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Structure of the As Vacancies on GaAs(110) Surfaces
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We report a comprehensive study of the As vacancigg)(in the GaAs(110) surface viab initio
total energy minimization. Previous scanning tunneling microscopy (STM) images &ftha p-type
GaAs(110) were interpreted with a structure with outward movement of the Ga next to the vacancy.
While our simulation of the STM images, usirap initio wave functions, agrees with experiment,
our total energy minimization suggests, however, inward movement of Ga. We explain this apparent
conflict as a charge induced band bending effect. As a consequence, we predicted that the STM images
will depend on the applied bias voltage. We show that the atomic geometry of the suifage
depends critically on the charge statén sharp contrast withulk vacancy. [S0031-9007(96)00556-X]

PACS numbers: 68.35.Dv, 61.16.Ch, 71.15.Nc, 73.20.—r

The electronic and atomic structures of point defects onwards; Ga outwards by 0.6 A), but that such images do
surfaces could differ significantly from their bulk counter- not reveal the true atomic structure as obtained from total
parts. Forbulk As vacancy(V,,) in GaAs,ab initio total  energy minimization (Ga moves inwards by 0.3 A). We
energy calculations [1] showed that the vacancy is stablénd that this reflects band bending neacteargeddefect:
in either theq = 3+ (p-type) or theg = 1+ (n-type)  The band bending reduces (increases) the STM current
charge state and that the geometry of the vacancies do&s anions (cations) causing inward (outward) movement
not depend om (i.e., all the nearest neighbor Ga atoms ofof the STM tip but not a real atomic displacement.
the vacancies are threefold coordinated). For the As va- The calculation was carried out usirp initio pseu-
cancy in GaAs(1103urfaces on the other hand, a recent dopotentials [9] in a plane wave basis set [10] and the
scanning tunneling microscopy (STM) experiment [2], inlocal density approximation (LDA). We used the
connection with a tight-binding simulation, showed thatCeperley-Alder exchange correlation as parametrized
the ¢ = 2+ charge(p-type) is stable, and that the sur- by Perdew and Zunger [11]. The work of ‘&t al.
face Ga atoms are twofold coordinated with a giant 0.7 A[3] employed a small X 2 surface cell plus they re-
outward relaxation. These findings for surface As va-stricted atomic relaxations, thus precluding any rebonded
cancies were recently questioned (Table I) by a pseudgeometries. In this work, we used instead supercells
potential total energy calculation [3] which suggestedcontaining large2 X 3 surface cells and up to 10 layers
instead al— charge for all doping types and anward of GaAs and 4 layers of vacuum. Nine layers of atoms
relaxation of Ga atoms by as much as 0.4 A. were relaxed freely to equilibrium positions according

In this paper, we determine via a carefl} initio to- to the calculated forces [10], while keeping only the
tal energy minimization the equilibrium atomic positions passivated back surface layer fixed. Twopoints in
of Vas on GaAs(110) for different charge statges ob-  surface irreducible Brillouin zone were used. The basis
taining the Fermi level dependence of the vacancy forset cutoff was 6.5 Ry. Increasing the cutoff to 10 Ry
mation energies. We find that (i) the geometries of theesults in only small changes in atomic positions less than
surface vacancies, in contrast to bulk and to previous caB.1 A. The band structure at 6.5 Ry is, however, not
culations for surface As vacancies [2,3], depend criticallyfully converged: The occupied (empty) surface band is
on g, and thus on the Fermi level [4]. New and unusuallyabout 0.5 eV too high (low) with respect to bulk valence
long chemical bonds form between Ga atoms resulting ifconduction) band.

a Ga-Ga dimer iV, and a Ga trimer iV ;. (i) The The use of periodic structures restricts our calculation
charge state o¥/,; in p-type samples is neithex [2]  to neutral unit cells. We achieve neutrality of supercells
nor 1— [3], but ratherl+. This agrees with receiguanti-  containing chargeg by placing a compensating charge
tative measurements [5,6]. (iii) Given that an STM imageas a uniform (jellium) background. The formation energy
samples only the electronic states near the Fermi leveqf an n-fold charged vacancy with respect to a neutral
while the total energy represents the contribution of allvacancy can thus be expressed as

states, it is possible that STM image reflects a differ- _ pLDA/ \ _ pLDA

ent atomic geometry than that obtained from total energy AE(/0) = Eio(q) = B (0) + nlevam + €1),
minimization [7,8]. We find indeed (Table I) that our 1)
simulated STM images (from thab initio wave func- whereE, is the total electron and ion energy; is the
tions) mimic well the experimental images (As moves in-Fermi level (measured from the valence band maximum,
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TABLE I. Direction of atomic displacements| & outward, | = inward, — = little displacement) near an As vacancy in
GaAs(110). TB and PS stand for tight-binding and pseudopotential total energy calculations

From total energy minimization From STM images
Site TB (Ref. [2]) PS (Ref. [3]) PS (Present) Expt. (Ref. [2]) Calc. (Present)
Ga T (0.7A) | (=04 A) | (034) 1 (0.7 A) T (~0.6 A?)

dnferred from the calculated dsplacemeft4 A) with respect to the third nn Ga atom and the measured [2] displacement of
the third nn Ga and Ga distance aw@2 A).

evgMm)- The lasttermin Eq. (1) accounts for the energy ofabove the valence-band maximum (VBM) and is doubly
then electrons or holes in the reservoir. Assuming that occupied. (i) The structures of tHe; centers are shown

is the supercell’sth dimension wheré = x, y, andz (z  in Figs. 1(c) and 1(d), respectively. The nonrebonded
is normal to the surface) and thAt; = z, — z; << L,  structure [Fig. 1(c)] is 0.16 eV higher in energy than the
can be any interior, bulklike region of the GaAs slab,rebonded structure [Fig. 1(d)]. In the nonrebonded struc-
evem, in principle, can be determined [1] by aligning the ture, the Ga(1) atoms relax inwards by 0.29 and 0.31 A,

average potential respectively, reflecting the tendency of the twofold Ga
_ 1 & atoms to formsp hybrids. In the rebonded structure,
V= L.L,Az j;fyjz V(r)dr (2)  one of the Ga(1) atoms forms a dimer with Ga(2) (bond

. . . length= 2.73 A). The inward relaxations of the Ga(1)
with that in .3D bulk solid. We found that Eq. (2) atoms are 0.16 A for the twofold Ga and 0.29 A for the
converges withl, slower for chargeddefects than for dimerized Ga. In either case, the As(1) atoms relax out-
neutral defects. In fact, with the supercell used by Yi : A ' ;

N ) : . wards by only 0.01t0 0.02 A. We observed a single empty
et al. [3], it is difficult to determine the relative positions gap state, 0.73 and 0.41 eV above the VBM, respectively
?g;h(;ﬁ?;jid Ivt\e/\éelesxvxgzsrsspect( m;fl\g') ;’Soeover(coze for the rebonded and nonrebonded structures.

0) + AV wxﬁere ther\)/olumeéx\/]BM) Zvera od L\J/glr\fti? Figure 2(a) shows the calculated formation energies

T — TR gedq y AE(n/0) [Eq. (1)] of the As surface vacancies as a func-

AV =V(g) = V(g =0) tion of the Fermi level. We see thats, is stable for

! €, betweeneygy andeygy + 0.3 eV; V, is stable for

= _] [Vi(r) — Vi) dr (3) € from evgm + 0.4 eV to the conduction band mini-

. _ Ve Jvi mum (CBM), while Vi is stable only over a narrow en-
is now adifference We then used the fact that the value ergy range. These results differ from ¥t al. [3] (Vs
of AV dqes not depend on the .regidm.o_ver which the  only) and Lengelet al. [2] (Vi for e/ close toeygy).

average is performed so long Ass sufficiently far from  \yq tested thev3! structure proposed in Ref. [2] where

any defects. Here, we calculatéd/ using a thin slab e o surface Ga(l) atoms are fixed at a 0.7 A out-

in the y ([110]) direction, not in thez d_irect1ion as N wardly relaxed position. The resulting structure was
Eq. (2), and found small and convergad’(q)'s (of the 1 4 evhigherin energy than the one in Fig. 2(a).

order of 0.1 eV). The calculatefNE(n/0) is estimated to When compared with bulk [Fig. 2(b) [1,12,13]], we

be accurate to withirc0.15 ev. ) _ found that surface indeed plays an important role in defin-

We found in our energy minimization dfas only in- jng the physical properties of the defects. For example,
ward relaxations of the two surface Ga atoms [denoteghe (4 /0) transition energy is at 0.32 eV for surface and
in Fig. 1, as Ga(1)] regardless af (see side views in 1 70 eV for bulk vacancy. In general, all surface defect
Fig. 1). This general trend contradicts the tight-bindingi4nsition energies are lowered by approximately 1 eV
result of Ref. [2] but agrees with the pseudopotential reyi, respect to their bulk counterparts.

sult of Ref. [3]. Unlike bulk vacancies [1Va; and Vs, We next simulated the STM images using calculated
in GaAs(110) were found to prefeebondedgeometries,  4iomic positions and wave functions. The simulation
contradicting both Ref. [2] and Ref. [3]: (i) The struc- a5 carried out following Tersoff and Hamann [14], as
ture of the rebonded’,, center is shown in Fig. 1(b). getajled by Wanget al. [15] for semiconductor surfaces.
Here, three Ga atoms [Ga(1)s and Ga(2) in Fig. 1] form g, this approach, the tunneling currentr) at position
trimer. The Ga(1)-Ga(2) bond length is 2.54 A, compared, jg proportional to surfacés) wave function squared

with bulk Ga-As distance of 2.42 A. The Ga(2) atom ps(r,€), summed over states between surface Fermi
thus becomes fivefold coordinated. The two Ga(1) atom%nergyef(s) and tip (z) Fermi energye,(r) = es(s) +

moved inwards by 0.34 A while the Ga(2) atom movedVb‘ whereVy,,, is the applied bias:
outward by 0.24 A. The neighboring As atoms (desig- e '
nated as As(1) in Fig. 1] show small inward displacement I(r) o f
(~0.04 A). The only gap state iV, is about 0.5 eV c

5}/ (Y) + Vbias

ps(r,€)de. (4)

7(s
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2 FIG. 2. Fermi level dependence of the formation energies
e AE(n/0) [Eq. (1)] of differently charged As vacancies (a) on
the (110) surface and (b) in the bulk [1,12,13].
inward As displacement can be clearly seen. With a pos-
itive bias of +1.5 V [Fig. 3(c)], one sees a-0.4 A out-
wardmotion of Ga. With alarger2.0 V bias [Fig. 3(d)],
much of the outward motion of the STM image has disap-
z peared. The experimental data+t.0 V [reproduced in
> Fig. 3(c)] shows a 0.5 A outward displacement for the Ga
2 atoms, while our calculation gives a similar displacement
at+1.5 V. The difference of 0.5 V reflects the undercon-

T vergence of our calculated surface vs bulk band positions
FIG. 1. Top and side views of the relaxed GaAs(110) surfacevith respect to basis set size.
with (a) unrelaxed As vacancy, (b) rebonded; , (c) unre- We conclude that the calculated STM image agrees with
bondedV,!, and (d) rebonded,.. Open and shaded circles the measured STM image and both conflict with the cal-
denote As and Ga atoms, respectively. culated atomic displacement (Table 1). We interpret this
disagreement as a charging effect: a positively charged de-
Because of the size limitation of our computationalfect pulls down locally the band energies, as schematically
supercell, it is not possible to position the tip at theshown in Fig. 4. Similar effects have been used to inter-
experimental tip-surface separation (up to 8 A [15]); inpret STM images of oxygen [16] and Si donors [17] on
our simulation, the maximal tip-surface separation isGaAs(110) surfaces. We will examine two cases.
about 4.9 A. (A) Negative biasVyi,s = —V1 (imaging anions)—
We used, in the simulation, an elongate@ X 12) In this case, electrons with energies froegpy — V1
unit cell and, for simplicity, the nonrebondéds, struc- to eygym Will tunnel out of the GaAs surface. With a
ture [Fig. 1(c)] forp-type samplege(s) = eygm]. Fig-  positively charged vacancy, surface bands bend down-
ure 3 shows the cross sections of the calculated 3D STMards near the vacancy [compare Figs. 4(a) and 4(b)].
images alond 110] passing through As and Ga atoms. This results in the reduction of the number of states
The vacancy site is at the center of theaxis, and ver- available for tunneling [compare the shaded areas in
tical arrows denote displacements of atoms with respect tBigs. 4(b) and 4(a)]. To maintain a fixed current in a con-
distant atoms (i.e., the third nearest neighbors in Fig. 3)stant current STM experiment, the tip near the vacancy
With a —1.8 V bias [Fig. 3(a)], a small inward As dis- moves closer to the surface so that the lost current can
placement is observed. Atl1.3 V [Fig. 3(b)], a 0.2 A  be compensated by a reduction in tip-sample separation.
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5.0 Thus, it is not Ga that moves outwards; it is the tip that
moves out. It both cases, the movement of the tip images
local electrical effects, not the atomic displacements.

In summary, we determined the atomic geometries and
charge states of the As vacancies on GaAs(110) using
ab initio total energy calculations. The geometries of
the surface vacancies were found to be strongly charge
state dependent, thus qualitatively different from bulk.
We showed that surface Ga atoms relax only inwards,
never outwards. The discrepancy between previous ex-
perimental STM images and calculations on surface Ga
positions is quantitatively explained via a charge induced
band bending effect.
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FIG. 3. Cross sections [see Fig. 1(c)] of the calculated 3D
STM images at various biases for the nonrebondgd center.
The experimental data in (c) are taken from Ref. [2] and are

aligned with the calculated results at the third nearest neighbor
Ga atoms.
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FIG. 4. A schematic drawing of the real space distribution of
the surface states contributing to STM current (shaded areas)

(a) without and (b) with a charged defect.
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