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Atomic structure of InP „001…-„234…: A dimer reconstruction
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The microscopic surface structure of InP~001! is investigated by combiningfirst-principles total-energy
calculations with soft-x-ray photoelectron spectroscopy and scanning tunneling microscopy. The 432 cation
dimer model adapted from Ga-rich GaAs~001! surfaces as well as recently proposed, rather complex 234
trimer reconstruction models are found to be unstable. The energetically favored 234 reconstructions are
stabilized by dimerized In and P atoms. Unlike the well-known GaAs surface, however, mixed In-P dimers are
preferred for cation-rich surfaces due to the notable size difference between the material constituents.
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The ~001! surface of III-V compound semiconducto
provides the growth plane for many semiconductor devic
In order to achieve a thorough understanding of its s
face atomic structure a large number of experimental
theoretical studies have focused on GaAs~001!. The struct-
ure of InP~001!, on the other hand, is far from being unde
stood. It has been claimed that ion bombardment
annealing of InP~001! results in a surface with an In-ric
432/c~832! reconstruction,1–6 in analogy to Ga-rich
GaAs~001! surfaces.7 Recently, however, this treatment h
been shown to lead to a 234 reconstructed surface, while th
existence of a stable 432 reconstruction for InP~001! ap-
pears questionable.8,9 234 reconstructions have also bee
found by decapping of metal-organic vapor-phase epit
~MOVPE! grown samples10 and by heating oxidized
InP~001!.11 This agrees with the outcome of chemical-bea
epitaxy12 and molecular-beam epitaxy~MBE! experiments.13

Yang and Hasegawa14 observed a 234 reconstruction during
gas-source MBE for both P-rich and In-rich InP~001! sur-
faces.

Apart from obvious contradictions concerning the trans
tional symmetry of the reconstructed InP~001! surface, also a
wide range of structural models have been suggested to
plain the surface geometry. Based on high-resolut
electron-energy-loss spectroscopy and ultraviolet as we
x-ray photoelectron spectroscopy, a 432 missing-row dimer
model has been proposed, where all surface In atoms
dimerized along their dangling-bond direction and one
each four rows of In atoms is missing.1–3 A similar structure,
known asb2~432! @Fig. 1~i!#, is assumed to describe th
ground state of Ga-rich GaAs~001! surfaces.7 More recently
it was claimed in a series of studies that the InP surf
structure cannot be explained in terms of conventional dim
models: On grounds of scanning tunneling microsco
~STM! images Shimomuraet al.6 suggest a 432 structure
that combines two In dimers in the third layer with a part
In-P exchange in the uppermost two atomic layers@Fig. 1~j!#.
MacPherson and co-workers11 interpret their STM images in
terms of a 234 structure containing P trimers@Fig. 1~c!#. A
234 structure due to trimerization of the topmost In ato
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@Fig. 1~d!# has seemingly been observed in time-of-flig
scattering and recoiling spectrometry.8

On the other hand, the surface optical anisotropy of 234
InP surfaces, which should be correlated with the surf
atomic structure,15 has been shown to be almost the same
a rather wide range of preparation conditions.9,13,16 The ex-
isting total-energy~TE! calculations17 do not resolve the
puzzle. They are limited to 432 reconstructions and favo
the formation of P-In-P bridge bonds@Fig. 1~h!#.

The present study aims at clarifying the microscop
structure of InP~001!. In particular we address the questio
whether dimer reconstruction models are appropriate for
surfaces or whether other reconstruction mechanisms
preferable. On the basis of STM results and core-level p
toemission spectra several structural models are deri
Their total energies are then compared with the energies
calculate for surface geometries suggested in previous p
lications.

Our calculations are based on density-functional theory
the local-density approximation. We consider a periodic s
geometry along the surface normal. The unit cell includes
atomic slab with seven~eight! atomic InP~001! layers for
cation- ~anion-! terminated surfaces and a vacuum region
equivalent thickness. The cation-terminated bottom laye
the slab is saturated with fractionally (Z51.25! charged H
atoms. The electric field resulting from the inequivalence
the two surfaces is accounted for by a dipole correction. T
electron-ion interaction is described by separable, no
conserving pseudopotentials.18 Single-particle orbitals are
expanded into plane waves up to an energy cutoff of 15
k-space integrations are replaced by a sum over four spe
points in the irreducible part of the surface Brillouin zon
~SBZ!. The minimum of the TE functional with respect t
both the electronic and atomic degrees of freedom is fo
by a molecular-dynamics approach.19 The atoms are assume
to be in relaxed positions when the forces acting on the i
are smaller than 0.025 eV/Å. The calculations are perform
with the calculated equilibrium lattice constant of 5.67
which is smaller than the measured value of 5.87 Å. T
discrepancy is typical and remains even if temperature
14 596 © 1998 The American Physical Society
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FIG. 1. Top view of relaxed InP~001!~234! and~432! surface reconstruction models. Empty~filled! circles represent In~P! atoms. Large
~small! symbols indicate positions in the first and second~third and fourth! atomic layers. 234 and 432 reconstructions are ordered wit
increasing In coverage.
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fects are taken into account. This is mainly attributed to
missing contribution of the In 4d states, which are consid
ered as frozen-core states and hidden in the pseudopote
Our approach and numerical parameters have proved reli
in determining the structural and dynamical properties of
InP~110! surface.20 The calculations are on the same footin
as a recent study on GaAs~001!.21

The experimental preparation procedures have been
scribed previously.22 The InP~001! surfaces were prepare
by thermal desorption of a protective arsenic/phospho
double layer~cap! under ultrahigh vacuum~UHV! condi-
tions. For this purpose homoepitaxial InP epilayers w
grown by MOVPE and cappedin situ utilizing the photo-
decomposition of phosphine and arsine by an eximer la
source. The thermal desorption of the protective arse
phosphorus layer in UHV was performed by annealing
690 K. The clean surfaces were investigated by low-ene
electron diffraction~LEED!, reflectance anisotropy spectro
copy, soft-x-ray photoelectron spectroscopy~SXPS!, and
STM. SXPS experiments were carried out at the BES
storage ring in Berlin. The PE spectra of the In 4d and P 2p
emission lines were taken in normal emission with an ove
resolution of 0.2–0.25 eV using photon energies of 55
and 170 eV, respectively, in order to achieve optimum s
face sensitivity.

The decapped InP~001! surfaces always showed clea
LEED patterns with weak streaks in the twofold periodici
indicative of a coexistence of 234 andc~238! reconstructed
domains; the same reconstruction was observed on spu
annealed and on deoxidized surfaces.9,11 The In 4d and P 2p
emission lines obtained on the decapped surfaces are sh
in Fig. 2. By line-shape analysis three components in the
4d emission are deconvoluted, i.e., two surface compone
arise, one shifted to higher~10.38 eV! and one shifted to
lower binding energy~BE! ~20.43 eV!. After prolonged an-
nealing, on sputter/annealed and on deoxidized surface
additional fourth In component due to metallic In shows
~not shown here!. In the P 2p emission lines, on the othe
hand, only two components are deconvoluted, i.e., one
face component appears, shifted to lower BE~20.36 eV!.
The In 4d at higher and the P 2p surface component at lowe
BE, respectively, are most likely due to the charge trans
from indium to phosphorous surface atoms as postulated
the electron counting rule.23 Accordingly, In atoms with one
empty and P atoms with one doubly occupied dangling bo
should exist at the surface. The low-BE surface compon
e
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of In 4d indicates the presence of another In surface bond
site, which is characterized by a relative charge accumula
with respect to the phosphorous-coordinated bulk indiu
Similar photoemission spectra have been reported in cas
the Ga-rich GaAs~001!-~432! reconstruction: low-BE and
high-BE surface components of Ga 3d and only one low-BE
component of As 3d.24 Thus our SXPS results strongly sug
gest an In-rich surface structure complying with the electr
counting rule.

Atomically resolved STM images of the decapped In
surface show 234 and c~238! reconstructed domains
~cf. Ref. 10!, in agreement with the LEED pattern. The STM
images of the reconstructed InP surface are, however, cle
different from those of the well-studied, As-dimer
terminated GaAs~001!-~234! surface. In the case of GaA
one half of the row consists of two As dimers, the other h
to the two adjacent missing dimers. For InP the elevated p
is considerably smaller than one-half of the row.10 An InP
surface structure constructed of two P dimers next to t
missing dimers~in analogy to the As-terminated 234 GaAs
surface! would not fit the STM pattern. Furthermore, th
domain boundaries reported in Refs. 6 and 11 cannot
explained in terms of the dimer models known fro
GaAs~001!.

In order to explain the experimental findings we pe
formed TE calculations for eleven different 234 and 432

FIG. 2. Deconvolution of SXPS spectra of the P 2p and In 4d
core level emission into surface~shaded! and bulk ~light! compo-
nents. Each component consists of a spin-orbit-split doublet. T
surface components of the In 4d and one surface component of th
P 2p emission arise.
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surface reconstruction models. Four of them are novel st
tures@Figs. 1~e!, 1~f!, 1~g!, and 1~k!#; the others have eithe
been suggested in earlier publications11,8,17,6@Figs. 1~c!, 1~d!,
1~h!, and 1~j!# or have been adapted from GaAs~001! @Figs.
1~a!, 1~b!, 1~i!#.7,21,25The four structures that we propose a
consistent with the STM and SXPS data:~i! They contain
single dimers in the top layer orientated along the@110# ~In
dimer model! or @1̄10# direction ~top-P-dimer, mixed-dimer
and top-In-dimer model! in order to account for the rathe
narrow protrusions observed by STM;~ii ! they have 234
unit cells, in agreement with the observed translational sy
metry; ~iii ! they correspond to In-rich surfaces as sugges
by the SXPS results; and~iv! they contain two differently
coordinated surface In atoms, which could account for
finding of three In 4d components. The formation of In-In
bonds between threefold- and fourfold-coordinated surf
cations would explain the experimental observation of lo
and high-BE components by means of simple charge-tran
arguments.

The structures considered in the TE calculations rea
different In coverages ofQ51/4 @b2~234!, P-In-P bridge
bond#, Q51/2 ~a, P trimer!, Q53/4 @b2~432!, In trimer, In
dimer, top P dimer!, Q51 ~In-P exchange, mixed dimer!,
and Q55/4 ~top In dimer!.26 Therefore, an energetic com
parison of these structures can only be made by taking
account the chemical potentials of the surface constituen
and P~for details see, e.g., Ref. 27!. In Fig. 3 we show the
relative formation energies of the surface structures vs
allowed range of the In chemical potential.

For In-rich surfaces our calculations favor clearly the fo
mation of mixed In-P dimers on top of an In-terminated s
face@Fig. 1~g!#. This structure would also explain the expe
mental findings by SXPS and STM: One P 2p vs two In 4d
surface components reflect the singular P-surface site vs
distinct In-surface sites~threefold and fourfold coordination!.
Even more convincing, the asymmetry in the structural un

FIG. 3. Relative formation energy~with respect to the P-trime
structure! per 131 unit cell for InP~001! surface reconstructions v
Dm(In):5mbulk(In)2m(In). The thermodynamically allowed
range2DH f~InP! @50.92 eV~Ref. 28!<Dm~ln!#<0 is indicated by
dashed lines.
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found by STM at low negative bias voltages6,11 would
readily be explained by the asymmetric surface dimers. T
is substantiated by our electronic structure calculations: P
nounced occupied surface bands occur only around thK
point of the SBZ. The two highest occupied surface sta
V1 and V2 have energies 0.1 and 0.4 eV below the bu
valence band egde atK. They are related tos-like bonds
between the top In atom and the two cations below and
dangling bond located at the top P atom, respectively~cf.
Fig. 4!. The lateral positions of the resulting three maxima
the electron density due to these states form an isosc
triangle, in excellent agreement with the measured corru
tion. Furthermore, the observed domain boundaries6,11 can
easily be constructed by means of asymmetric single di
units and the bonding geometry of the second-layer In ato
below the topmost dimers fits very well the ‘‘zipperlike
rows reported in Ref. 11.

For less-In-rich surfaces our calculations indicate the s
bility of the b2~234! reconstruction adapted from As-ric
GaAs surfaces.21,25 This agrees with the observation of tw
different 234 phases.13,14Taking the limited accuracy of ou
calculations into account, however, we cannot exclude
existence of further surface structurs for a very narrow ra
of preparation conditions: Thea~234! phase as hypothized
in Ref. 13 and/or the top-P-dimer geometry may occur
intermediate values of the In chemical potential. For P-r
surfaces, on the other hand, 231, 232, andc~434! reflec-
tion high-energy electron-diffraction patterns have be
observed.13 Therefore, geometries other than those includ
in the present study may be favored for very P-rich con
tions.

The energetically most favorable 432 reconstruction, the
InP~001!b2~432! structure, is about 0.14 eV per surfac
atom higher in energy than the 234 top-P-dimer model.
Therefore, it can safely be excluded to be an equilibriu
structure. It is interesting to note that the only model th
does not satisfy electron counting heuristics,23 namely, the

FIG. 4. Contour plots of the squared wave functions atK for the
two highest occupied surface states~a! V1 and~b! V2 of the mixed-
dimer model. The contour spacing is 1023 bohr23. The plots for
V1 and V2 are drawn in~001! planes 0.8 Å below and 0.8
Å above the uppermost P atom, respectively. The lateral posit
of the uppermost In~P! atoms are indicated by empty~filled!
circles.
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P-In-P bridge-bond model,17 is among the most unfavorabl
geometries. This indicates the validity of the electron cou
ing rule for InP~001! surfaces. The trimerlike surface struc
tures suggested in Refs. 8 and 11 as well as the I
exchange6 are also significantly higher in energy than dim
reconstruction models and thus can be ruled out.

The mixed-dimer phase of In-rich surfaces has no co
terpart at the well investigated GaAs~001! surface.7,21,25 In
the latter case the Ga-rich surface is chararacterized by
b2~432! structure, where three surface cation dimers ori
tated along@110# form the 432 surface unit cell. An expla-
nation for the energetic preference of isolated dimers for
surfaces is the relatively low subsurface strain, while at
same time the electron counting rule can be fulfilled. T
large size difference between anions and cations in the c
of InP hinders the accommodation ofsp2-hybridized In-
dimer atoms@as in case of theb2~432! structure# at the
surface due to an appreciable stress in the subsurface la
caused by the threefold-coordinated cations. The mix
dimer model, on the other hand, allows the formation
t-
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nP
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e

ase
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strong In-In bonds~bond lengths 2.7–2.9 Å! while, due to
the fact that four surface In atoms remain fourfold coord
nated and near their ideal positions, the surface stress is
The same arguments hold in the case ofa and top-P-dimer
structures, which may occur for a small range of preparat
conditions.

In conclusion, we have presented a comprehensive st
of the energetics of 234 and 432 reconstructions of
InP~001! combined with core-level photoemission and ST
experiments. Both for a balanced surface stoichiometry
for In-rich conditions we favor a 234 reconstructed surface
that is stabilized by the formation of dimers. The cation-ri
surface contains mixed In-P dimers, unlike the we
investigated GaAs~001! surface, which is attributed to the
remarkable size difference between cations and anions
InP. Our results explain naturally all the recent experimen
findings.

Financial support by the DFG~Project Nos. Be 1346/6-2
and Es 127/4-1! and by the BMBF-Verbundprojekt 22 is
gratefully acknowledged.
s

,

z

.

.

-

,

*Present address: Physics Department, North Carolina State U
versity, Raleigh, NC 27695-8202. Electronic addres
wgs@batman.physics.ncsu.edu
1X. Hou, G. Dong, X. Ding, and X. Wang, J. Phys. C20, L121

~1987!.
2X. Wang, Appl. Surf. Sci.33/34, 88 ~1988!.
3W. Weiss, R. Hornstein, D. Schmeisser, and W. Go¨pel, J. Vac.

Sci. Technol. B8, 715 ~1990!.
4S. Riese, E. Milas, and H. Merz, Surf. Sci.269/270, 833 ~1992!.
5J. Woll, Th. Allinger, V. Plyakov, J.A. Schaefer, A. Goldmann

and W. Erfurth, Surf. Sci.315, 293 ~1994!.
6M. Shimomura, N. Sanada, Y. Fukuda, and P.J. Mo” ller, Surf. Sci.

Lett. 359, L451 ~1996!.
7D.K. Biegelsen, R.D. Bringans, J.E. Northrup, and L.-E. Swart

Phys. Rev. B41, 5701~1990!.
8M.M. Sung, C. Kim, H. Bu, D.S. Karpuzov, and J.W. Rabelais

Surf. Sci.322, 116~1995!; the authors favor an In-trimer model,
which corresponds to a 234 reconstructed surface according to
the usual notation.

9D. Pahlke, J. Kinsky, Ch. Schultz, M. Pristovsek, M. Zorn, N
Esser, and W. Richter, Phys. Rev. B56, R1661~1997!.

10N. Esser, U. Resch-Esser, M. Pristovsek, and W. Richte
Phys. Rev. B53, R13 257~1996!.

11C.D. MacPherson, R.A. Wolkow, C.E.J. Mitchell, and A.B
McLean, Phys. Rev. Lett.77, 691 ~1996!.

12B. Junno, S. Jeppesen, M.S. Miller, and L. Samuelson, J. Cry
Growth 164, 66 ~1996!.

13K.B. Ozanyan, P.J. Parbrook, M. Hopkinson, C.R. Whitehous
Z. Sobiesierski, and D.I. Westwood, J. Appl. Phys.82, 474
~1997!.
ni-
:

,

,

.

r,

st.

e,

14B.X. Yang and H. Hasegawa, Jpn. J. Appl. Phys., Part 133, 742
~1994!.

15D.E. Aspnes, J.P. Harbison, A.A. Studna, and L.T. Florez, Phys
Rev. Lett.59, 1687~1987!.

16M. Zorn, T. Trepk, J.-T. Zettler, C. Meyne, K. Knorr, Th. Weth-
kamp, W. Richter, B. Junno, M. Miller, and L. Samuelson,Pro-
ceedings of the Eighth International Conference on InP and Re
lated Materials~IEEE, New York, 1996!, p. 586.

17J.-M. Jin and L.J. Lewis, Surf. Sci.325, 251 ~1995!; H. Seong
and L.J. Lewis,ibid. 337, 166 ~1995!.

18X. Gonze, R. Stumpf, and M. Scheffler, Phys. Rev. B44 8503
~1991!.

19R. Car and M. Parrinello, Phys. Rev. Lett.55, 2471 ~1985!; R.
Stumpf and M. Scheffler, Comput. Phys. Commun.79, 447
~1994!.

20J.L.A. Alves, J. Hebenstreit, and M. Scheffler, Phys. Rev. B44,
6188 ~1991!; W.G. Schmidt, F. Bechstedt, and G.P. Srivastava
ibid. 52, 2001~1995!.

21W.G. Schmidt and F. Bechstedt, Phys. Rev. B54, 16 742~1996!.
22K. Knorr, M. Pristovsek, U. Resch-Esser, N. Esser, M. Zorn, and

W. Richter, J. Cryst. Growth170, 230 ~1997!.
23M.D. Pashley, Phys. Rev. B40, 10 481~1989!.
24G. Le Lay, D. Mao, A. Kahn, Y. Hwu, and G. Margaritondo,

Phys. Rev. B43, 14 301~1991!.
25J.E. Northrup and S. Froyen, Mater. Sci. Eng., B30, 81 ~1995!.
26The In coverageQ51 corresponds to an ideal In-terminated sur-

face.
27G.-X. Qian, R.M. Martin, and D.J. Chadi, Phys. Rev. Lett.60,

1962 ~1988!.
28CRC Handbook of Chemistry and Physics, 77th ed.,edited by

D.R. Lide ~CRC Press, Boca Raton, FL, 1996!.


