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We have performed total-energy density-functional calculations using first-principles pseudopotentials to
determine the atomic and the electronic structure of the anion vacancy éhlfhesurfaces of InP, InAs, and
InSbh. An inward relaxation of the three neighboring In atoms next to the anion vacancy is obtained, but the
stable atomic structure depends critically on the vacancy charge statet Theharged vacancy exhibits a
nonsymmetric configuration with one rebonded dimer, while both 0-afidcharged vacancies show a sym-
metric configuration with loosely rebonded and rebonded trimer, respectively. For InP and InAs, the charge-
transfer levelse(+1/0) ande(0/—1) are located around the center of the band gap; whereas for InSb, the
—1 charge state is stable in the whole band gap. In contrast to bulk, the surface vacancy is a\gastiver.
The band structures and the density of states have been calculated. Three vacancy states, one deep in the
valence band and two around the band gap, are identified. Our results show that the character of the vacancy
states is mainly dependent on the atomic configuration.
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[. INTRODUCTION across this range of materials enables us to understand the
observed STM images as well as the character of anion va-
The In group-V compound semiconductors are interestingancies, especially on the narrow band-gap semiconductor
materials with potentially important device applications.surfaces.
When undergoingn-type doping, InP is observed to have  This paper is organized as follows: First, we briefly de-
high electronic mobility and resistance to the rapid mode ofcribe our computational method. In Sec. lll, the atomic
laser degradation. InAs and InSb have small band gaps withtructures of the anion vacancy surface are presented. In Sec.
0.42 and 0.24 eV, respectively. They are good candidates d¥, the vacancy formation energies of the three materials are
useful infrared detector's® As intrinsic point defects, surface given. In Sec. V, the nature of the vacancy states is discussed.
vacancies play an important role in the growth process ofinally, we summarize our results.
thin semiconductor films and the Fermi-level pinning at
metal-semicqnductor _interfaces. These poin_t def_ects have Il. COMPUTATIONAL METHOD
been extensively studied by scanning tunneling microscopy
(STM) observations and density-functional theory calcula- The calculations have been performed using the first-
tions, especially on the Gafkl0 surface’® For the As va-  principles total-energy progranasp (Viennaab initio simu-
cancy on thep-type GaA$110 surface, calculations suggest lation program (Ref. 8 based on the density-functional
that the two surface gallium atoms neighboring the As vatheory within local-density approximatiohThis pseudopo-
cancy relax into the subsurface layer, while STM experi-tential program uses a plane-wave basis and full nonlocal
ments observe the presence of two bright spots in the Gsanderbilt-type ultrasoft pseuopotentials to describe the
sublattice’ It has been well explained via the effect of local- electron-ion interaction. The exchange and correlation poten-
charge-induced band bending by Zhang and Zuhdarr- tials are adopted by the functional of Ceperley and Alder as
thermore, the charge state of the As vacancy is correctlparametrized by Perdew and Zung&The optimization of
predicted by the calculations to bel for p-type and—1 for  the atomic geometry is performed via a conjugate-gradient
n-type GaAs$110. However, the interpretation of the experi- minimization of the total energy with respect to the atomic
mental STM images is still unclear. For instance, for thecoordinates.
p-type GaA$110) with an As vacancy, one calculation finds  To simulate the anion vacancy in the surface, a slab ge-
that the stable atomic structure is a rebonded configurationmetry is used with periodic boundary conditidhdhe su-
breaking the mirror symmetry of the surfatehereas an- percell contains seven atomic layers with ax(@) surface
other finds a symmetric configuration to have the lowesunit cell, separated by a 10-A-thick vacuum layer. The dan-
energy’ Ebertet al” argued that the experimentally obtained gling bonds on the bottom surface are passivated by
symmetric STM image is a time average of two degenerat@seudohydroget?. The top four atomic layers are allowed to
nonsymmetric geometries due to a thermal flip motion be+elax and the equilibrium positions are identified when the
tween the mirror configurations. forces are smaller than 0.01 eV/A. A uniform compensating
In this paper, we describe a systematic study of the atomibackground is incorporated to maintain the charge neutrality
and electronic properties of anion vacancies on (hE) of the supercell.
surface of InP, InAs, and InSb. A comprehensive study Brillouin-zone integrations have been done on a
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Monkhorst-Pack grid of 2x 2% 2 k points, using a smear- @

ing of 0=0.05 eV. The kinetic-energy cutoff of 240 eV is b,;'\y&
used for the plane-wave basis. Thd électrons of the in- \ /\
dium atom are treated as core electrons. All calculations haw“f”_» _‘/W
been performed using the theoretical equilibrium lattice con- L

stants of 5.828, 6.013, and 6.430 A for InP, InAs and InSb, 2Q

respectively, which are about 0.7% smaller than experimen-
tal lattice constant$5.869, 6.036, and 6.479)A

/
[001]

Ill. ATOMIC STRUCTURES

First, using the above computational method, we get the
equilibrium geometry of cleafl10 surface of In group-V, <
which we take as a reference. The point gralip, of the '
surface consists of one mirror plane in tHelQ] direction. ™
After relaxation, there is a pronounced outward movement of
the anions and an inward shift of the cations in the surface FIG. 1. Side view and top view of the atomic structure wih
layer. The buckling angles are 29.5°, 31.0°, and 32.5°, andymmetric configuration(b) nonsymmetric configuration, an)
the height differences between In and anion are 0.6883ymmetric configuration with one loosely rebonded dimer for In
0.7532, and 0.8507 A for InP, InAs and InSb, respectively, ingroup-V (110 surface with anion vacancy. Black circles are for
good agreement with previous theoretical redfilgsd low-  indium atoms and gray circles are for anions. Large, middle, and
energy electron-diffraction datd='" The back bonds of the Ssmall radii refer to the surface, subsurface, and bulk atoms.
anion are nearly perpendicular, while the cation shows a pla-
nar bonding configuration indicating that the surface aniongonds, the coordination number of(1i is changed to 5. A
are p-like bonded and the cations as@’-like bonded. pyramid encompassing the (I0 atom is formed and the

When one anion is removed from the clédd0) surface, |n(1) atom is slightly above the base plane of the pyramid.
an anion vacancy\(,) is generated. In the following, we This |ocal geometry is responsible for thecharacter of
discuss the stable structures of anion vacancy. In order to te§faye function around i), which we discuss in Sec. V.
the dependence of our results on the chosen atomic coordi- gy the three charge states of the vacancy,vé.l,, Vﬁ,

nates, we have tried many starting configurations for mos(Ide;l, there are somewhat quantitative differences of the

charge states of anion vacancy and found only three d|ffere%nic relaxation although the atomic structures are similar.
minima. After relaxation, only the nearest neighbors around \fhe

are significantly relaxed and all other atoms remain close to

A. Symmetric configuration the ideal position of a clean surface with a maximum relax-

Starting from the unrelaxed anion vacancy surface, after ation smaller than 0.15 A. We summarize the calculated ionic
symmetry-restricted relaxation, the symmetric configuratiorfe|axati0n in Table | and the changes of interatomic distances
with an indium trimer[Fig. 1(a)] is obtained for the three in Table Il for the three materials. As the number of electrons
materials, regardless of the vacancy charge states. trapped at the vacancy site increase, the surfat® kand

From Fig. 1a), we can see that the two surface In atoms/n(3) ions relax further towards the vacancy site along both
neighboring thev, [In(2) and Ir(3)] move inward, the sub- the [001] and[110] directions, and the subsurface(lnion
surface In atonfin(1)] shifts towards th&/,, and the result also moves_further towards the vacancy site. The negative
is a rebonding between the surface and the subsurface Bign of A[110] denotes that the surface indium atomé&)n
atoms[In(1)-In(2) and In1)-In(3)]. Because of these new and IN3) move away from each other in tfhi210] direction,

TABLE |. Relaxations of the nearest-neighbor In atoms of thk, 0, and—1 charged anion vacancies
on the In group-V110 surface with symmetric configuration from the ideal position of clean surface. The
positive sign denotes the relaxation towards the vacancy|giteis the total displacement. All values are
given in angstroms. Atomic indices are same as in Fig. 1.

(+1) _(0) (=1
(001 [110] [110] [A] [oo1 [110] [110] [A[l [001] [110] [110] |[|A]

InP In1) 0.30 0.00 0.08 031 036 000 014 039 050 0.00 0.19 0.54
In2) 0.18 -0.09 0.27 0.34 0.31 —0.04 031 044 0.38 —0.06 0.34 051

InAs In(1) 037 0.00 0.14 040 049 0.00 0.18 052 061 000 0.24 0.65
In2) 021 -0.10 0.29 037 0.31 -0.05 0.34 046 042 -0.09 0.37 0.57

InSb In1) 057 000 024 062 065 000 025 070 075 0.00 0.28 0.80
In2) 039 -0.01 037 054 045 -0.02 042 061 049 —-0.04 045 0.67
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TABLE II. Interatomic distancesin angstroms between three TABLE lll. Relaxations of the nearest-neighbor In atoms of the
indium atoms around the 1, 0, and—1 charged anion vacancies +1 and—1 charged anion vacancy on the In grouftY0 surface
with symmetric atomic configuration. Atomic indices are same as inwith nonsymmetric configuration from the ideal position of clean

Fig. 1. surface. The positive sign denotes the relaxation towards the va-
cancy site]|A|| is the total displacement. All values are given in
InP InAs InSb angstroms. Atomic indices are same as in Fig. 1.
(+1) (0) (=1) (+1) (0) (=1) (+1) (0) (=1) = 1
+ —
di, 3.160 2.969 2.836 3.150 2.964 2.834 3.027 2.935 2.861 [001] [110] [110] [|A| [001] [110] [110] [|A]

dyz 4.304 4.195 4.241 4.172 4.369 4.425 4.570 4.581 4.624

In(1) 0.18 0.15 0.03 0.24 0.14 0.15-0.04 0.21
InP In2) 041 0.15 0.27 051 0.30 056 0.11 0.65

while the subsurface (@) does not shift in this direction due In(3) —0.37 ~0.85 0.29 0.97-0.23 0.48 —0.50 0.73
to the symmetry. As a result, the trimer bond lendh (d-) In(1) 020 0.21 0.06 029 0.13 0.170.05 0.22
is decreased, and finally reaches the indium dimer boné?As In(2) 045 0.12 0.28 0.54 0.36 0.59 0.15 0.70
length for the— 1 charge state, i.e., 2.836, 2.834, and 2.861 In@) —0.43 —0.96 0.24 1.08-0.18 0.54 —0.49 0.75

A for InP, InAs, and InSb, respectively. The atomic distance In(1) 0.24 0.28 0.06 0.38 0.19 0.19-0.04 0.28
d,; does not change very much and is kept relatively largelnSb In2) 057 0.16 0.35 0.69 0.41 0.73 0.19 0.86
indicating the antibonding character between surfa¢g) In In(3) —0.44 —1.11 0.31 1.24-0.09 0.72 —0.44 0.85

and In(3) ions, regardless of the charge state of the vacancy:

We do not totally agree with the comment on the symme-
B. Nonsymmetric configuration try of the geometry by Kim and ChelikowsRyOur adopted
energy cutoff and surface unit cell are enough for the con-

In order to obtain the other possible configuration, we : :
move one surface indium atom off the ideal position of the cr9ence of reIangon. We test that.hlgher energy cu_toff and
larger surface unit cell do not modify our results. It is true

unrelaxed anion vacancy surface by 2% of the lattice CONihat the dispersion of vacancy-associated band is larger with
stant in both[001] and[110] directions. Starting from this P y 9

configuration, when we perform the symmetry—unrestricteuLhn(?t Iggf%gg:;% %l;t?rfrea\?;c;r;i S_\Taeélgerfcs'ziﬁtg:aﬁ%;ugzcg_
calculations for the anion vacancy on tfELO) surface of iy y y » €SP

InP, InAs, and InSh, the mirror symmetry of the surface isCiaIIy in_the [110] direction. HOW?Ve“ it should not be re-
broken by the ionic relaxation around the vacancy for bothlated with the symmetry breaking. In fact, for thel

VX1 and V;l, but it is kept for the neutral vacandyg. charged vacancy, two electrons occupy one vacancy state

f . ) . arising from one rebonded dimer and a nonsymmetric con-
Other starting configurations are tested to give the same r 9 Y

sults. Our results are consistent with the previous calcuIrj—lguratlon with the distortion is preferable. For thel

tions of the As vacancy on the Ga40) surface by Zhang charged vacancy, four electrons occupy two vacancy states

. from the rebonded trimer and a symmetric configuration is
7

and Zungesrand Eberte_t al.” but dlffgrent to the symmetry- favorable. The above qualitative conclusions are proven by
conserving result by Kim and ChelikowsRy.

The nonsymmetric configuration is shown in Fighyl the total-energy calculations described in the following sec-

One of the surface indium ior[$n(2)] forms a dimer with tion.

the subsurface () ion. Another surface indium iofin(3)] _ ] _ ) _

is relaxed to become twofold coordinated. The detailed ionicC- Symmetric configuration with one loosely rebonded dimer
relaxations are listed in Table Il and the interatomic dis- |t is interesting that if we start from the unrelaxed anion
tances are listed in Table IV. The subsurfacéllrmoves vacancy surface but with two surface indium ions closer to
toward the vacancy site only in tH€01], [110] plane, but each other, a second symmetric configuration is metastable
almost not in thd¢110] direction. One surface indium neigh- only for the —1 charged vacancy, as shown in Figc)l In

bor atom[In(2)] moves inward in the three directions to this configuration, two surface In atoms loosely rebond and
dimerize with In(1), while the other indium neighbor atom move away from the vacancy site. We only list the inter-
[In(3)] moves away. In th¢110] direction, I(3) moves in-  atomic distances in Table V. The loosely-rebonded indium
ward for the+1 charged vacancy and outward for thel  dimer bond length is almost the same for all three materials

charged vacancy. and slightly larger than the indium dimer bond length.
For different charged vacanci®s * andV, ', the indium
rebonded dimer bond lengtl, is almost the same. How- IV. VACANCY FORMATION ENERGY

ever, when two electrons are added into the vacancy site, the _ _ _

second vacancy stafenainly derived from the three neigh- The formation energy of an anion vacancy in charge state
boring In atom¥ becomes occupied, and thus both the inter-g (V) depends on the chemical potential, of the anion,
atomic distancesl;; and d,; decrease going fronv,! to  and the surface Fermi leVéle; (measured from the valence-
V! (see Table IV, which indicates stronger bonds betweenband maximumeygy):

the indium atoms when additional electrons occupy the va- DA DA
cancy state. Et(ma,d)=E (q) —Epor (slab +uatalevemt €r),
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TABLE IV. Interatomic distance angstroms between three  all the three materials, multiple charge states of the anion
indium atoms around the 1 and—1 charged anion vacancy with vacancy are unfavorable. Our calculated charge state of the
nonsymmetric atomic configuration. Atomic indices are same as inion vacancy is consistent with the observed STM results
Fig. 1. that the anion vacancies antype InP, InAs, and InSi10
surfaces are negatively charged®*

InP InAs InSb We now focus on the energetically stable atomic structure
+1) 1) 1) (1) 1) D of the V,, on the(110) surface. For ther 1 charged vacancy
dp, 2861 2.845 2870 2852 2877 2.867 VXl, the total energy of the nonsymmetric con'figurati.on is
dis 4238 3725 4486 3749 4826 3.743 75, 124, and 100 meV lower than the symmetric configura-
dos 4887 3186 5.172 3.238 5593 3196 toONnin the (110 surface of InP, InAs, and InSb respectively.
In contrast, for the-1 charged vacancyA , the nonsym-
metric configuration is higher by 88, 298, and 443 meV than
whereEtLo?A(q) [EtLODtA(sIab)] is the total energy of thél10)  the symmetric configuration of th€l10) surface of InP,

surface with(without) a vacancy. InAs, and InSb, respectively. For the neutral anion vacancy
Normalizing the formation energy with respect to the neu-V%, the symmetric configuration with the loosely rebonded
tral vacancy, the formation energy can be written as trimer has the lowest energy. Combining the stable charge
states of the vacancy with the formation energies, we find for
Ef(0/0)=E5(Q) — Eggy (0) +q(evpmt €r). the anion vacancies on thetype InP and InAg110) sur-

faces, the nonsymmetric configuration to be energetically
Figure 2 shows the calculated formation energy of the

anion vacancies on th@10 surface of InP, InAs, and InSb,

as a function of the Fermi level which varies from the 1.2
valence-band maximum (VBM) to the calculated
conduction-band minimundCBM). On thep-type InR110 0.8

surface, the+1 charge state of th® vacancy is stable,

which is in accord with two recent experimental results using 04
the compensauon of local band bending between the~
vacancy® and thep-type dopant and through a statistical >
analysis of the vacancy distributidh. On the n-type 2
InP(110 surface, the-1 charged state of the vacancy is 04
stable. The neutral state is stable only in a narrow energy iy 51
range. Our calculated charge-transfer levels &re 1/0) at =
0.388 eV ande(0/—1) at 0.576 eV, for the calculated band Sa 0.8
gap of 1.11 eV. Eberet al.” combined STM and photoelec- g '
tron spectroscopy experiments to determine the charge'm g4
transfer levele(+ 1/0) of theP vacancy and measured it to

be 0.75 eV above VBM at room temperature. In addition, 0

0

they calculate the charge-transfer lee€¢h-1/0) to be 0.52 £
eV for the calculated band gap of 1.26 eV. The discrepancy i Is - 0.4
within the error bar of the theoretical calculaticris. o
On the InA%$110 surface, the stable charge states of the § 1.2
As vacancy are the same as for fAevacancy on InPL10), 8
ie., —1 for ptype InAs and+1 for ntype InAs. The 038
charge-transfer levels(+1/0) ande(0/—1) are located at
0.20 eV and 0.277 eV. They are located around the centero 04
the energy gap. However, on the In($b0 surface, the-1
charged state of the Sb vacancy is stable in the whole energ 0
gap. It will be discussed in the following section from the 04l ]
electronic structure of In§h10 surface with Sb vacancy. In ’ T e T

TABLE V. Interatomic distancegin angstroms between three .
indium atoms around the anion vacancy for thé charge state of Fermi level (eV)
symmetric atomic configuration with one loosly rebonded dimer.

The atomic indices are same as in Fig. 1. FIG. 2. Fermi-level dependence of the formation energy

E:(q/0) of different charged anion vacancy on tfl0 surface.

InP InAs InSb Solid, dashed, and dotted lines denote the symmetric, nonsymmet-

ric, and one loosely rebonded dimer symmetric configurations. The

dq 3.153 3.159 3.161 symbols denote the charge state of the vacancy. The reference of
dys 2.941 2.952 2.946 Fermi level is the valence-band maximum. The right vertical line

refers to the calculated conduction-band minimum.
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most stable; for the anion vacancies on thgpe InP and
INAs(110 surfaces, the symmetric configuration is the most
stable; for both the-type and then-type InSK110 surface,

(@)
the Sb vacancy shows a stable symmetric configuration. Z
L]

In contrast to bulk® the surface anion vacancy is a
positivelU center, in which the charge state as a function of
the Fermi level can be either1, O, or—1. Considering the
electronic transition (6 1), the initial state is the relaxed
neutral charge state of the vacanéy, the intermediate state
is the unrelaxed- 1 charged state of the vacandy*, and
the final state is the relaxed 1 charged state of the vacancy
V1. The so-called Franck-Condon shffor the relaxation
energyEg is calculated from the energy difference between
the unrelaxed and relaxed configuration of th& charged
vacancy, which amounts to 0.13, 0.13, and 0.06 eV for InP, ]
InAs, and InSh, respectively. The surface relaxation energies /G- 4. Same as Fig. 3, but for the InA20 surface.
are approximate half of the bulk counterp&fidhe energy

lowering due to the lattice relaxation is less than the interthe top layer amounts to 1#70.143) There are three bands
electron Coulomb interaction. We use the Franck-Condomssociated with the vacancy site, which are referred to as

formula AE=—Erc+U to estimate the on-site Coulomb vacancy stater, 8, andy. We do not show the vacancy state
interaction around the vacancy siteE can be obtained from 4 in the figures as it is a very flat band, deep inside the

the difference between the(+1/0) ande(0/—1) transfer  yalence-band complex, located near the upper edge of the
levels. The calculated value &f is 0.3, 0.2, and 0.1 eV for  |oyer gap and related to the strong atomic relaxation around
the P, As, and Sb vacancy, respectively. the V4. The nature of the two other vacancy states changes
with the materials as well as with the configurations. The
V. VACANCY STATES following characteristics can be given:

. (i) Apart from the vacancy states, the valence bands of the
car-:-cheosnu':Laglelk(;)aggrfS;(r:gCg;rlisPolfntzgl ;:grlaesdb(’;?g)rs]hvo?/;/n three materials are similar, because these three materials
cancy T 8 have the same zinc-blende structure and similar chemical
in Figs. 3-5 for both the symmetric and nonsymmetric con-

! . : bonding. However, the conduction band varies from one ma-
figurations. The triangles represent the vacancy states who

weight projected on the three neighboring In atomic sites ii@nal to another. In particular, the conduction-band edge

larger than 30% of the whole squared modulus of the Waveg;](:ﬁn%vgler point in InAs, like the clean surface, has a
function. The full dots are used for the states localized at the P '
G(II) The vacancy stateg and y are located around the

surface. These are defined as those states whose squaye

modulus integrated over the top layer exceeds O(B5a and gap. Their exact energy position determines which

state is equally distributed over all layers, whose weight ir]charge state becomes stable when the Fermi level is shifted

from VBM to CBM.
(iii) Focusing on the symmetric configuration, the bands

Energy (eV)

@ ) - ;
2
~ S=esasa of the vacancy statg@ are similar for the three materials,
42 %cﬁ%% which indicates that the vacancy stgehybridizes with the
/>M Kéjﬁ% localized surface states derived from the valence states.
3
r_ra—-&—-k*wﬂﬁ-‘
- = L —a—a—a—t :r,,.—ii‘“’k‘" \ ) () (b)
>
)
gﬂ A —A—A 4 4
° = =
! l’::: = iy
2 N ,/—M M%Q
L%D i -
0?\ L o]
FIG. 3. Band structures for thé 1 chargedP vacancy on the ;
INP(110) surface with(a) symmetric configuration an@) nonsym-

metric configuration. High-symmetry points of the surface Brillouin
zone arel'=(0,0), X=(0,1), M=(1,1), and X'=(1,0). The
valence-band maximum is set as the zero energy. The triangles rep-
resent the vacancy states. See text for the details. FIG. 5. Same as Fig. 3, but for the IN@h0 surface.
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However, the bands of the vacancy statare quite different
from each other, due to the hybridization with the localized
surface states derived from the conduction states. The va 80

cancy states has a flat band alon§-X" ([001] direction, 40

but a dispersive band alornig-X ([110] direction. For InP 2
and InAs, they are located around the band gap and relativel
close to the VBM, but for InSb it goes below the VBM. The i
bandwidth of the vacancy stae with 0.20, 0.23, and 0.29 2 AJPAY AR
eV follows the on-siteU value, i.e., it increases from InP,
InAs to InSh.

(iv) For nonsymmetric configuration, both the vacancy
statesB and y move upward, especially the bands of the
state 8 change very much, compared with one of the sym-
metric configuration. In InAs, the vacancy sta@@eare deep
into the conduction band, which should not affect the char-
acter of the conduction-band edge.

(v) Among the three materials, the vacancy st#temndy
of InSb show the strongest hybridization with the localized & ) In(1)
surface states derived from the valence states and the cor
duction states, respectively. Because the vacancy gtate
InSb is below the VBM, it is always occupied to reduce the
total energy when the Fermi level is shifted from VBM to
CBM. The Sb vacancy shows 1 charge state, even for the
p-type InSb.

In Figs. 6—8, we give the total density of sta0OS) and L In(3)
partial DOS(projected on the three In atoms around thé& 1~ .
charged vacangyfor both the symmetric and nonsymmetric r l\/‘x/ W /\/vv\\ N A
configurations. There are three peaks labete@, andy in 0 1 ' e T T T
the total DOS. For the symmetric configuration, the vacancy
state « is distributed around the three In atoms and has Energy (V)
mainly s character. The vacancy stag mainly from the
three In atoms hag character. Apart from that, the relatively ~ FIG. 6. Total density of states, and the partial density of states
small contribution from the subsurface(1y hasd character on In(1), In(2), and In3) for the +1 chargedP vacancy on the
due to the local geometry. The vacancy stateasp,, char-  InP(110 surface surface witfe) symmetric configuration(b) non-
acter and is distributed over the two surface In atoms. For th8ymmetric configuration. The dashed, solid, and dotted lines refer to
nonsymmetric configuration, the nature of the vacancy state3> 5P, and 3, respectively. Vertical dashed line refers to the
is quite different. The vacancy state comes from the in- Fermi level and the valence-band maximum is set as the zero
dium dimer atomgIn(1) and In(2)] and hass character. The = ©N€rgy-
vacancy stat@ is mainly located on the surface(B) with p
character and in a small part on the dimer aton{$)lnn(2)  ration [Fig. 9b)], the vacancy stater is localized on the

with p character. Both thg and y peaks are extensive, in- dimer; the vacancy stat@ has the antibonding character
dicating the stronger hybridization with the conductionbetween the surface atom and the dimer; the vacancy state

ty of States
2
?
> B

€NnsS1
n
\S Bl
T
N <«
LK“

x
<

N =

T
X Sy
—>

Id

3

states. v is nonsymmetrically distributed over the two surface
In Fig. 9, we give the modulus of the wave function for In atoms. - .
the three vacancy states in the (2P0) surface with thet+ 1 The position of the three vacancy states in three charge

chargedP vacancy, which visibly show the nature of the states for the symmetric configuration are listed in Table VI.
vacancy states. From Fig(d, it is clear that the vacancy Due to the same geometry of the vacancy, there are similar
statea is very localized, but the vacancy stgtés somewhat €lectronic structure for three charge states. The position of
dispersive. Most of the charge of the vacancy sfatare three vacancy states are slightly shifted up frgt, V; to
distributed over the two surface indium atoms with antibond-V;l. In the +1 charged vacancy, stateis fully occupied,

ing character. Except that, the charge is located around th&tate 8 and y are fully empty. For the O charged vacancy,
surface neighboring anion atomic site along [h&0] direc-  state g is half occupied, and is fully occupied for thel

tion to some extent. For more precise calculations, the surharged vacancy. The vacancy staté crucial for the elec-
face unit cell in the[110] direction should be increased to tronic property of the material. It is located around the center
reduce the vacancy-vacancy interaction. The vacancy gtate of band gap for the InP and InAs, but goes below VBM for
shows thew-bonding character and its spatial distribution the InSb, which is related with the stablel charged state in
above the two surface In atoms is related with the emptya whole band gap.

image of experimental STM. For the nonsymmetric configu- From the tight-binding point of view, the vacancy states
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FIG. 7. Same as Fig. 6, but for the InA40 surface.

can be regarded as the combination of three atomic orbitals

of the surrounding indium aton?§.Considering the symmet-
ric configuration, we assumed the three atomic orbitals
=(1 0 0)»=(0 1 0), andip3=(0 0 1) and the va-
cancy wave functiony=(a b c). The on-site energy is
zero for In(1) and e for In(2), In(3). The strong interaction
between the Ifl) and IN2)[In(3)] is — &4, and the weak one
between the I(2) and IM3) is —&,. Therefore, the Hamil-
tonian is as follows:

0 — &1 —&q
H=| —&1 &0 —é&
—€1 T&2 &g

By solving the Schalinger equation, the following three
eigenvalues and eigenfunctions are obtained:

1

1 -
Eo=5(e0—82)— 5V(s0—82)°+ 8¢,

(2 + ! 248e2 1 1
Vo= 2781(80—82) e, (e0—e2) €] '

Eg=eot ez, Yp=(0 1 -—1),
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FIG. 8. Same as Fig. 6, but for the IN@h0 surface.

1 1 7 2
Ey:§(80_82)+ E\/(So_sz) +8e7,

1

1 2 2
iﬁy:((sosz)zglxl(sosz) +8e7 1 1).

281

FIG. 9. Perspective view of the isosurface of electron density of
the vacancy statea, B, and y for one positively charge® va-
cancy on the InPL10 surface with(a) the symmetric configuration
and (b) the nonsymmetric configuration. Black circles are for
indium atoms and gray circles are for anions. The isosurface value
is 0.017 electrons/A
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TABLE VI. The central position of three vacancy stateseV) for the + 1, 0 and—1 charged anion vacancies with symmetric atomic
configuration. The valence-band maximum is set as the zero energy.

InP InAs InSh
(+1) (0) (-1) (+1) (0) (1) (+1) (0) (=1)
Statea —6.205 —6.066 —-5.920 —6.284 —6.196 —6.089 —6.241 —6.215 —6.072
Statep 0.326 0.479 0.580 0.119 0.212 0.278 —0.095 —-0.031 0.031
Statey 1.095 1.386 1.592 0.936 1.166 1.318 0.843 0.948 1.047

Without loss in generality, we sef,=2.2, £,=1.0, and  stable charge state of the vacancy+4 for p-type InP and
£,=0.2, the eigenvalues and eigenfunctions are as followsjyas (110) surfaces, which exhibit a nonsymmetric configu-
E,=—073, ¢,=(273 1 1, ration with one rebonded dimer. In contrast, fetype InP _
and InAs(110) surfaces the- 1 charge state and a symmetric

_ — _ configuration with a rebonded trimer is most stable. The
Eg=24, ¢p=(0 1 -1, .

charge-transfer level is located around the center of the en-
E,=2.73, ¥, =(073 1 1. ergy gap. Therefore, the anion surface vacancy is a compen-

sating center of bulk doping for InP and InAs. However, for
The results show that the lowest vacancy state is largelpoth thep-type andn-type InSb(110 surface, only a—1
located on the subsurface atom; the second vacancy statedbarge state of the Sb vacancy is stable in the whole band
located at the two surface atoms, but with antibonding chargap, and the structure has a symmetric configuration with a
acter; and the third vacancy state mainly comes from the tweoebonded trimer. In contrast to bulk, we calculate the surface
surface atoms. This simple tight-binding model gives a rathevacancy to be a positive- center with a decreasing value of

good qualitative understanding of the vacancy states. U in the order of InP, InAs, and InSh. By analyzing the band
structure and DOS, our results indicate that the nature of the
VI. SUMMARY vacancy states is mainly dependent on the atomic geometry.

We have investigated the anion vacancy on the In
group-V (110 surfaces usingb initio pseudopotentials with ACKNOWLEDGMENTS
a plane-wave basis. The atomic relaxation shows that the
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