PHYSICAL REVIEW B VOLUME 59, NUMBER 19 15 MAY 1999-I

Geometry and core-level shifts of As on GaAd.10)
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The atomic structure of the As-covered GaBK) surface in one-monolayer coverage is studied using the
pseudopotential density-functional theory. We compare the adsorption geometry of AGIGRAwth that of
the well-studied isoelectronic Sb/GaA&0 system and discuss the large difference in the desorption tem-
perature found in both systems, based on the calculated adsorption energies. In addition, we calculate the As
3d and Ga 3 core-level shifts at As/GaA$10 using initial-state theory. Our calculations not only produce
well the surface components resolved in a recent photoemission experiment, but predict an additional surface
core level for the substrate As atom bonded to the adsorbed As EE@163-182609)02219-5

The interaction of adsorbed group-V elements with theAs/GaA$110 surface using initial-state theory. Our results
(110 surface of 1lI-V semiconductors is important in con- provide an interpretation of the two surface components ob-
nection with the formation of semimetal-semiconductor in-served in a recent core-level spectrisloreover, our theory
terface. In particular, the Sb monolayer on the GAA§)  predicts that the substrate As atom bonded to the adsorbed
surface has been extensively studied both experimentally arf§s atom also produces an additional surface core level. This
theoretically because this interface is known to be abrupt angrediction of three As 8 surface core-level shifts reflects
unreactive* As a similar group-V overlayer system, the ad- Well the chemical bonding of As atoms in the As/G&RK)
sorption of As on the GaA$10 surface can provide addi- interface. _ _
tional information about the chemical reactions between 1h€ total-energy calculations are performed using the
group-V elements and Gafisl0), but this system has been plane-wave-basis pseudopotential method within the local-

- i density approximatioiLDA).® We use the Ceperley-Aldér
less studied than the Sb/GaA&0 system. h lation functional for the LDA calculati

In a theoretical study of the GalsL0) surface, Northrup exchange-correlation functional for the cajcuiations.

) S The nonlocal ionic pseudopotentials of As and Ga are gen-
found that in the extreme As-rich limit 41 structure com- : 1.
. S erated by the scheme of Troullier and Martihin the sepa-
posed of As chaingi.e., the structural model of Fig.) Is

: _ rable form of Kleinman and Bylandéf.We simulate the
energetically more stable than the Ga-As chain structure proAs/GaAz{llO) interface by a periodic slab geometry: Each

duced by cleaving the bulk. Recently, ldeal studied the  glah contains nine GaAs substrate layers and one 1-ML As
bonding characteristics of As overlayer on G&#) using  qyerjayer on each side of the slab, and the vacuum region has
photoemission experiment. They resolved two surface comy yhickness of five atomic layers. In the structure optimiza-

ponents from. their.As @ core-level spectra, indicating WO tion we relax the As and Ga atoms in the top five layers
distinct bonding sites of the adsorbed As atoms. This is

analogous to the results for the St dore-level shifts at the
Sh/GaAs$110 interface, where two well-resolved Skl £ore
levels were observeti® He et al® also pointed out that there
exists a large difference in the thermal stability of the ad-
sorbed overlayer between As/GdA%0 and Sb/GaAdL10):
While the Sb overlayer is stable up to a substrate temperature
of about 550 °C, the As overlayer is removed even by heat-
ing above about 100 °&’® Compared to the well-studied
Sh/GaA$110) system, however, As/Gafkl0O still needs
more study for a unified understanding of its structure,
chemical bonding, and thermal behavior.

In this paper, we have determined the adsorption geom-
etry and energetics of an As monolayer on GAA$) using
the pseudopotential density-functional total-energy calcula-
tion scheme. The calculated geometrical parameters agree
well with those of the previous pseudopotential calculation
of Northrup? We find that on GaA4.10) the binding of the
As overlayer is significantly weaker than that of the Sb over- top view
layer, explaining the large difference in the desorption tem-
perature of the adsorbed overlayer in both systems. We have FIG. 1. Schematic diagram of side and top views of the As/
also calculated the AsBand Ga 3l core-level shifts at the GaAg110-1x1 surface: the ECLS model.
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TABLE I. Calculated geometrical parametésee Fig. 1in A for the As/GaA$110) surface in compari-
son with previous theoretical results. For comparison, the geometrical parameters for ShABpaAi®e also

given.
Al,J_ A1,y dlZJ_ d12‘y AZ,J_ A2,y
As/GaAg110 Ref. 2 0.01 1.58 2.05 4.36 0.02 1.45
this study 0.01 1.57 2.06 4.32 0.04 1.48
Sb/GaA$110 Ref. 14 0.05 2.00 2.35 4.51 0.08 1.38
Ref. 13 0.06 1.98 2.38 4.53 0.07 1.45

along the calculated Hellmann-Feynman forces until the reinvestigate the different bonding interaction of the adsorbed
maining forces are all within 6 mRy/A. We use a plane-waveoverlayer between As/Gaikl0) and Sh/GaA& 10), we cal-
basis with a kinetic energy cutoff of 10 Ry and a uniform culate the formation energyE(,) of single isolated zigzag
grid of 24 k points in the (2x1) surface Brillouin zone. chains of As and Sb atoms, where we assume that the bond
These parameters are found to produce well-converged réength and the chain angle have the same values as in the
sults for the atomic geometries of both As/G&BK) and optimized geometry of As/GaA$10 and Sh/GaAd10.
Sh/GaA$110).12 We find that the formation energy of the isolated As chain is
We consider two structural models for As/GdA80): the  significantly smaller than that of the corresponding Sb one
epitaxial continued layer structuf&CLS) and epitaxial on by AE,,=0.76 eV/atom, comparable to the above calcu-
top structurd EOTS models, which have been competing aslated AE,=0.65 eV/adatom. Thus, we can say that the
a favorable model for the Sb/Ga@40) interface’*In our  large difference of the formation energy between the isolated
previous paper of Sb/Gafkl0),"* the ECLS model was cal- As and Sb chains is primarily responsible for the different
culated to be more stable than the EOTS modelA#y,y  binding of As and Sb atoms on the G4A%0 substrate. In
=0.27 eV/adatom in adsorption energy. Similarly, thethis sense, the smaller adsorption energy in As/GAE® is
present As/GaA410 interface favors the ECLS model by attributed to the weaker bonding pf-bonded As chain, and
AE,~0.34 eV/adatom. The geometry of the ECLS modeltherefore As atoms desorb easily at the relatively lower tem-
is shown in Fig. 1, and the calculated geometrical parametengerature compared to the Sb desorption on GA2§.
are listed in Table I, in comparison with those of an earlier X-ray photoemission spectroscogXP9S studies have
pseudopotential calculation of NorthrdBoth the present provided useful information about the local geometry of V
and previous calculations show the overall good agreementoverlayer on GaAd10) since core-level spectra reflect dif-
for various geometrical parameters. To our knowledge, theréerent chemical environments at the interfac®Recently,
are no experimental data to be compared. The present bore et al2 obtained two well-resolved AsBsurface compo-
lengths between the surface atoms athg)-as(r) nents and no Gadsurface components from the core-level
=254 A, dasry-cay=2.45 A, anddag1)asz=2.46 A,  spectra of As/GaAd10). Using the argument of the differ-
where Agl) and As(1) are the adsorbed atoms and(®s ent charge accumulation around the adsorbed As atoms, they
and G&1) are the substrate top-layer atoms. These values aiggested that the lowéhighep binding energy component
very close to those of the previous calculaficﬁdAs(l)_AS(l,) is associated with the As atom bonded to the substrate Ga
=255 A, das(1)-Ga(1y= 2-42 A, and das(1)-aszy  (As) atom since the As-Ga bond has a partly ionic character
=2.46 A). In Table I, we also compare the equilibrium due to the larger electronegativity of As. This different
atomic geometry of As/GaA$10) and Sb/GaAd10. Our  chemical environment for the adsorbed As atoms is similar
calculated vertical shears of the first- and second-layer atont® the case of the adsorbed Sb atoms on GhE®, where
in As/GaAg4110) (A, =0.01 A andA,, =0.04 A) is two distinct bonding sites produce two well-resolved Sb 4
more reduced than those in Sb/G&BE) [A,,  core-level shifts®
=0.06(0.05) A andA;, =0.07(0.08) A in Refs. 13 and In order to identify the origin of the measured core-level
14]. We believe that this decrease of the vertical shears ishifts at As/GaA&L10), we calculate the As @ and Ga 3
As/GaAg110 is possibly due to the reduction of the geo- core-level shifts using initial-state theory. The initial-state
metrical and electronic inequivalence between the adsorbeshift is defined by the difference of the eigenvalues of a
overlayer and the substrate compared to the case of Shiven core level at different sites. Here, this shift is calcu-
GaAg110. lated by evaluating the expectation value of the self-
Experimentally, it has been known that the adsorbed As
atoms in As/GaAg 10) desorb at much lower temperature  TABLE Il. Comparison of the calculated adsorption energies
(T~100°C) compared to the desorption of the Sh atoms ifEad for the As/GaA¢110 and Sh/GaA&10 surfaces. The for-
Sh/GaA$110) (T~550°C).3'7*8 For an understanding of this mation energies of isolated As and Sb chaiis,) are also in-
large difference in the desorption temperature of the Sb angluded.
As overlayers on GaA%10), we compare the adsorption en-

ergies of both systems in Table Il. We find that on Ead (€V/atom Ecn (eV/atom)
GaAq110 the adsorption energy of the As overlayer is aos/Gaag110) 3.90 263
much smaller than that of the Sb overlayer BWE.;  sp/Gaa¢110 4.552 3.39

=0.65 eV/adatom, indicating that the binding of the As
overlayer is weaker than that of the Sb overlayer. In order téReference 13.
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(see Fig. 2 Unlike the ECLS model, the EOTS model pro-
(a) GaAs(110) duces only one As @ surface core-level shift at0.53 eV,
S S which originates from the adsorbed As atom bonded to sub-
B B strate As atom, and instead its substrate Ga atom produces a
As 3d H E | H Ga3d lower binding surface shift at-0.30 eV. These core-level
T T . T shifts of the EOTS model disagree with the experimental
0 -03 -06 0.
(b) As/GaAs(110

0 observations.
) Finally, we compare the As®B and Ga & core-level
shifts between the As/Ga&kl0 and clean GaA410 sur-
81 82 sr S faces. In the clean Gafkl0 surface, we find two surface
core-level shifts for the top-layer As and Ga atoms:(G&s)
Ga 3d 3d core level shifts to lowethighep binding energy by 0.45
' ' i ' (0.195 eV, in good agreement with experimental values of
' ' 0.37(0.28 eV.!” These surface core levels undergo signifi-
cant changes by the adsorption of As atoms in As/
S1 S2 81 S GaAgq110); that is, the As 8 surface core level located at
—0.45 eV moves to the higher binding energy dide., to
Ga 3d the levelS2 in Fig. ZAb)], and the Ga @ surface core level at
' ' ' +0.15 eV moves to the near bulk valug)( These changes
can be explained by the fact that the (Gaatom in As/
EOTS model GaAg110) recovers a near-bulk-like environment by the for-
FIG. 2. Calculated As @ and Ga @ surface core-level shifts Mation of tetrahedral bonds with four As atoms, while the
(solid sticK at (a) the clean GaAQ10) and (b) As/GaAg110 sur-  As(2) atom is still in a different chemical environment from
faces in comparison with photoemission experimefitatched ~ the bulk As atom. A&) is bonded to one adsorbed As atom
stick). For As/GaA$110) the results of the ECLS and EOTS mod- and three Ga atoms, unlike the bulk As atom bonding tetra-
els are given. The shifts are given in eV with respect to the bulkhedrally with four Ga atoms. Based on a simple argument of
value, where the positivénegative sign indicates a shift to higher charge transfer on the partly ionic As-Ga bof4, for As(2)
(lower) binding energy. is expected to shift to a higher binding energy relative to the
bulk value.
In summary, we determined the atomic geometry and
core-level shifts of the 1-ML As-covered GaA40 surface
_Vusing the pseudopotential density-functional theory. The

semiconductor surfacé&®In Fig. 2, the calculated surface Pr€Sent results for the geometrical parameters agree well

core-level shifts at As/GaA$10) are shown in comparison with previous pseudopotential calculation. From the calcula-

: ; tions of the adsorption energy of As and Sb overlayers on
with the calculation for clean GaAk10) and the XPS dat?. _ )
Within the ECLS model for As/GaA&10), we find that ~©G2A3110 and the formation energy of isolated As and Sb

/ _chains, we found that the easy desorption of the As overlayer
';ggeaiz?;b?gvg;ito;sd, gf , a\r/wv(ijﬂ;A Sh(|g1;r)1erp rgi(:]lé?r?gmé% ::Jgry is attributed to the weaker As-As bonding in the As chain.

shifts at+0.73 and+0.24 eV relative to the bulk core level, Our results for the As @ and Ga 8 core-level shifts con-

respectively. The substrate @ atom also produces a large firm the aSS|gnmen_t of the atomic ongin for the surface com-
surface shift at-0.29 eV (S2), while the core levelS) for ponents observed in recent photoemission core-level spectra

the Gd1) atom is nearly degenerate with the bulk value and also predict an additional surface core level for the sub-
These results for the ECLS model are compared well wit trate As atom bonded to the adsorbed As atom. The calcu-

. 3 - ated core-level shifts are well correlated with the chemical
X]se ;(dp SSS:?;?: eo bctilrzf)ccj)nbgnf v?!ér ésigsgiség' J\gé] grle ;ng bonding of As and Ga atoms in the As/GdA%0) interface.
+0.23 eV and assigned to the two adsorbed As atomd)As  This research was supported by Oak Ridge National
and As(1), respectively. Our calculations produce quantita-Laboratory managed by Lockheed Martin Energy Research
tively the binding energies of the observed surface compo€orp. for the U.S. Department of Energy under Contract No.
nents and also provide an additional information that theDE-AC05-960R22464 and by the National Science Founda-
substrate AQ) atom contributes to the large surface shift. tion (Grant No. DMR-9705406 M.H.K. acknowledges sup-
We find that there is a noticeable difference in the Alsshid  port from the Korea Science and Engineering Foundation
Ga 3 core-level shifts between the ECLS and EOTS modelshrough the ASSRC at Yonsei University.

consistent potential on the A<l3and Ga 3@ atomic orbitals,
which are computed in the atomic calculatiort®® This
initial-state theory has been successfully applied for I
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