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Structure of the [Zn,,-Vp] defect complex in Zn-doped InP
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We study the structure, formation energy, binding energy and transfer levels of the zinc-phosphorus vacancy
complex[Zn,,-Vp] in Zn-dopedp-type InP, as a function of the charge, using plane-walvénitio density
functional theory local density approximation calculations in a 64-atom supercell. We find a binding energy of
0.39 eV for the complex, which is neutral pitype material, the 6/ 1 transfer level lying 0.50 eV above the
valence-band edge, all in agreement with recent positron annihilation experiments. Our results indicate that,
while the formation of phosphorus vacancies;(ly may be involved in carrier compensation in heavily
Zn-doped material, the formation of Zn-vacancy complexes is not. Regarding the structure, for charge states
Q= +6— —4 the Zn atom is in as p>-bondedDX position and electrons addégmoved go to (come from
the remaining dangling bonds on the triangle of In atoms. This reduces the effective vacancy volume mono-
tonically as electrons are added to the complex, resolving a recent debate between contradicting experiments.
The reduction occurs through a combination of increased In-In bonding and increased Zn-In electrostatic
attraction. In addition, for certain charge states we find complex Jahn-Teller behavior in which up to three
different structureqwith the In triangle dimerized, antidimerized, or symmetraze stable and close to
degenerate. We are able to predict and successfully explain the structural behavior of this complex using a
simple tight-binding model.
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[. INTRODUCTION volume. Both groups identify the two forms as different
charge states of the complex, the most stainlg-type ma-
Zn-dopedp-type InP is one of the most common materialsterial) being neutral, with a 641 transfer level lying near
in use within optoelectronics. The Zn sits substitutionallythe bottom of the band gap, @:D.1 eV above the valence-
within the In sublattice (Zp) where it has a shallow accep- band edge according to Sloté al. They believé that the
tor level. A well-known limitation in the use of Zn as@  neutral form has a volume larger than the free vacancy and
dopant in InP is saturation of the hole concentration in thenat the complex shrinks to a volume similar to the free
H 8 —3 H H i . . . . .
mid-10* -cm"* range. Above this further increases in Zn yacancy when excited into its 1 charge state. This assign-
concentration do not translate into increases in the hole consent comes primarily from the dependence of the positron
centration. There are several suspected causesthis, in  |itatime on zn density and measurement temperature for
particular(a) increases in the concentration of interstitial Z'nctemperatures in the range 300—600 K. In contrast, Mahony

(Zn), (b) phase separation, ar{d) the formation of other et al. identify the larger volume as corresponding to the

compensating defects, especially phosphorus vacéncieg 1 charge state and the smaller to the neutral, a conclusion
(Vp) and complexes of zinc with M In this paper we will '

examine the properties of Znp\eomplexes, usingb initio based upon th_e mu<_:h I_arger trapping ratg they measure for
methods. the longer positron lifetime as measured in _the tempe_rature
The formation of one such Zntomplex has been stud- range_0—3QO K(Slotteet al.do not report_detalls of trapplqg
ied in Zn-doped Czochralski-grown InP by several groupsrates in the!r measuremgr)tblence there is an open question
most recently by Mahongt all and Slotteet al2 Mahony from experiment regar_dmg the effective vacancy volume in
et al. studied positron trapping rates and lifetimes measured'® neutral- and negative-charge states.
over 0-300 K before and after rapid thermal anneals per- A number of theoretical studies of the free phosphorus
formed at 400—800 K, while Slottet al. focused on the Vvacancy have been perfornted using density functional
effects of annealing times and annealing temperatures updheory (DFT). The free vacancy has been shémo be a
the positron lifetimes and Doppler shifts of the emitted pho-strong Jahn-Teller defect, indeed, to be a “negativVesen-
tons, with measurement temperatures up to 600 K. The Doger in which the neutral-charge state} ¥ thermodynami-
pler broadening, which is sensitive to the atoms surroundingally unstable relative to the-1 and —1 states. Hence a
the defect in which the positron is trapped, allowed them tadirect change ¥'— V3! occurs as a function of increasing
confirm that the complex observed is indeed a Znpdir, electron chemical potentialFermi leve). This is due to
with a binding energy anticipatédprior to detailed mea- strong lattice relaxation in the 1 charge state. The vacancy
surementson the order of 0.2:-0.4 eV. Both groups iden- is surrounded by a tetrahedron of four In atoms, each with a
tify two separate positron lifetimes corresponding to two dif- (partially filled) inwardly pointing dangling bond. In the
ferent forms of the same complex: a shorter lifetime of about-1 charge state a pair of dimers is formed: two opposing
260-280 ps indicating an effective vacancy volumesides of the tetrahedron are reduced in length relative to the
similar* to that of the free ¥ and a longer lifetime of remaining four. The energy gained by this overcomes the
around 330 ps corresponding to a larger effective vacancZoulomb repulsion between the additional electrons, allow-
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ing two electrons to be transferred onto the vacancy simul- TABLE I. Comparison of thek-point convergence of the elec-
taneously. tronic and structural contributions to the formation enegy Con-

In this paper we present what is, to our knowledge, thevergence of the electronic contributions is given by the change
first ab initio'® theoretical study of th¢Zn,,-Vp] complex, ~A°“(N—M) in the unrelaxed formation energy when increasing
which we propose to be that observed in positron annihilafhe k-point grid from NXNXN to MxM>M. Convergence of
tion experiments. We will first describe the method in Sec. I1.the structural contributions is given b%"(N—M), the equiv-
We will then report detailed results for the geometry and@/€nt change in relaxation energy(N). See main text for full
vacancy volume of the complex, both for the ground-staté'€finitions.

structures and for various metastable structures in Sec. Il
followed by a description of how these vary with changes inbefem A%(2-4) A"(6-4) A%(2-4)
the charge state of the complex in Sec. IV. In Sec. V we willy 4 0.0082 —0.0190
also propose a simple tight-binding model which is able toy, 0 —0.0483 0.0093 0.0368
predict almost all of the structural properties which we find. .0 0.0252 0.0052
Finally, in Sec. VI we will qo_ncl_ude, relating our results | +1 —0.0539 —0.0037
to those fr_om position annihilation and the issue of Zn|ni+3 0.0206 0.0058
compensation. In, +4 01038 0.0061
Pyt —0.0360 0.0246
Il. CALCULATIONAL DETAILS P2 0.0314 0.0259
-2
We use plane-wavab initio DFT (Ref. 8 within the local VP+2 —0.0607 —0.0123
. ey . Vp 0.0840 0.0012
density approximation (LDA) together with ultrasoft 1
pseudopotentia%® Calculations are performed using the 2"n 0.0375 0.0007
vasp codel! Before doing calculations involving defects we Zn'“fl 0.0807 —0.0011 —0.0025
first optimize the lattice parameter subject to the LDA. Weznln+ 5 —0.0004 0.0000 —0.0005
find a value of 5.827 A, compared to 5.869 A experimentally,£" —0.0266 0.0095
giving us a band gap of 0.667 eV, compared to 1.344 eV ing‘igz 8-8(1);1 0.0001 00600(;410
experiment. lin - :

For defect calculations we use a 64-atom simple cubi®in** 0.0048 —0.0038
supercell and allow all atoms not located on the surface oBin"? 0.0891 0.0046
the cell to relax. This restriction is included to truncate theSis 0.0296 —0.0006
(spuriou$ elastic interactions between adjacent supercellsSis * 0.0031 0.0008
No restrictions are placed upon the symmetry of the relaxsis° 0.0734 —0.0027
ations. When calculating total energies of supercells containsi,** 0.0279 0.0004
ing charged defects we also include a uniform neutralizing zn-vy] ™3 0.0272 0.0151
background charge. The key quantity is the formation energyzn, -v,] ! —0.0750 0.0046
of the defectE, defined” as [Zn-Vp]° 0.0057 ~0.0029

[Zny-Vp] Tt —0.0598 0.0184

Eq=E"(defec®) —ET(bulk)+ >, winj+Q(e,+e),
1
(1) Where we use XKXK Monkhorst-Pack® k-point grid.

The error in the electronic contribution ®y(K) is very

whereE"(defecF) andET(bulk) are the total energy of the close to the error in the unrelaxed formation eneggf(K),
InP supercell with and without the char@edefect. Both are  \yhich we can estimate as

calculated with the same values of the plane-wave cutoff,
k-point grid, etc. in order to make use of the cancellation of AYRIN=M)=EJR(N)—EJR(M). 2
errors. The defect is formed by addifrgmoving n; atoms, _
each with chemical potential;, and by adding € Q) elec- [WeUSFE‘a|| USG{N,U'\Q}:{Z,“} and{4,6} to estimate the errors
trons, whose chemical potentiay is measured from the N Eg (2) andEg"(4), respectivelyl We cannot, of course,
valence-band edge,. We then adjust the various calcula- calculate the structural contribution directly, so we first de-
tional parameters to convergg . We find that it is sufficient ~ fine the relaxation energy
to use pseudopotentials in which Arelectrons are treated as R UR
valence electrons but Id electrons are left in the core. We er(K)=E4(K)—E47(K), ©)
find that a plane-wave cutoff energy of ZOQ e\/_ is enough tcK/\/hereE,Ff(K) is the relaxed formation energy. We then esti-
convergeE, to O(0.01 eV). Real-space projection operators :
. ; : mate the convergence ek(K) using

are used, with the cutoff again chosen to give errors below
0(0.01 ev). . AT ARN=M) = €x(N) ~ ep(M). @

The k-point convergence is more interesting, since we
find different convergence behavior for the electronic andn Table | we list values ofAYR(2-4), AYR(4-6), and
structural contributions to the formation enerdyy(K), AR(2-4) for a range of charge states of various different
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defects in InP. We find that when atomic relaxations are ig-
nored, a X2Xx2 k-point grid produces errors around
0(0.01 eV), providedQ=0 [columnAYR(2-4) of Table |.
When Q#0, however, we find that the error introduced by
truncating at 2 2x 2 increases witQ|. Instead, a %4

X 4 grid is required: colummYR(4-6) indicates that this is
sufficiently converged. On the other hand, the relaxation en-
ergy eg(K) converges faster; see colunxiR(2-4) in the
table. Indeedegr(K) is converged for a 22X 2 Monkhorst-
Pack grid, for any value of). In other words the structural
contribution to E4 appears to converge faster with the
k-point grid than the electronic contributions. This is largely
due to a double cancellation of errors when we calcutate
from values ofEy which already contain a cancellation of
errors. It means that, although we should usexad& 4 grid

to obtain an accurate value f&@}, we can save much cal-
culation time by estimatin@ff(4) as

E§<4>~E3R<4>+eR<2)=E3R<4>+E5<2>—E3R<2>.( )
5

The resulting values (E§(4) are converged to at least 0.02—
0.04 eV and usually to an order of magnitude or so bette
Hence we do most relaxations with &2 X2 k-point grid,
only checking key ones atX4x4. Charge and electron
localization functioh* (ELF) plots are, on the other hand,
calculated using a %4 x4 k-point grid at the 2 2X2 re-
lated structures.

FIG. 1. Structure of the supercell containing the neutral
r[an-Vp] complex. Atom types are dark gray, In; pale gray, P;
black, Zn.

positron annihilation experiments detecting frees Vh
semi-insulating and n-type materidl will correspond to \3
(volume 5.9 &) or V! (volume 4.7 B). More detailed
results about ¥ and Zn, will appear elsewher&
Il NEUTRAL [Zn,,-Vs] COMPLEX We can evaluate the binding energy of the complex as
A. Formation and binding energies En([Zn,—Ve]°) = Ed(angl) + Ed(V;l) - Ed([znln_VP](O))
6

In order to calculate absolute values for the formationand =~ ] )
binding energies we need to know the chemical potentiald his gives us a value of 0.39 eV, which agrees with the 0.1
Wi, mp, and up. Fully converged calculations for In, P —>0.4_eV estimate from the positron annihilation
(black phosphorys and InP(the latter in its basic two-atom experiments.
fcc cell) give the bulk value® —3.270 eV, —6.028 eV, and
—9.728 eV, respectively. For pure InP we have, at thermo- B. Structure

dynamic equilibrium g ,p= sin+ pp. I In-rich material we In Fig. 1 we show the relaxed structure of th&n,,-Vp]
then havepu,=—3.270 eV, leading toup=—6.459 €V,  complex in theQ=0 charge state. The Znis bonded to
while in P-rich materialup=—6.028 eV and hencgun,  three P atoms only and has relaxed back in@Xalike po-
=—3.700 eV. We now use the valugs,= —3.485 eV and  sition in the same plane as those P atoms. The resulting Zn-P
up=—6.243 eV, corresponding to exactly stoichiometric gistances are 2.31 A, which is almost identical to the 2.34 A
conditions. Properly, doping with Zn should alter these vajue we find for the shorter Zn-P distances in a similar
values, but even a Zn concentration ok 50'® cm™° only  DFT-LDA calculation for ZnP, and various other Zn-P bi-
corresponds to replacing 1 In in 2000 with Zn. We thus ig-nary compound&® The three In atoms on the other side of
nore the effect and use the fully converged bulk valuethe \/, have moved together slightly, giving three equal In-In
—1.891 eV foruz,. distances of 3.69 A, compared to an ideal LDA bulk next-
Since we are primarily interested in stronghtype ma-  npearest-neighbor distance of 4.12 A. The Zn-In distance is
terial, we assume that the electron chemical potential lies gther longer than the bulk value, however, at 4.41 A. This
the valence-band edge, meaning that 0. Using fully re-  gives a volume for the vacancy of 7.58 Awhere we calcu-
laxed calculations in the 64-atom simple cubic cell, we findjate the volume of the tetrahedron formed by the three In and
that the most stable charge states of thg,Zmd V» are  the zn, in analogy to our volume estimation for free vacan-
—1 and +1, respectively, while fof Zn,,-Vp] it is 0. The  cies. This volume for the complex is thus rather larger than
formation energies areEy(Zn,,')=0.32 eV, E4(Vp' that for the neutral or negative freepV In the remaining
=1.96 eV, andE4([Zn,-Vp]%) =1.89 eV. For \bwe find a  figures most of the atoms in the cell are omitted for clarity,
free vacancy volume of 7.2 where we calculate only the and lines are drawn around the edges of the tetrahedron to
volume of the tetrahedron formed by the four In surroundingguide the eye. In the case of Zn-In lines theyrarepresent
the vacancy. Vl is invisible to positrons, however, so the bonds. This can be seen clearly by examining the BRET.
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TABLE Il. Transfer levels of[ Zn,,-Vp], in the 64-atom cell,
relative to the valence-band edge.

Level Energy
+6/+5 —0.51 eV
+5/+4 —0.51 eV
+4/+3 —0.47 eV
+3/+2 —0.44 eV
+2/+1 -0.37 eV
+1/0 —0.32 eV
0/-1 0.50 eV
—-1/-2 0.70 eV
-2/-3 0.95 eV
-3/-4 1.05 eV
—4/-5 1.19 eV
—5/-6 1.18 eV

—
ELF Shadlng Scale. 4p, orbital left over from the formation of thep? hybrids is
empty, a conclusion which will be confirmed in the following
0.01 0.92 sections.

IV. STRUCTURE OF [Zn,-Vp] AS A FUNCTION OF
CHARGE STATE

A. Bond lengths and vacancy volumes

In Table Il we give the positions of a number of transfer
levels of the complex, covering the charge state$
— —6. Several of these levels lie within the valance or con-
duction bands when evaluated within this supercell, but this
may change in larger supercellsr with the LDA band-gap
problem), so some may still be relevant to real materials. On
the other hand, the structures of these states, listed in Table
I, are likely to be more accurate than the energies and it is
trends within these structures which we wish to examine in
this paper. We note first that the structures of all of the states
are actually very similar. For alD>—5 the Zn lies in the
b) _ . DX-like position. The three In atoms remain unbonded to Zn,
but both the In-In distances and the Zn-In distances shorten
with increasing negative charge. This reduces the vacancy

FIG. 2. (a) ELF plots for the neutral Zny,-Vp] complex. For ., .
clarity most atoms are omitted and the edges of the Zn-In tetrahe\fomme for each additional electron. Hence our calculations

dron are drawn. Note, however, that there aoeZn-In bonds.(a) ?re '32 ar?reekrpentﬁWIth the <|:onc|u5|0ns %f Sl(gtmh who .
ELF in a plane containing Zn, 1 In, and ttEL1) axis.(b) ELF ina  jound” that the eifective volume was reduced when going

plane containing Zn and 2 In. from Q=0 to Q=—1, and in disagreement with those of
Mahonyet al, who found the opposite. The specific volume
14) plots in Fig. 2. The ELF is the ratio of the kinetic energy we find forQ=—1 (6.5 A%) is a little larger than the calcu-
density at a particular point in space to the kinetic energyated free vacancy volumes of 5.9-4.7 for the free va-
density in a homogenous electron gas of the same charg@ncy but it is similar and the trend is certainly correct. The
density, normalized to take values from 0 to 1. Hence a valugonotonic reduction in volume with number of electrons
of ELF close to 1 indicates a region of increased kineticholds until Q=—5, when the Zn $, orbital starts to be
energy density, corresponding to increased electron localizdiled, leading atQ=—6 to a nonbX position for the Zn
tion: roughly, a region of chemical bonding. Here, we seeatom, with the Zn-In distance only 1.6% longer than the
ELF values close to 0 in the region between the Zn and Irin-In. The transfer level into this state lies 1.18 eV above the
triangle, indicating that there is no bonding between themvalence-band edge. With the LDA band gap being only 0.67
Instead, the Zn has thresp? hybrid orbitals bonded to the eV this places the level about 0.51 eV above the conduction-
surrounding P, these bonds being filled. There is no densithand edge. This orbital also displays a negativeffect: the
related to the Zn at all along the line perpendicular to theQ=—5 structure—which lies half way betweebX and
Zn-P plang/the (111) axis]. This suggests that the single Zn nonDX forms—is thermodynamically unstable, so the trans-
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TABLE lIl. Geometry of the most stable form ¢Zn;,-Vp]© as TABLE IV. Geometry of structural excitations §Zn,-Vp]® as
a function of Q. Distances in A, volumes in & Most structures  a function of Q. Energies are given relative to the energy of the
(Str) found are symmetri¢SY) (all In-In distances equal, all Zn-In  most stable structures, as listed in Table Ill. See Table Il also for
distances equalWhere the In-In(and likewise Zn-In distances the meaning of other columns and notation.
differ it is found that two remain equéin-In(2)] and one is differ-

ent [In-In(1)] by amount A(In). [In-In(1)]<[In-In(2)] corre- Q Energy Zn-P  Zn-In In-In Volume  Str. A(In)
sponds to the formation of a dimgDM) and [In-In(1)]>[In [eV] @» @ @O @
—1In(2)] to an antidimerAD).
+4 1.00 230 444 3.74 785 SY
Q Zn-P Zn-In In-In Volume  Str. A(In) +3 097 230 4.44 3.76 791 SY
» @ @O © +2 093 230 444 3.72 776  SY
+1 012 230 442 3.71 767 SY
+6  2.29 4.97 4.95 14.36  SY —1 0011 230 429 427 341 350 657 DM 2.7%
+5  2.29 4.97 4.96 1442 SY ~1 0012 230 428 3.47 6.58 SY
+4 2.29 4.98 4.97 1449 SY —2 003 231 418 417 3.22 335 585 DM 3.7%
+3  2.29 4.97 4.99 14.53  SY —3 002 231 405 410 3.41 306 526 AD 11.6%
+2 229 4.99 4.97 1457 SY ~3 005 231 408 3.18 531 SY
+1 230 4.69 4.36 1086  SY -5 002 234 367 3.05 432  SY
0 230 4.41 3.69 7.58  SY —6 019 234 3.63 3.05 426 SY

-1 230 423 431 3.64 3.37 652 AD 7.9%
-2 231 413 420 352 319 581 AD 10.3%
-3 232 395 410 299 3.28 523 DM 8.9%

state, with additional charge elsewheién equivalent struc-

-4 232 3.96 3.08 485 SY o

tural excitation forQ=+5 or +6 has not been found—
—5 243 821 3.04 859 SY resumably the excitation energy involved is too great for
6 251 2.99 2.95 309 SY P y gy 9

even metastability within this supercell.

All of the other excited structures found in the calcula-
fer level —5/—6 lies just below the-4/—5 level. Hence we tions relate to various Jahn-Teller distortions and affect only
would anticipate instead & 4/— 6 level about 0.5 eV above the In-In and Zn-In bond lengths. They involve no significant
the conduction-band edge. However, conclusions about lewxchanges in vacancy volume, Zn position, or electron occu-
els this deep into a band are, of course, rather unreliablpancy of the complexsee next subsectipnThe energies
since the wave functions should be very delocalized. Thénvolved are very small indeed: on or below the order of
main point is that the Zn @, level lies some way above the room-temperature thermal energies. Room-temperature ex-
In-dangling-bond-based levels, confirming the conclusiorperiments are therefore likely to see averages over these
that it is empty forQ=+6— —4. structures. Three possible structures are found to be stable:

In addition to the general monotonic volume decreasepne In-In bond dimerizedthe other two equal one anti-
Jahn-Teller effects are apparent fge=—1— —3, in which  dimerized, or all equal. How the symmetric structure comes
one In-In distance is shortenddimerized or lengthened to be stable despite the Jahn-Teller effect will be returned to
(antidimerized relative to the other two. These remaining in Sec. V. All three structures are found to be stable Gor
In-In distances always remain equal to at least 0.001 A.  =-1 andQ=—3, but forQ=—2 the symmetric structure

In Table IV we show the various metastable structureds not seen. FoQ=0 and+1 we find only the symmetric
(structural excitationswhich we find.(An extensive search structure.
suggests that there are no other metastable structures besidesThe energy separations between these structures are be-
these?)) The fact that the Zn g, level lies well inside the yond the limits of what we expect to resolve using only the
conduction band is further underlined by the metastabl@x2x2 Monkhorst-Pack-point grid together with Eq(5).
structures seen foQ=—5 andQ=—6. For both of these As a result we have recalculated the energies and structures
we find aDX-like metastable structure very similar to the of all of these states using ax#4 x4 k-point Monkhorst-
ground-state structure of th®@=—4 state. This indicates Pack grid and, for some, even &®&x 6 grid. We find that
that one or two electronsespectively have been transferred all of the structures reported in Tables Il and IV remain
from the complex into the conduction band, leaving the com=stable, although the degree of dimerization or antidimeriza-
plex with an empty Zn $, and additional charge elsewhere tion changes in some cases. The order of stability for the
in the supercell. The energy splitting between thB¥eand  three structures changes fQr=—1 andQ= —3, however,
nonDX forms is therefore expected to change significantlyand in all charge states they move closer to degeneracy.
(indeed, to switch oveiin larger supercells where less defect These changes are illustrated in Table V. The structural ex-
level dispersion is seen. A similar effect is seen in @e citation energies are still smaller than the estimated accuracy
=+1—+4 charge states, where a metastable structure ievels of our formation energies. A further cancellation of
found which closely resembles tigg=0 structure. Since the errors does improve the accuragle excitation energies are
hole levels corresponding to these charge states lie below thdifferences of formation energiebut the separations remain
valence-band edge, these structural excitations amount to ege small that our prediction of the order of the excitations is
citing holes off the complex, leaving it in th@=0 charge not certain.
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TABLE V. Ab initio results for the lowest-lying structures In Fig. 4 we show the 50% peak isocharge surface for the
(marked L.L) of [Zn,-Vp]? for Q= +2— — 4, together with struc-  instantaneous charge density change upon adding or remov-
tural excitation energies in electron volts. BMiimerized, SY  jng electrons from the symmetric structures @& +1, 0,
:symmetrlc, and AB-antidimerized. “-" indicates that the struc- and —1. The orbital filled when adding an electron @
ture s not stable. =0 and that emptied when removing an electron fr@m
= —1 are essentially the same. Clea@y — 1 is a localized

Q DM Sy AD .

state of the[Zn,,-Vp] complex. Adding an electron to the
+2 - L.L. - Q= —1 state gives a very similar shaped charge density—
+1 - L.L. - the opposite spin state of the same orbital.

0 - L.L. - Removing an electron fro®=0 empties a delocalized
-1 L.L. 0.0004 0.0001 valence-band state, as can be anticipated from the transfer
-2 0.0002 - L.L. level being found inside the valence band in the previous
-3 0.0097 0.0104 L.L. section. However, adding an electron to fttielly relaxed
-4 - LL. - Q=+1 fills an In triangle localized orbital, nonetheless.

Clearly Q= +1 also corresponds to a localized state of the
complex.
B. Charge density differences Going beyond+1 and— 1, Fig. 4 also indicates a pattern

In Fig. 3 we show the instantaneous change in charg&hich we in fact find for all charge states from6 to —6:
density when an electron is added(tpper row or removed the electrons added or removed at the transfer lev@ls-1
from (lower row) the Q=0 charge state. In other words, we and +1/0 come from essentially the same orbital, which we
first take theQ=0 relaxed positions and calculate with the shall call®,. The same is also true for the orbitals corre-
Q=—1 or Q=+1 total charge. We then subtract from this sponding to other transfer level pairs:-0f and —1/—2,
new charge density the original charge density from the re¢labeled®;), —2/—3 and — 3/—4 (labeled®,), and — 4/
laxed Q=0 calculation. The isocharge surfaces plotted are-5 and —5/—6 (labeled®5). Rather than plot all of them
for 80%, 50%, and 20% of the peak value. It is clear that arwe show only one example of each orbitalansfer level
electron added goes to a localized orbital on or near the Ipair). For the first three of these orbitals the shape is best
triangle. An electron removed, however, comes from a deloseen in a top view, looking down th@1l) axis. This is
calized state. We note, however, that even for the 20% peakhown in Fig. 5 for the symmetric, dimerized, and antidimer-
value isocharge surface for-04, the total charge enclosed ized structures. A clear relationship emerges: the dimer or-
corresponds to only 0.48 electrons. Hence, even forQhe bital for 0/—1 is very similar to the antidimer orbital for
= —1 charge state, most of the added electron has an appar-2/—3. Likewise, the dimer orbital for-2/—3 and the
ently delocalized character. This is, however, a result of thentidimer orbital for O+ 1 are the same. Furthermore, a sym-
use of a relatively small supercell: the In-In distance is 3.7 Ametric combination(addition of these two would give an
within the cell, but about 9.2 A between cells. This producesorbital very much like that of the symmetrie2/— 3 orbital.

a significant fake dispersion for the defect levels and meandn antisymmetric combinationsubtraction would give
that the transfer levels given in Table Il should not be trustedsomething similar to the symmetric orbital for-01, al-
too heavily. though in this case the similarity is not complete. This may

80% Surfaces 50% Surfaces 20% Surfaces

A

d

d

FIG. 3. Charge density difference plots for the

[Zn,-Vp] complex in theQ=0 relaxed geom-
etry, but with an extra electron addéagbper row
or removed(lower row). Shown are isocharge
surfaces for the charge density difference itself.
The surfaces shown are for 80%, 50%, and 20%

l: of the peak value.

m

o

v

e
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Q =+1 Structure Q =0 Structure Q =-1 Structure
L)
>
A
d
d
L 20 5. 158 FIG. 4. 50% isosurface plots for charge den-
0 =-1) 1 =2 sity differences for addingtop row) and remov-
ing (bottom row electrons from theQ)=+1, 0,
and — 1 relaxed structures fdiZn,-Vp].
R
¢
m
0
A\
€

-1 >0)

+1 >+2)

be due to differences in the degrees of dimerization or perHl. The volume is reduced monotonically fro@=+2 to
haps to limitations in the calculation. Despite this, a clearQ=—6. ForQ= —4— —6 this is due simply to the change
relationship between the orbitals filled or emptied at thesérom DX to nonDX: as the Zn 4, orbital fills up, thesp?
transfer levels in the three nearly degenerate structures Isonding to the P atoms is reorganized, with a norsyal
present and will be considered in more detail in Sec. V.  dangling bond developing. This can then bond on a more or
For the orbital®; (associated with—4/—5 and —5/ less equal footing with the In dangling bonds. Then from
—6) we show a side view in Fig. 6. It is the Zrpdorbital, Q=+2——4 the In-In distances are reduced as electrons
as expected based upon the structures reported in the prewnter the In dangling bonds, increasing the bonding between
ous section. Confirming this now allows us to fully explain them. The volume reduction, however, is due only partly to
the volume dependence of the complex, as shown in Tablgis: partly it is due to the concurrent reduction in Zn-In

Dimerised Symmetric Antidimerised
(DM) (SY) (AD)
®
!
+2/+1
+1/+0

FIG. 5. Top views[down the(111) axis| of
the 50% isosurface plots for charge density dif-
ferences corresponding to the transfer levels of
[Zn),-Vp] from Q= +2 to —4, for the symmet-
ric, dimerized, and antidimerized structures.
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FIG. 6. Side views of charge density differ-
ence plots for(a) the Zn 4p, related orbitald,
filled at the —4/—5 and —5/—6 transfer levels,
(b) the delocalized orbital emptied in removing
an electron fromQ=+5, and (c) the orbital
emptied in removing an electron from the meta-
stable shrunken structure fQ=+2.

a)

distances, even though no bonds form between the Zn and hepresentation ofC5,, while the T, representation splits,
until Q=—5. This reduction is electrostatic in origin. The giving a second; representation and a two-dimensiofal
empty Zn 4, orbital, together with the relatively high ion- representation. The twA, representations can mix, so that
icity of the Zn-P bondgsee Fig. 2, leaves the positive Zn the hybridization on the Zn is reorganized, to give the high
core slightly less well screened along the direction pointinglunoccupiedl Zn 4p, orbital observed in our calculations,
towards the three In atoms. The negative charge on the Iplus a new totally symmetric level constructed primarily
atoms, meanwhile, increases as electrons are added, so tihem the three remaining In dangling bonds. Theepresen-
Zn-In distance is reduced electrostatically. Thus the reductation corresponds to a twofold-degenerate excited state, also
tion in effective vacancy volume at the-O1 transfer level, constructed primarily from In dangling bonds. In the neutral
observed in the positron annihilation studies of Slettel,>  state the lowesA, level is full and the others are empty. For
is due to a combination of the In-In bonding and Zn-In elec-charge stateQ=—1— —3 this degeneracy must also be
trostatic attraction, rather than tolX to nonDX transition lifted, usually by a further structural Jahn-Teller effect. This
as might perhaps have been expected. can happen in two ways: via the formation of one stronger or

Regarding the other structures in Tables Il and IV, weone weaker bond, leading to i@, point group, or via a
find that, as anticipated from the structures themselves, therocess reducing the symmetry @, splitting theE level
orbitals filled by adding further electrons [&n,,-Vp] ® or  into |=+1 components. The latter requires a rigid rotation
removing further electrons frofizn,-Vp] "2 are all delocal-  of the In triangle around thel11) axis, alternately shortening
ized. We show only one example in Fig. 6: namely, removingand lengthening the In-P bonds in the plane perpendicular to
an electron from+5. The orbital emptied by removing an (111). This is not likely to be favored, however, since the
electron from the metastable shrunken structur®ef+2  energy gained would be very small. Indeed, we do not see
(also in Fig. 6 is identical to that associated with removing any tendency towards this in oab initio structures.
an electron from the ground structure @=0. This con- For certainQ it is also possible for the degeneracies to be
firms the explanation given above of these shrunken strudifted by spin interactions. In th®= —1 state, where the In
tures in terms of holes excited off into delocalized valence+riangle contains three electrons, it would be possible to lo-
band states. calize one electron on each In—making the lowgrand E
representations degenerate—and then formSarg high-
spin state. This would requitéthe Insp® dangling bonds to
be spatially rather smaflocalized and hence local Coulomb

A. Symmetry considerations interactions to be rather strong. This does not appear to be

Since, forQ>—5, the Zn is in &DX-like position and the the case, however. In additional calculations using the local

Zn 4p, is much higher in energy than the other orbitals in—Spin density approximatio(LSDA) to search for it we find

volved, we omit it and base our model on the assumptiorpo evide_nce of such a state being stable_. Simi!arIyQin
that all additional electrons addécemoved from the com-  — _Iélbwn? four del_ectLonsh pl;ef_slfndtr’ a81A:1 _hlgh—spfl_n dstate
plex go to(come from the triangle ofsp® hybrid dangling .C%Lf ne oLme h.'n.t € b? -liedz. Agamn, we Tind no
bonds on the In atoms. These start out life transforming af'dications that this is stable.

the 0" (s) and 1™ (p) irreducible representations of tia, Instead, it Seems _that the symmetric struc_tures Qor
group for the free atoms, which descend to tfune- =—1—-3 are stabilized by weak Coulomb interactions

dimensional A, and (three-dimensionaIT, representations with no localization(beyond that to the In triangle itselfive

V. STRUCTURAL MODEL FOR THE [Zn),-Vp] COMPLEX

of the tetragonal groupy when placed inside a zinc blende

structured crystal(See the level splitting diagram in Fig.)7. O, Tq Cov - Cion G &

The point group of a free vacandwithout the Zn is the A, A, [ 3

same Ty) and so the bound states inside the vacancy are —_——ll B L}q)

known to also be describ&tby the sameA; and T, repre- LX T. E = v v

sentations of T4, giving a deep symmetric level and a s A TR Y= = 1D,
threefold-degenerate excited levéllahn-Teller distortions !

liting this degeneracy lead to the negativeeffects for the FIG. 7. Irreducible representation splittings as symmetry is

free Vp.) In[Zn,-Vp] the Zn further lowers the point group lifted from O5 to C,, or C4. For C,, the dimer case is shown. For
to C;,. TheA, representation of 4 is projected onto thé;  the antidimer theB, level lies below the second, level.
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can estimate the differences between the classical spatial 1 8 F(9) 52

overlaps of the three orbitals. Specifically, we take the charge Eo=— 5757 Ty T4 g

contained in the overlap regions of the isocharge surfaces for

charge density difference@s plotted in Figs. 396renor- 1 6 F( 52

malized to a whole electron to allow comparisons and evalu- E,=— 275 + — = 1-6+ 5 (8)
ate what fraction of the charge overlaps classically. Using the

50% isocharge surfaces in Fig. 5, we find that the highest of E.=146

these orbitals®, (corresponding to transfer levels2/—3 2 '

and —3/—4), has 58% more overlap with the lowegb{, in units oft [expansions t®(52) only], where

transfer levels+2/+1 and +1/0) than the middle orbital 52

(®,, 0/—1 and—1/-2) has with the lowestThe overlap _ A ssi s2.a <. 2

between the middle and highest is about 29 times larger F(0)=\3\3-26+0°~3~ 5+ 3 ©

again) Using the 20% isocharge surface, where more of th e write the wave functions in the formb=(a,,a,,a;)
actual charge is accounted for, but where the spurious defe e ) 1,€2,93
level dispersion is starting to wash out the effect, we find thar_/here{ai} are the coefficients di¢i} in . The wave func-
the lowest orbital has 62% more overlap with the highes lons associated witko, E,, andE, are thus

than it has with the middle one. These numbers indicate that 1+ 6—F(8) 5 82
in the symmetric geometries ttielevel is split into orbitals Dy=| ——5—11 ~( 1—- -—— —,1,1),
having less and more overlap with the de®plevel. These o-2 2 12
levels are thus split by Coulomb repulsion from the electrons 2
filling the deepA; level. D, = 1+o+F(9) 1 1) %( 25— 297 1 1) (10)
6_ 2 ’ L 3 L 1 L
B. Tight-binding model ®,=(0,1-1),

b The IJghn(;TelI_er behaviolr fo.ur;]d g? tgb initio jul‘dissganh. respectively.(Normalization is omitted for clarity. Hence,
e explained using a simple tight-binding model. T0 do Misye" 56und stateE, is totally bonding(an A, irreducible

we need only consider the leading-order effects of changes ilqapresentation oF,,), but has more weight upon the dimer-

]Ehe In-llnthdlséances. V\t/e make_n;) :sszmptlonsdyet about thi?ed In-In3 bond, thus corresponding to a dimer bonded to
orm of the degenerate associated orbiigjs and we con- the single-site In This is a very different result to that

sider only the “hopping” overlap matrix elementg which 1008715 o1 the free \b, where the lowest-lying state
movgltelgctro_ns.betlween the orbitals on &md In. The was totally symmetric with equal weight on all sites. This
amiftonian 1S simply new result fof Zn,,-Vp] indicates that a dimgor antidimey
may form even with only one electron present and no degen-
A= 2 il e @ eracy.(The Jahn-Te_IIer theorem doset state that symmetry
o, hiEeThes cannotbe reduced in the absence of degenejatlyis pos-
sible symmetry lowering is weak, however: the energy
gained is only~ 62, the same order as the elastic energy lost.
It comes about because the dimerization or antidimerization
Breaks theE irreducible representation @, up into aB;
and a furtherA, representation o€,,. This newA; repre-
sentation can mix with the other ones, leading to a weak gain
in energy, even though the Jahn-Teller theorem does not ac-
tually require it here. Taking elastic energy into account, the
total energy of the dimer structure f@=+1 (with one
eelectror) is

WhereciT’(, (ci,,) creategannihilate$ a spino electron at,
the sums being over the three In atoms. We make the sele
tion tys=t+ 4 and t;,=t—46/2=t,;3. Hence §>0 corre-
sponds to forming a single JAn; dimer (plus two anti-
dimerg and §<0 to a single Ig-In; antidimer (plus two
dimerg. (The — /2 terms balancing the- § allow direct
comparisons betweed>0, =0, and<0.) We omit Cou-
lomb repulsion(we assume thdtl <t) and also the spin-spin
interactions which would lead to high-spin states. On th
other hand, we will treat the symmetric structureg@sten- t
tially) metastable, thus implicitly assuming the presence of EQ- "= §[1+ S+F(8)—3N52]. (13)
(at least a vanishing Coulomb repulsion between théev-
els and the deep\; level. More importantly, we also omit Taking the derivative oE?=*1 with respect tos we find
elastic effects from the lattice. To leading ord&iis linear in  that the lowest-energy solution ha>0 (is dimerized as
the change in In-In distance, but the elastic energy is qualong as G<\<0.17. This appears to correspond to a weak
dratic. We can therefore write the elastic energy for an indivalue of the elastic constant. F@=—1——3 a stable
vidual bond between fnand Iy ash 5ﬁ-t, where\ is (related  dimer state exists for any value kfand has a lower energy
to) an elastic constant. Hence for both the dimer and antithan the symmetric structure. Our DFT calculations indicate
dimer states described above the elastic energy is5t that the case dfZny,-Vp] in InP is near to this critical value
+2)\(6/2)’t=3N5%t/2. However, we omit this term at of A=0.17: if we do the relaxation using a4 x 4 k-point
present, solving only EqY7). grid, we do not find a stable dimer or a stable antidimer.
In the dimer case§>0) the solution is However, if we use the less accuratx 2x 2 k-point grid,
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TABLE VI. Model predictions for the lowest-lying structures
DM SY AD (marked L.L) of [Zn,,-Vp]®, together with structural excitation en-
ergies to leading order i@, for occupancies of from zero to six
electrons (No. e”). DM=dimerized, SY¥=symmetric, and AD
=antidimerized.

No.e™ Q DM SY AD
0 +2 - L.L. -
2
1 +1 L.L. ﬂ 5_3t
6 9
2
2 0 L.L. ﬂ @
3 9
2
3 -1 ﬂ ot L.L.
6
2
4 -2 ﬁ 26t L.L.
3
5%
FIG. 8. Sketch of the wave functions anticipated for the three S -3 5 ot L.L.
structures off Zn,,-Vp], based upon the model (D¥dimerized, 6 _a i LL i

SY=symmetric, AD=antidimerized).

we do indeed find a nonsymmetric structural ground state for , . ) o

Q=+ 1—namely, a 2.1%-dimerized structure, with the sym-S clear. We are |_ndeed seeing the predlcted_comblnatlons of
metric structure an excitation 0.002 eV above. ot 0 we one-electron orbitals from the thre_e In dangling bonds, con-
never find stable dimerized or antidimerized structures. ~ trolled by Jahn-Teller effects which the model can also

Turning to the model excitations for the dimer structure,Predict:

E, also corresponds to an.hins dimer (anotherA; repre- Using Eq.(9) we can now evaluate the energy of the
sentatiof, but now antibonded to the single site, upon whichSYMmetic, dimerized, and ‘antidimerized states for each
most of the weight is placed, is an antibonded dimean value of electron filling and compare them. For example,

. . _3 .
antidimer—aB; irreducible representation @,,) with no ~ With five electrons present[Zn;,-Vp] ) the symmetric

weight at all on the single site. For the antidimer structureState has energy-t, the dimerized state has energy(1

(5<0) the ground state remains the safatleast for small + %), and the ant|d|m2er|zed state has energytR)[1+6
8) but there is less weight on the dimer bond and more on'. F (9)]~—1(1+ 6+ 6%6). Hence the Iowesg is the anti-
the single site. Also, the order of the excitations is reverseddiMer, with the dimer as an excitation only5°t/6 higher,
with the antidimer stateH; abové becoming the lower of and the symmetric state liesét higher still. Comparing to
the two. If we now assume a form fap, related tosp® Table V we mdee_d see 'ghat the ant|d|m_er is the most stable,
hybrids, we can see what sort of charge densities we expefg/lowed by the dimer, with the symmetric structure the least
to see for theb;, as sketched in Fig. 8. stablg. Table _V_I shows the leading perms in these_excnauon
In the case of the excitations for the symmetric structure®Nergles for fillings of from Z€ero to six electrons. Smce both
we find elastic and Coulomb energies favor the symmetric structure,
we anticipate only the symmetric structure Q= +2 and
By =D, = (1273 g+4mil3) (12)  —4, as observed. We also anticipate that the excitation en-
’ - ergies for the symmetric forms will be lower than those in-
with the two being, of course, degenerate. Unfortunately, dedicated in the table. We find that for one or two electrons the
scribing the lifting of this degeneracy as a result of Coulombdimerized structure is the most stable, closely followed by
and elastic effectgthe two will almost certainly combine the antidimerized structure. For three, four, or five electrons
lies well outside the scope of this model or paper. Henceve expect the antidimerized structure to be the lowest, with
what is shown in the figure is just the two alternatives withthe symmetric structure always the least stable. The agree-
C5; symmetry and three nodelike planes, based upon the formment with theab initio results is very close—the only real
of ®. . The one with low charge density along the In-In exception is that foQ= —3 ourab initio calculations found
lines is likely to have a smaller overlap with—and hencethe dimerized state to be slightly more stable than the anti-
Coulomb repulsion from—the symmetri€, ground state. dimerized. Theab initio energy difference was tiny, however,
Hence it has been drawn as the lower of the two excitationsover an order of magnitude less than the accuracy anticipated
This cannot be predicted with more certainty upon the basifrom such a calculation. On the other hand, the model does
of the current model calculation, however. predict that the symmetric structure is at its least stable for
With the obvious exception of the excitations for the sym-chargeQ= —2 and this is indeed the only charge state for
metric structure, the similarity between the model chargevhich we are unable to find the symmetric structure
densities in Fig. 8 and thab initio charge densities in Fig. 5 using DFT.
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VI. CONCLUSIONS stable charge state of tHe&n,,-Vp] complex isQ=0 in
p-type material. We find a binding energy of 0.39 eV which
IS also in the range anticipated. Regarding the structure of the
complex, we find a larger effective vacancy volume than that

USF the fr n n excitation to the 1 char w
and structural excitations upon the charge state of the co & the ee \p and upon excitation to the 1 charge state we

I dh h i level tound that. f ”'ee a reduction in volume of about 14%. Hence we are in
plex and hence upon the Fermi level. We found that, for allyyeement with the conclusidnef Slotte et al. rather than
charge states below 5, the Zn atom lies in X position,

L : ! ] thosé of Mahony et al. regarding the sign of the volume
sp® hybridized, with an empty @, orbital directed towards change at the 6/1 transfer level. Regarding the positron

the In triangle and very constant bond lengths to the surtifetimes themselves, the link between them and our calcu-
rounding P atoms. Electrons addéxtlow Q= —5) go into  |ated tetrahedron volumes is not direct, but our 14% volume
localized orbitals built from the three In dangling bonds— change appears in good agreement with the 15%—20% re-
thus reducing the In-In distances with each added electroriuction in measured positron lifetimes between the two
We also found that there is a simultaneous reduction in thetructures, even though our calculated volume for the free
Zn-In distances, which is electrostatic in origin. This was duevacancy itself is slightly smaller again. At 0.50 eV our posi-
to the increased charge on the In triangle and the weakeion for the transfer level within the gap is a little high, but as
screening of the Zn core alori@11) owing to the empty Zn was noted, these transfer levels are not reliable since the
4p, orbital. The combination of these effects leads to a syssupercell is too small. Further studies of the complex in
tematic reduction in the effective vacancy volume of thelarger cells are required to check how this affects the position
complex for charge states fro@=+2——4. This is in  of the transfer levels, but our results seem otherwise to be in
spite of the fact that thBX structure of the complex remains very good agreement with the experiments.
stable with rising Fermi level right up until a4/—6 Regarding the issue of compensation, our results confirm
negativet transfer level, about 0.5 eV into the conduction that, should free ¥ somehow be present in heavily Zn-
band. For charge stat€3=—1— —3 we also found com- doped InP, they would indeed form stable complexes with
plex Jahn-Teller behavior, with up to three different stableZn. However, the formation energy we find fop 6 1.96 eV,
structures—symmetric, dimerized, and antidimerized—which is still rather large. Even for a phosphorus atom neigh-
which are all very close to degeneracy. [+ —1 the most boring a Zn dopant the effective formation energy is
stable structurgjust) is dimerized, while it is antidimerized 1.96—0.39-1.57 eV, which is not small. The positron anni-
for Q=—2 and-3. hilation experiments clearly demonstrate that at least some
In addition, we have presented a simple tight-bindingVp are present in heavily Zn-doped Czochralski-grown InP.
model which is able to predict and explain all of the struc-However, the lack of a low formation energy leaves it un-
tural properties of the complex, including the existence ofclear whether, and perhaps unlikely thag §&neration is the
three possible nearly degenerate structures Qor —1 primary cause of compensation in InP:Zn. On the other hand,
— —3. Such a near degeneracy between dimer and antidimeur DFT results indicate that the formation pZny,-Vp]
structures has not been seen for the fregead this too the complexes from existing Zpand ;s is certainlynot respon-
model can predict: the same model applied 'Y for ex-  sible for compensation: starting with fully ionized Zn, the
ample, shows a separation between dimerizedzand antidimegomplex forming reaction is
ized structures on the order &f compared tos< here for 141 0
[Zn,-Vp]. (Details of these calculations will be presented 2+ Ve o[ 20— Vel (13
elsewherd?® Success with such a simple model is veryin which no free electrons or holes are created or absorbed.
pleasing and may in the future even help to narrow the rang&he compensation issue here has to do with the formation of
of initial configurations required when searching for struc-the phosphorus vacancies in the first place and is not affected
tural minima in similarab initio calculations. by the subsequent formation of th2n,,-V] complex. Fully
Comparing our results to those obtained from positrorunderstanding the issue of carrier compensation in InP:Zn
annihilation experiments, we, as they, find that the mosfrom anab initio point of view may thus require more work.

We have calculated the structure and transfer levels of th
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els, or energetics of the complex.
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use for the defect calculations, but they are each fully converged
in terms of bothk-point grid and planewave cutoff.

15166(1999. 2lCertain additional structures—a dimerized structure for

Platalo et al. (Refs. 2 and #have used DFT-LDA and DFT gen-
eralized gradient approximatidi®GA) calculations to estimate
the positron annihilation at Zn{dcomplexes, but they included
only empirical breathing mode relaxatio® fit the positron
lifetimes) and presented no results for the structure, transfer lev-

[Zn,-Vp] ™1, dimerized and antidimerized structures for
[Zn,-Vp] % and a second weaker dimer structure for
[Zn,-Vp] “2—are found when the 22x2 Monkhorst-Pack
k-point grid is used. However, these turn out to be unstable
when recalculated using ax4 x4 k-point grid.
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