedgesor
thecrosssectionin Fig.2(C),is～0.15nm,whichcorre-

spondstoasingleatomiclayerorGaAs(001).Compad-

sonofthosecrosssectionsshowthat,the4×layerconsist-

lngOrdoublerowsisprobablyasingleatomiclayer.

Therefわre,suchastructureasabucklingdinermodel

witllOutadsorbatesismoreprobable.

Figure3showsaSTM lmageofthetreatedsurface
aftercompleteremovaloftheSeoverlayers(6.0nmx3.5

nm,Vs--2.0V,Zs-20pA).The4×2unitsconsist-

mgorthreeGadinersareresolvedwemTheSTM image
isslmilartotheAs-richGaAs(001)-2×4structureob-

tainedbyPashleyeiallexceptfora900rotationofthe

ordering.25~27since血eGaAs(001)su血 ceswerepre-

paredbythermalcleaning,thesurfacesbeforetheSetreat-
mentarethoughttohavesimilarGa-richstructures.

Inordertocompletethestmcturalanalysisandto

understandthepaSSivationmecIlanism,awell-controlled
su血 cepreparationtechniqueisnecessary,andaproce-

dllrefわritiscurrentlybeingunderconsideration Precise
measurementsofthestoichiometryofthetreatedsurface

forthestructuresmustbeperformed,togetherwithde-
tailedcalculations.

Inconclusion,fortheSe-treatedGaAs(001)Surface

wi血 heattreatmentat-530℃,theorderedarrayswith

regularintervalsof4×periodicityintheLTIO】direction

(1.6mm)wereobseⅣedbyFI-STM tolineupinthe【1101
direction,whicllisingoodagreementwiththe4×1stru c-

tureobservedbythepreviousmethods.Inaclose-upview,
a4×Structurewasfoundtobeformedbythecloselyad-

jacentdoublerows.
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