PHYSICAL REVIEW B VOLUME 60, NUMBER 24 15 DECEMBER 1999-II

[P,]™ antisite clustering in InP
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A systematic first-principles total energy calculation is performed to investigate the structural and electronic
properties of P,,]™ antisite clusters in InP, with up to four. Isolated R antisites generate a defect level in
the gap region with a relatively large energy dispersion in our 128 atoms supercell. For clusters formation with
2, 3, and 4 antisites, the corresponding energy dispersion of the defect levels decrease and a confinement
tendency of the carrier density is observed, mainly for clusters in the two-dimensional topology. The resulting
character of the defect levels in the gap and their corresponding energy dispersions are associated with the
origin of then-type conductivity in intrinsic InP growth at low temperature. Our calculation indicates that the
clustering of R, antisites is an energetically favorable process. A hypothetical planar doping system, formed by
high concentration of antisites, is proposed as a possible struf80&63-18209)05547-2

. INTRODUCTION [ 8(P,,) ]-system, is proposed as a possible structure. In the
next section we present the methodology used in the calcu-
Recent experimental results indicate the possibility of epiation. Section Il we discuss the results and in the last sec-
itaxial growth ofn-type modulation doping in InP-based het- tion we summarize our conclusions.
erostructures, where intrinsic defects can provide high con-
centration of carrier densityThe mechanism responsible for Il. METHOD OF CALCULATION

the n-type conductivity has been attributed to an abundant he Kohn-Sham equations are solved in a basis of plane
presence of R antisites, introduced during off- \aves within local-density approximatidhDA).® The total
stoichiometric InP growth at low temperatifr@he presence energy and band-structure are self-consistently calculated,
of carrier density has been explained by the autoionization ofising normconserving fully separable pseudopotentils.

the R, , via the excited (0f) level The antisite defects in 11,6 k_summation in the reduced Brillouin zone has been

I1l-V materials have been intensively studied, and particu-.packed to ensure a good description of the charge density
larly in GaAs, Arsenic antisitéEL2 defecj is responsible for

the semi-insulating behavi8r. In InP, the presence of these anql,) conseqt:lently, thte to.taldenergé/. 'I:hesatrﬂpling to dﬁ' .
defects seems to have different character compared to oth%?ghegogeﬁ %' a sys ?m .'St eper|1 ent on fe sups:rfce d_sfnze.
[1I-V compounds, and the origin of the conductivity is still adi--ohen special points analysis IS pertormed for dil-

not clear, and the chemical nature of the donors is unknow erent supercell sizes. Our results show that for 128 atoms

High-carrier concentrations are observed, implying high Con_s'upercell, thd" point describes appropriately the defect char-

centrations of defects, with the possibility of the presence oftCter and the lonization energljé)s'._l'ms IS _checked_ by the .
antisite complex defects and the formation of low- observation of similar results obtained using the first Chadi-
dimensional systemisThe confinement of high-carrier con- Cohen special points for the same supercell in InP systems.
centrations has been an intensive area of study, particularl he total energy convergency 1S reaphed to 20 Ry kinetic
in doped III-V compounds. It has been recognized to be on&"e"9Y cutoff with the equilibrium lattice constant for bulk

of the most promising electronic material system, besides t P of 5.82 A, which is close to the experimental _value, 587
provide an excellent area for the understanding of the quan-" The a_bsolute convergency In the total energy is necessary
tum effects to describe correctly the electronic structure as the position
In this paper the electronic and structural properties of th f the defect level in the gap and the qhar_acter of the state.
[P,,]™ antisite clusters in InP are investigated withup to he calculated band gap is 1.05 eV, which is smaller than the
4. Isolated P. antisite defects in InP are shown not to be ameasured value 1.42 eV, as is expected in LDA calculations.

shallow hydrogeniclike donor, but the defect leveiriside All studied systems have been relaxed until forces are lower

the band gapwith a large energy dispersion in our 128 atomsthan 0.025 eV/A.

supercell calculation. The formation of complex defects, in- Ill. RESULTS AND DISCUSSIONS

volving more than one antisite, is energetically favorable

with the confinement of the carrier density. Also, a low-  Similarly to obtained by previous works:! our total en-
dimensional system, forming a hypothetical planar dopingergy calculations show that for isolateg, Reutral antisites
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and the tetrahedral symmetry is preserved for the three
(a) charge statef, + and ++). The calculated ionization lev-
(0.00 eV) els are 0.60 and 0.54 eV for the @9 and (+/+ +) tran-
sitions, respectively. We verified a symmetric inward dis-
placement of the antisite nearest neighbors for all charge
states. This breathing mode relaxation is 0.16, 0.23, and 0.30
A for the (0), (+), and (++) charge states, respectively.

Different from the results obtained by Seitsoretral, ! we
do not find a negative) for the neutral state, but a small and

positiveU. There are some differences between the two cal-
(b) culation procedures. The lattice constant obtained in this
(-0.09 eV) work is 5.82 A and they used 5.61 A% and 4% smaller
than the experimental value, respectiyeBesides that, they
used a supercell with 64 atoms, and a plane wave cutoff of
15.3 Ry(instead of supercell of 128 atoms and 20 Ry cutoff,
as used hepe

The one-particle energy level, in our calculation, is inside
the band gap, located around 0.7 eV from the valence-band

maximum (VBM) (at theI" point), and presents a relative
(c) large energy dispersio(0.31 e\j along thel'-X direction.

(-0.40 eV) This dispersion can be attributed to the interaction between
the defects in the adjacent supercells. Usually, for localized
point defects, moderate size supercells as 64 atoms and a set
of special points are enough to describe appropriately the
electronic and configurational structures. Here, we use 128
atoms, where the distance between two defects/Ba3, a,

is the lattice parameter. This supercell corresponds to a de-
fect concentration of~10?° cm™3, distributed perfect ho-
mogeneously in the bulk InP. Dreszetral® observed a free
carrier concentration of %10® cm 2 at low-temperature
growth InP. In the same experiméiias been verified a drop

of this carrier concentration with the increasing of the growth
temperature, which can be attributed to the reduction of the
P, antisite. If we denote one carrier for each defect, to cal-
culate a system with the concentration of 20' cm™ 3, we
should have at least 1000 atoms super¢etich still un-
practicable for arab initio calculation. As the high carrier
concentrations are obtained out of the thermodynamic equi-
librium growth, a homogeneosly distribution for the, Ee-
fects is not expected, with the possibility of the formation of
trapping complex defects. So, regions with high éncen-
trations should be present.

In our 128 atoms supercell calculation we are simulating a
region without trapping defects and high-Roncentration.
The deep donor position found for the, Rntisite indicates
that the origin of then-type conductivity in InP growth at
low temperature is not a shallow hydrogeniclike donor. This

FIG. 1. Schematic representation of the 2D antisite clusters foris in agreement with the reduction of the mobility observed
mation for: (a) one antisite;(b) two antisites;(c) three antisites in samples with high-free carrier concentratidnghich can
(3nnn); (d) four antisites (4nn), and(e) 5(Py)-system. White  be explained by the scattering in the presence of localized
balls represent In atoms and black balls P atoms. states. In this way, we conclude that the conductivity comes

from the auto-ionization, due to the interaction between the
[Fig. 1(a@)] a defect level resulinside the band gapWe  defects, which occurs in high concentration regime pf P
compute the ionization levels by the total energyantisites.
differences'? taken as the reference the top of the valence Next, we consider two nearest-neighborg ee Fig.
band®® In the (+ +) charge state, the defect-inducegstate  1(b)], forming the complex defedt®,,]?. Two energy lev-
in the gap is empty. In the¥) and(0) charge states, the,  els result in the gap with the eigenvalues positioned at 0.77
gap state is occupied by one and two electrons, respectivelpnd 0.20 eV above the VBM. The energy dispersions of
Consequently, considering that in these charge states dlhese levels in thé X direction are 0.17 eV for the upper
bound states in the gap are unoccupied, or onhatherbital  level and 0.33 eV for the lower level. Figure 2 shows these
states are occupied, no Jahn-Teller relaxations are observédlo a; occupied impurity levels, presenting tipically anti-
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4 antisites in the nearest neighbor positiona ¥ forming a
small three-dimensional3D) cluster of F,, and another
with the 4 antisites in the closest positions in the same plane
(001, forming a two dimensiona(2D) cluster[Fig. 1(d)].
The last one is more stable by 0.12 eV/antisite related to the
first one. For the 4 antisites in the same plane, the calculated
dispersions of the last occupied defect level are 0.01 eV
along thel"Z direction, perpendicular to th€@01) plane, and
0.23 eV along thd"X direction, parallel to th€001) plane.
This again makes it clear the tendency of the system to con-
fine the electronic levels as the numbeimcreases, in this
case a carrier confinement with 2D character. The presence
of high concentration of antisites, either forming a plane de-
<110> fect or a cluster defect, leads to the formation of two distinct
energy bands in the gap region, one below the midgap and

FIG. 2. Electronic charge densities for tta@ last occupied de- another above the midgap, becoming closer to the
fect level, andb) last but one occupied defect level for R, conduction-band minimum. In this clusterization process
cluster. with the 4 antisites, the antibonding character of the defect

levels again is important, producing assymmetric relaxations,
bonding characters, where the lower level is seen to be monith one bond length greather than the P-In bond length for
delocalized than the upper level. Both P impurities suffer aeach I, antisite.
displacement towards each other by just 0.04 A, while their In order to verify the possibility of the formation of
nearest neighbors are displaced around 0.16 A towards ti&,,]™ antisite clusters, we have calculated the total energy
impurities, maintaining almost the same relaxations observedifferences between antisites, close to each other, and
for the nearest neighbors for the singlg Befect. As each isolated B, antisites. These total energy differences can be
defect contributes with two electrons to the system, occupywritten as
ing antibonding orbitals, the small displacements between
the two antisites are due to the characters of the bésets
Fig. 2 SIAEM]=

For n=3, we consider two possible configurations, one
with the 3 antisites in the nearest neighbor positionsn)3 where AE[P,,]!" represents the total energy difference be-
[Fig. 1(c)], another with 2 antisites in the nearest neighbortween a supercell of InP, with a clusterm{n=1, 2, 3, and
positions and the third one in the next nearest neighbor pod) P, antisites and a supercell of InP free of defeats (
sition (2nn+1nnn). In the second configuration, the dis- =0). For an isolated P antisite, the lowest energy formation,
tances between the P impurities are kept almost the same f P-rich growth condition materials, is around 2.0 E\We
the In bulk atomic positions. In this configuration, the P obtain a reduction of the total energy by 0.1 eV per antisite
nearest neighbors to the impurities have two kinds of bondsfor two near-neighbor antisitesS{AE("=?)]=—-0.1 eV).
bonding and antibonding characters. As can be seen in Figzor n=3, forming a 3D cluster (8n), the total energy de-

3, some bond lengths are reduced up to 0.34 A, while othersreases by 0.1 eV compared to one antisite: {), and it is

are increased up to 0.25 A. We observe that each antisitsimilar to two nearest neighborsn€2). For the (&n
always presents one bond with strong antibonding charactes- 1nnn) case, forming a 2D cluster, the total energy de-
In the (2nn+1nnn) configuration an energy dispersion of creases 0.4 eV compared to the isolated antisite,
0.21 eV is verified for the two lower levels and 0.15 eV for STAEM=3(+1nW)—= _0 4 eV. For n=4 (4nn case,

the upper level. This dispersion is smaller than the correforming a 3D cluster, the total energy also decreases by 0.7
sponding dispersion for the single defegt, Bntisite, and eV, S{AE"=4"]=—-0.7 eV, and fom=4 forming a 2D
observing that the level positions related to the VBM arecluster, a planar topology, the total energy decreases by 1.2
0.14, 0.32, and 0.73 eV, we can draw a confinement teneV. The relative formation energy per antisite as a function
dency of the system whemincreases. of the number of antisites can be seen in Fig. 4.

Forn=4, two configurations are considered, one with the  The reduction of the total energy(AE™]), as a func-
tion of the numbem of antisites, up ton=4, mainly in a
planar topology for B, suggests the possibility of the for-
mation of a planad(P,,) system:*1°Similar structures have
been proposed, like InAs/AlSb interfat&where the source
of the donors was suggested to be antisite defects éh a
configuration.

Finally, we consider a total energy calculation &fP,,)
system[Fig. 1(e)]. The calculations are performed using a
tetragonal unit ceft/*®with 2x 2 interface periodicity, and

FIG. 3. Total valence charge density for ti@,]® cluster in  half a monolayer of R antisites in a plane perpendicular to
3nn configuration. The two P antisites belonging to th¢110) the growth direction001) are introduced. The distance be-
plane are shown in the figure. tween twoé layers, along th€001) direction, is equal to four

<001>

AE[P,]™M
SE L Aerp ey,

<001>
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cally stable. Therefore, off-stoichiometric InP growth at low
temperature can induce the formation of low dimensional
systems without an external doping.

IV. CONCLUSIONS

In summary, our electronic and structural calculations
show that, for isolated P neutral antisites, a defect level
results inside the band gap with a relatively large energy
dispersion in our 128 atoms supercell. The corresponding
energy dispersions of the defect levels decrease as the num-

Relative formation energy (eV)

E e 1 bern in the [P,,]™ cluster increases, indicating a confine-
-0.4 = ment tendency of the carrier density. Our total energy calcu-
] | | T lations also show that the clustering formation gf éhtisites
1 2 3 4 oo is an energetically favorable process. The relative formation
Number of P, antisites energies per antisite decrease as the number of antisites

(close to each othersncreases. The planar topology, 2D
FIG. 4. Relative formation energy per antisite as a function OfC|USterS, has been shown to be more stable than the 3D clus-

the numbem of Py, antisites. Full squares are the energies correters The reduction of the antisite relative formation energy
sponding to 3D defect clusters and full balls are the 2D defecf, 5 2p configuration indicates that the formation of a low-
clusters. The zero reference is the total energy difference bemeen(ﬂmensional systems—P,,, is energetically favorable. The
cell of pure crystal and the same cell with ong.P last occupied defect level of the antisites get close to the

bottom of the conduction bangkigenvalue position+ en-
lattice parameters of InPy23 A. The full relaxation of InP  ergy dispersioyy mainly for the isolated defect and the 2D
atomic layers results a,-P (first neighborgbond length of  clusters. These defects can be related to the origin of the
2.41 A, which corresponds to the tetrahedric displacement ofi-type conductivity in InP growth at low temperature, where
0.11 A towards the p antisite position, showing a very lo- the carriers come from the auto-ionization, due to the inter-
calized relaxation around thé— P, plane. The In—P bond action among the defects, which occurs in systems with high
length (near to thes-plane is 2.51 A, which is very similar concentrations of P antisites.
to the bond length of the bulk InR2.52 A), conserving the
covalent character of these bonds. The reduction of the total
energy, for this configuration, is equal to 0.37 el AE]
=—0.37 eV per antisite, which indicates that the formation This work was supported by the Brazilian agencies
of P, antisite, in ad— P, configuration, is a system energeti- FAPEMIG, FAPERGS, and CNPaq.
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