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P-P and As-As isovalent impurity pairs in GaN: Interaction of deept, levels
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The electronic and atomic structure of substitutionthl neighbor (:kn<6) P-P and As-As impurity pairs
in zinc blende GaN is investigated using self-consistent plane-wave pseudopotential and empirical pseudopo-
tential methods. A single impurity introduces a degmgap level; we show that the interaction betweentthe
defect orbitals of the impurity pairs leads to an interesting pattern of single-particle level splitting, being largest
for the first (h=1) and fourth 6=4) neighbor pairs, both exhibiting@,, symmetry. The total energy of the
nth order pairAE(™ relative to isolated if— o) impurities indicates pairing tendency for=1 andn
=2 (AE®™2<0) while n=4 pairs are unstableAE®>0). We explain this behavior cAE™ vs n as a
consequence of the interplay between two effects: an “elastic contribution” representing the interaction be-
tween the elastic strain fields of the two impurities and an “electronic contribution” describing the interaction
of the defect orbitals of the two impurity atoms. The binding energies of the impurity-pair bound excitons are
calculated for thex=1 As-As and P-P pairs and are found to be significantly larger than for the corresponding
isolated impurities. The probabilities for electronic transitions between the defect levels and conduction band
are calculated. The results predict existence of a rich series of spectroscopic features distinct from single
impurities.[S0163-18209)14415-1

l. INTRODUCTION induce ap-like (t,) deep levef~®the purpose of this paper is
to study the consequences of thet, interaction of the P-P
There exists significant interést in the mixedanionni-  and As-As impurity pairs. We consideth P-P and As-As

tride alloys GaAgN;_, and GaRN;_,. It has been shown neighbor pairs in zinc blende GaN in the nitrogen fcc sub-
experimentally that incorporation of As in GaN is possible inlattice with n=1,2,3,4,5,6, illustrated in Fig. 1. We have
the concentration range 10-10'® 1/cmY2 The dilute limit  chosen the zinc blende structuiiestead of wurtzitg to al-
at the N-rich end of these alloys corresponds to P or Adow an easier comparison with the known case of nitrogen
impurities in GaN(denoted GH:P and G&l:As). These is- impurities in zinc blende GaP:'! Specifically we list the
ovalent impurities are of great experimental interest as thefollowing.
decide the optical properties of the alloy. The early work (i) We calculate the relaxed equilibrium atomic geom-
performed by Pankove and HutchbyJetcalfeet al.? and  etries and analyze the resulting atomic symmetries of the
Ogino and Aokl identified luminescence peaks well below impurity pairs. We find the point symmetry groug,
the band gap in GaN samples containing P or As. Recerd,q4, Cs, C,,, C,, andC;, for n=1,2,3,4,5,6, respectively.
spectroscopic studies have indeed confirmed that P and As (ii) We study the interaction between thedeep levels in
induce deep states in the GaN band gapetLal® have used these reduced symmetry atomic geometries. We show that
cathodolumiscence measurements to characterize the deep
As-related emission, Guidet al? have indicated significant
enhancement in electron mobility and integrated photolumi-
nescence due to As doping of GaN, and Jadwisienczak and
LozykowskP have determined the detailed photolumines-
cence characteristid¢g.g., the exciton binding energjesf P
and As deep centers. In agreement with these experimental
studies, recent theoretical calculatibtfshave shown that
isolatedGalN:P (GaN:As) induce a deep, threefold degener-
ate p-like (t,) defect level~0.6 eV (~0.75 eV) above the
valence band maximum, which acts as the origin of the ob-
served luminescence transitions.

In a dilute alloy, the limited solubility leads to clustering
of solute atoms, the simplest form beimgpurity pairing
The spectroscopic consequences of pairing have been studied
in detail for systems where at tligolatedimpurity limit one
has anslike (a;) gap level, an example is the isovalent o O
nitrogen impurity in GaRdenoted GR:N) ! Indeed, such N (As,P) Ga
a;-a, pairing leads to a very rich series of spectroscopic
lines whose position is determined by the intrapair atomic FIG. 1. The six first 6=1,2, ... ,6) neighbor pair configura-
distancet®!! As the isolated P and As impurities in GaN tions in the nitrogen fcc sublattice of zinc blende GaN.
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TABLE I. Atomic position of the first to sixth neighbor impurity atorm<€ 1,2,3,4,5,6) relative to an
impurity atom located at the origin. In each case we give an example of the Cartesian coordinatesz()
of the other constituent of the pair. The distance between the two impurities in each pair is gidgn by
=2n/2 a,. All values are given in units of the lattice constagt The point group symmetries for the pairs
(Ref. 1)) are listed in the last column.

n Position &, ,Yn,Zn)/ag Distanced,, /a, Point group symmetry
1 (1/2,1/2,0) 12 Cy,
2 (1,0,0 1 Doq
3 (1,1/2,1/2 V672 Cs
4 (1,1,0 V2 Ca
5 (3/2,1/2,0 \J10/2 C,
6 1,19 V3 Ca,

t,-t, interaction leads to interesting defect level splitting (typically 64 atoms in the zinc blende structyrthe study of
which depends strongly on the pair symmetry and atomiégmpurity pairs requires the use of larger cells. This can be
separation. The largest splitting and complete removal of theeen by considering the relative geometries for impurity
orbital degeneracy is predicted foe=1 andn=4 pairs, both  pairs, representing theth fcc neighbor (=1,2,3,4,5,6) to
exhibiting C,, symmetry, while fom=2 with D,4 symme-  each other in the zinc blende structure, described in Fig. 1
try we find only a partial removal of the degeneracy, and aand Table I. It is evident that a 64 atom supercelix(2
small splitting. X2 eight atom unit cellsbecomes inadequate wher>1.

(iii) The transition probabilities for electronic excitations This is due to the periodic boundary conditions which cause
between the impurity-pair-induced defect levels and the lowthe distances between the actual impurity atothsr{ Table
est conduction band are found to be large. Since the transi) and their periodic images to become equal and thus im-
tions are energetically well separated from the transition$,ose artificial symmetry constraints. Furthermore, we will

related to the isolated impurities, the presence of As-As and},\, below(Sec. 11l B that the strain-mediated impurity-

P-P Impurity pairs in GaN s_h(_)uld manifest itself via Spectro-; purity interaction can be long ranged, and can thus require
scopic features that are distinct from those of the isolate he use of large cells

impurities. . . . :
(iv) We calculate the exciton binding energies for nearest As a primary approach in this study we use the self

neighbor (1—1) As-As (P-P pairs atE,— 1.27 (0.85) eV consistent plane-wave pseudopotential calculattérimsed
These values are considerably Iargerbthan those calculatéd! o_Iensity-functionaI theory within the I(_)cal densit_y approxi-
for isolated impuritie§ E,=0.41 (0.22) eV for ASP)].° mamon (LDA). The exchange-correlatl_on term is param-
(v) Having established the electronic and atomic structur tnzef? as b3é Per;jevt\{é?ndh_zlunfdérFGor ngrogendws use ul-
of the impurity pairs we investigate their formation energy rasoft pseudopotential, whie Tof ©>a, As, an We use

AE(™ i.e., the energy of anth neighbor impurity pair rela- norm-conserving pseudopqtentﬂélmth the nonlinear core-
. . . o valence exchange-correlation schéfrend's component as
tive to the energy of two isolated impuritiesi-»). We

decomposeAE™ into two contributions: an elastic part re- the local one. The Gadorbitals are treated as part of the

17-19 - ; ;
sulting from the long-ranged interaction of the strain fieldsO'e: A 25 Ry kinetic-energy cutoff is applied for the

induced by the two impurities, and a chemical part re resemplane-wave basis, showing excellent convergence of the re-
. y WO Impurities, . P: pre sults with respect to the basis size. In the LDA calculations
ing the electronic interaction@n particular, the interaction

induced by the deep, defect orbitalk We show that both we use two system sizes: 64 and 216 atom supercells. The

contributions depend strongly on the orientation of the im-S¢ of a 216 atom supercell is enabled by using a highly
ourity atoms relative to the lattice. We predict P-P and As-A efficient parallel implementation of the method on the Cray

i : \ST3E. The Brillouin zone sampling with the 64 atom cell size
clustering at nearest and next-nearest sublattice S|te?

) s done using a X2Xx2 Monkhorst-Pack specidt-point
AEM<0, for n=1,2), whereas the fourth neighbor con- . o
1(‘iguration S unstable)Z(E(4)>0) For n>4 we ?ind that grid2° For the larger 216 atom cell only tH& point is used.

AEM hi ; Ki . " However, this sampling is accurate with such a large super-
tioEn Is approaching zero, I.e., weak inter-Impurity Interac- cq|| a5 shown, e.g., in Ref. 21. The alignment of the screened

local potential needed to determine the valence band maxi-
mum in the LDA defect calculations is done as in Ref. 6.
Il. METHODS However, when two impurities are present in the 64 atom
supercell, the selection of a region inside the supercell where
the potential is bulklike becomes difficult due to the influ-
In this study we will use two approachds), theab initio  ence of the nearby impurities. Therefore, we have approxi-
and(ii) the empirical pseudopotential methods, to investigatanated the magnitude of the effective potential alignment
the atomic and electronic properties of the impurity pairs.based on the results for isolated impurities. For the neutral
With both methods we use supercells to simulate the defedipurity pair we use twice the value found for the corre-
pair placed in an infinite lattice. While an isolated point de-sponding neutral impurity. In the singly positive charge state
fect can be reliably studied with moderate size supercell®f the impurity pair(used for estimation of the exciton bind-

A. Ab initio and empirical pseudopotentials
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TABLE II. The orbital energieseV) of the deep impurity level @
and the relaxed bond length fsolatedP and As impurities in GaN
as calculated by LDA64 atom cell and EPM-VFH512 atom ce)l
methods in Ref. 6Rg,x denotes the distance between the impurity
and nearest-neighbor Ga atoms in units of the theoretivef. 30
bond length RS, in bulk GaN.

(b)

Orbital energy Orbital energy Rgax/Rean Reax/Rean

X (LDA) (EPM) (LDA) (VFF)
As €,+0.60 €,+0.75 1.155 1.151
P €,1+0.40 €,1+0.61 1.132 1.131

ing energy we use the isolated values for neutral and singly
positive charge states added together. In the LDA calcula-
tions performed with 216 atom supercdlbr empirical
pseudopotential calculations with the 512 atom supercell de-
scribed below the alignment correction becomes negligible
due to the large cell size. Further details of the LDA compu-
tational method can be found in Ref. 6.

Due to the band gap underestimation in LDA
calculations’? optically more reliable single-particle levels
can be obtained via empirical pseudopotential method
(EPM).*® The EPM employed in this study is identical with
t_he one applied in Refs. 4 and 5. To briefly Summarize, W&eayed atomic geometries for the six As-As and P-P impurity pairs
first use the valence force fie®@FF) method®?*to find the i, Gan (Table ). The lettersa, b, ¢, d, e, andf denote symmetry
relaxed atomic positions. The electronic single-particle levelSjistinct bonds. T
associated with these atomic structures are then calculated
using specially fitted local pseudopotentialsithin a plane-  of the nearest neighbor Ga atoms surrounding the impurity,
wave basis. The Hamiltonian matrix is diagonalized via thegonsistent with the results for isolated impuritfes.
folded spectrum methadf. The advantage of this EPM based  Figure 3 illustrates the single-particle levels found in the

approach is that it predicts realistic band gaps and singlezp\ and LDA calculations for the relaxet=1 As-As pair.
particle spectrum. This approach has been t5&to obtain e see that the EPM and LDA methods produce nearly
GaN-GaAs and GaN-GaP alloy structural parameters and ofgentical splitting of the degenerate levels associated with
tical properties, in agreement with experiment. Also, its comysg|ated impurities. However, as the band gap is underesti-
putational effort scales linearly as a function of the systempnated in LDA calculations, the single-particle spectrum with
size. This allows us to easily study 512-1000 atom systemMgsgpect to conduction band is much better reproduced by the

not accessible in LDA calculations. We next examine theeppm. We conclude that the EPM used here and the LDA
consistency of the results between the LDA and EPM apmethod produce consistent results.

proaches.

FIG. 2. Schematic presentation of the symmetry-inequivalent

C. Choice of computational methods

B. Comparison of LDA and EPM results Given (a) the similarity in the relaxed atomic configura-

Table Il compares orbital energies of the gap levels obtions obtained by VFF and LDAJ) the superiority of LDA
tained by the LDA and EPM faisolatedP and As impurities  in obtaining total energiegelastic + chemical contribu-
in GaN® Also, the relaxed atomic positions, calculated bytions), and(c) the superiority of EPM in obtaining spectro-
the LDA and VFF methods, respectively, are given. We se&copically realistic level structure, the strategy we choose is
a reasonable consistency between the results given by the
two methods: The relaxed atomic geometries are within TABLE Il The relaxed relative anion-cation bond lengths
0.3%. Both methods predict deep, threefold degenettaje ( RéaadRaan describing the atomic configuration of GaN crystal
deep defect levels in the band gap. The EPM-derived energith the nearest-neighbon(=1) As-As pair. Values obtained from
levels are slightly higher in energy with respect to the va--DA calculations with 64 atom supercell and VFF calculations with
lence band maximum. 512 atom supercells are given. The bond lengths are classified into
Figure 2a) shows schematically the relaxed atomic ge_three typeSa:.a,b,c [see Fig. 2a)]. Thg values are given relative
ometry for then=1 As-As pair in GaN. The relative bond to the theoretical Ga-N bond lengths in bulk GEREf. 30.
lengths can be grouped into three distinct values denoted by Method and
a, b, andc [Fig. 2 (a)]. The comparison of these equilibrium

Relative bond length

anion-cation bond length@ormalized to the Ga-N value in cell size Bonda Bondb Bondc
defect-free GalNfound in VFF and in LDA calculations is LDA (64) 1.147 1.157 1.158
given in Table Ill. The values reveal again excellent agree- vFF (512 1.146 1.154 1.141

ment between VFF and LDA, and show outward relaxation
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TABLE IV. Bond lengths for Gal:As,. The relative bond
lengths R&, A/R%,.\ are grouped into six types=a,b,c,d,e,f
(see Fig. 2 describing the atomic configuration of tha
3.3 £o =1,2,3,4,5,6 As-As pairs. The values for isolated impurity are also
given. The VFF results with 64, 216, 512, and 13 824 atom super-
cells are compared with LDA 64 and 216 atom supercell calcula-

GaN:As, (n=1)

7 tions for As-As pairs.
‘LDA (64 | |EPM (12) ‘ Bond Bond Bond Bond Bond Bond
% L5 | ee 1.55 a b c d e f
= - 1.39 n=1 pairs
5;» LDA 64 1.147 1.157 1.158
% 1.0 f LDA 216 1.155 1.165 1.165
2 VFF 64 1.136 1.146 1.133
S +s 0.683 T 0.674 VFF 216 1.144 1.153 1.140
0.677 0.652
0.5 ** 0.54 ** 0.53 VFF 512 1.146 1.154 1.141
VFF 13824 1.147 1.156 1.142
-+ 0.18 -+ 0.18
0.0 n=2 pairs
e -0.1e VBM o 410 LDA 216 1.159 1.162
VFF 216 1.148 1.150
FIG. 3. The single-particle energy levels found in the EPM andVFF 512 1.149 1.152
LDA calculations for the relaxed first neighbon€1) As-As- VFF 13824 1.150 1.153
impurity pair in GaN.
n=3 pairs
as follows (i) obtain the relaxed atomic geometries for the vFF 512 1.152 1.152 1.153 1.153 1.152 1.149
n=1,2,3,4,5,6 impurity pairs using either VFF or LDA VFF 13824 1.153 1.153 1.154 1.154 1.153 1.150

methodsii) obtain the single-particle level splitting for the
deept, orbitals and the transition probabilities into the in- n—4 pairs

duced levels using large supercells and ERM) determine | pa 216 1.153 1.159
the impurity-pair bound exciton binding energies using LDA \/gg 216
total energies obtainable for neutral and positive chargggr 51-
states,(iv) obtain the formation energieSE™ for impurity

1.154
1.143 1.148 1.145
1.145 1.150 1.147

" ! g . VFF 13824 1.146 1.151 1.148
pairs using the LDA total energidshe results will be ana-
lyzed in terms of strain energies obtainable via YFF n=>5 pairs
VFF 512 1.151 1.151 1.151 1.151 1.151 1.151
Il. RESULTS VFF 13824 1.152 1.152 1152 1152 1.152 1.152
A. Relaxed geometries and their symmetry groups n=6 pairs
While substitution of a single N by A&) leads to four LDA 216 1.160 1.158 1.160 1.160
identical Ga-As(Ga-P bond lengthgTable ll), substitution VFF 216 1.149 1.148 1.148 1.149
of two N atoms by two As(P) atoms leads to symmetry VFF 512 1.150 1.151 1.149 1.151
breaking and to a distribution of Ga-A&a-P bonds. Figure vFF 13824 1.151 1.152 1.150 1.152

2 shows schematically the relaxed atomic geometries of the
six impurity pairs whose anion-cation bond lengths of types,_,« (isolated
a, b, ¢, d, e, andf are given in Tables IV and V. For As-As | pa 64

pairs withn=1,2,4,6 both LDA and VFF results are shown | pa 216 11‘2(5)
for several supercell sizes. For P-P pairs only VFF result§,-r ¢4 11485
using 512 atom supercell are shown. Comparison betwee\r)FF 216 1150
the VFF 512 atom supercell results for As-As and P-P pairg - ., 1151
reveals similar behavior for both impurity systems. There—VFF 13824 1‘ 151

fore, in the following we concentrate only on the As-As
pairs.

Analysis of the relaxed geometries provides the symmetry).9 (0.8) % with respect to the bond length for isolated im-
groups given in Table (see also labels in Fig.)2We see purities(values corresponding to the VFF 512 atom calcula-
that the difference between the symmetry-distinct bonds isions).
largest forn=1 andn=4, small forn=6, and absent for To check the finite size effects, VFF calculations with
n=5. The largest deviation from the tetrahedral geometrysupercells up to 13824 atoms (222X 12 eight atom unit
occurs fom=1, where for As-AgP-P pairs theb bonds are cells) were used. The changes in the bond lengths even be-
expanded by 0.20.3 % and thec bonds are contracted by tween large 512 and 13 824 atom supercells indicate that the
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TABLE V. Bond lengths for GH:P,. The relative bond-lengthR%, 4R,y grouped into four typest
=a,b,c,d,e,f (see Fig. 2describing the atomic configuration of the, i =1,2,3,4,5,6 P-P pairs. The values
for isolated impurity are also given. Only VFF results with 512 atom cell are given due to the analogous
behavior with As-As pairs.

Bonda Bondb Bondc Bondd Bonde Bondf
n=1 1.125 1.134 1.122
n=2 1.130 1.132
n=3 1.132 1.132 1.133 1.133 1.132 1.129
n=4 1.126 1.130 1.128
n=5 1.131 1.131 1.131 1.131 1.131 1.131
n=6 1.131 1.131 1.130 1.131
n—oo (isolated 1.131

impurity-induced atomic displacemer(&rain field$ have a  show the single-particle energy levels of As-As and P-P pairs
long-range characte(This will be addressed further in Sec. in GaN as calculated using the EPM. The most prominent
I E). Qualitatively the atomic relaxayions even with the fact in Figs. 4 and 5 is that the degenerstériplet found for
smallest system sizg4 atoms are consistent with the larg-  the jsolated impurities is split for all impurity pairs studied.
est(13 824 atompsupercell. According to group theory, anifold degeneracy bears a

Comparison between LDA and VFF bond lengths forgne.to-one correspondence to the existence of a
As-As pairs withn=1,2,4,6 indicates good agreement be-|.dimensional irreducible representation of the specific sym-
tween the two methods, as discussed alreadpfot in Sec.  metry group?” Observation of the first column in the char-
I B. We next investigate how_the energy level structure re-geter tables o€,, , Cs, andC, (Refs. 27 and 2Bshows that
flects these reduced symmetries. for all of these symmetry groups, the irreducible representa-
tions areone dimensional. This predicts singly-degenerate
single-particle levels in the case o1 (C,,), n=3 (Cy),

An isolated As or P impurity in GaN producestgalevel andn=5 (C,) pairs, consistent with the EPM results pre-
inside the gap, occupied by six electrénBigures 4 and 5 sented in Figs. 4 and 5. Far=2 (D,q) andn=6 (Cg,)

B. Single-particle energy levels and wave functions

Gap levels for GaN:As ,
CBM ‘
3.3
Isolated n=1 n=2 n=3 n=4 n=5 n=6
-+ 1.390a
1.25
<+ 1.060 a
1.00-
—
%
- -+ 0.853 (0.742)
5 0.749 o s - g':;i
<L 0.75+ B C 0.709)b 0.730 <oooe O.
= (0.705) & 0.743 pa-a-a4
S 0.75 2 (0-674)a %g.zgi +* 0.708 ﬁfg;ggggg (©.729y | ="~ (g-zz:)
= 0.652 b . . .
z 0871 | == o0.634 <+ 0.636 a 0. 992
= .
& 0.501 <= 0.530 a <+ (0.536)
-+ 0.307b
0.25
<< (0.180)b
0.0
VBM
<< (=0.190)b

FIG. 4. The single-particle levels calculated by the EPM fornkel,2,3,4,5,6 As-As impurity pairs. For comparison, the data for an
isolated As-impurity is shown on the left. Fore=5 the result corresponding to the 1000 atom supercell calculation is shown, for other cases
the results correspond to 512 atom supercells. Numbers give energies in eV with respect to the valence band maximum. Numbers in
parentheses denote levels whose dipole matrix element to the [E§M1)] is small.



9948 T. MATTILA AND ALEX ZUNGER PRB 59

Gap levels for GaN:P,

CBM
3.3
Isolated n=1 n=2 n=3 n=4 n=5 n=6
1.25
<o 1.165
. 1.00-
>
&
>
& -+ 0.885
2 0.75 .~
5 0.711 (0.598) -+ 0.673
8 0.573 0.603 0.572 0.594 +ooe 0.591
= s ee 0.535 | 3FET(0.570) FF 0.595 -+ (0:222) H osss | 2500597
2 0.61 = (0i522) | TIT(QRAD) T 01572 055 0.583 -~ (0.497
S  o.50 0.53 0.512 0.510 0.580 (0.457)
e 0.442 -+ (0.399) 0.578
0.25 ¢ -+ 0.213
-+ (0.091)
0.0
VBM
-+ (-0.190)

FIG. 5. The single-particle levels calculated by the EPM for tvel,2,3,4,5,6 P-P impurity pairs. For comparison, the data for an
isolated P impurity is shown on the left. The results correspond to 512 atom supercells. Numbers give energies in eV with respect to the
valence band maximum. Numbers in parentheses denote levels whose dipole matrix element to tHegGBM is small.

there is only a partial lifting of the degeneracy, consisteniowest energy orbital withe=¢,—0.190 eV resides inside
with the two-dimensional representation found in charactethe valence band and is identified based on the localization at
tables for these symmetry grouffs. the impurity pair. Analysis of this defect level based on the
The magnitude of level splitting is largest far=1 and  behavior of wave function sign under symmetry operafidns
n=4 pairs withC,, symmetry. The larger interatomic sepa- shows that it can classified as orbital. The other five im-
ration for then=4 pair (Table ) reduces the interaction Purity levels shown in Fig. 6 can be classifiedms a; , by,
between thé, triplets and thus leads to smaller energy level@z, andb, orbitals, in order of increasing energy. Similar
splitting than for then=1 pair. In general, the energy level classification is stra}lghtfqrward to construct for the _orbltals
splitting shows a nonmonotonic behavior as a function of the€lated other impurity pairs. The results are shown in Table

pair separatior. This demonstrates the exceptional orienta-V/!- ) ) )
tional dependence of thg-t, interaction. Further analysfS of the single-particle states for=1

For As-As pairn=5 (C, symmetry the splitting is only pair revealg that the lowest prbitéhside the valenqe bgmd .
about 20 meV, implying a minor interaction between thehas a bonding character while the uppermost orbital is anti-
impurity atoms. The given single-particle levels are derived?onding. The bondingantibonding character for all the or-
using a 1000 atom supercell. With a 512 atom supercell th&itals in the case oh=1 andn=4 As-As pairs is shown
levels split into three nearlywithin 0.5 me\j twofold de- ~ With b (@) in Figs. 4 and 6. This characterization will be used
generate levels. According to the character tabl€ pym- below(Sec. Il B to explam the trends in formation energies
metry, no degeneracy should be exhibited, which is consisfor then=1 andn=4 pairs. _
tent with the 1000 atom supercell result. The observed minor Comparison between the results for As-As and P-P pairs
difference between the 512 and 1000 atom supercells sudf Figs. 4 and 5 reveals a very similar behavior of the single-
gests that in the limit of well-separated weakly interactingParticle levels. However, a minor difference in the order of
impurities even a 512 atom supercell cannot fully excludesingle-particle levels in the case of=3 in apparent. The
the interaction between periodic images. For consistency, wenergy levels largely obey the trend observed for isolated
have checked the consistency of our results with the 1008Mpurities, i.e., the As-As-induced levels reside deeper in the
atom supercell for other impurity pairs as well, and the re-Pand gap than the P-P-related levels.
sults are in good agreement with the 512 atom calculation.

Figure 6 illustrates the electronic wave functions of the
six impurity levels of the As-As1=1 pair. The orbitals are Given the significant level splitting due to the impurity-
labeled in order of increasing energies, following Fig. 4. Theimpurity interaction(Figs. 4 and § it is interesting to find

C. Transition probabilities



PRB 59

P-P AND As-As ISOVALENT IMPURITY PAIRSN.. .. 9949

£, (a) =€, - 0.190

, \»
a4

-
@

g, (b)) =¢,+0.180

L.
)

e, (a,) =€, + 0.530

/6\/“

&, (b, =¢,+0.652

4

Sa (632) - 8\, + 0.674

P

g, (b)) =€, + 1.390

s

FIG. 6. (Colorn The wave functions of the impurity orbitals for=1 As-As pair. The orbitals correspond to the EPM calculation with

512 atom supercell. The wave functions are illustrated as isosurfaces drawn at approximately half of the maximum amplitudéluige red
isosurface corresponds to positifreegative wave function sign. The yellored) atoms correspond to A&a) atoms. The subscriptsand
b denote antibonding and bonding orbitals, respectivaly.a,, b;, andb, are symmetry representations@j, (Table VI).

the transition probabilities between these defect-related splitalues with respect to the direct CBM to VBM transition
levels and the conduction band. We have thus calculated thmatrix element in pure GaN. The wave functions are ob-

(normalized dipole matrix elements

_ [ camlpl lﬂa>|2
“ Kbcamlpl dvem)?

between the lowest conduction baffom the defect-free
bulk calculation and the defect levels, normalizing the

tained using the EPM and 512 atom supercells. The values
for p, for eachn pair are given in Table VII. The dipole
matrix for the transition from CBM to defect level of the
isolated impurity is 0.050.15 taking the threefold degen-
eracy into accoumnt Comparing the values in Table VII with
this isolated limit we see that the probability for an electronic
transition from the CBM into the highest single-particle level
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TABLE VI. Classification of single-particle orbitalsQ}) en- 2
countered for impurity-pairs based on group theory. The orbitals are
?betl)(laddm order of '”g_re?s'“g ‘?”;_r@ez F',g;; 4, ?j' and)6The  here Egep is the band gap energy arfp is the zero
oubly degenerate orbitals are indicated witk™ ande™ . phonon line energy. The ionization level can be determined
based on the total energies for neutrah) and singly posi-
tive (E,) impurities in a LDA supercell calculation as

Eb=Egap— E zpL=€(+/0),

As-As pairs (o2} 0O, O3 O, Os Og

n=1 a, b, a, b, a, b, e(+/0)=Ey—E, , avoiding thus the LDA band gap error in
n=2 b, e* e* g** g** a, the estimate. Herg, for then=1 pair is determined analo-
n=3 a’ a" a’ a" a’ a’ gously: based on the LDA total energies of fully relaxed the
n=4 a a, b, b, a, b, neutral and singly positive systems we can determine the
n=5 a b a b a b position of the(+/0) ionization levels. Our result using the
n=6 a o* o* e** -— a 64 atom cell for the nearest-neighbor pairs and isolated
! ! impuritie are
P-P pairs 0, 0, O3 (O Os Oe¢
Ep(As-As)=1.27 eV, Ey(P-P=0.85¢V,

n=1 al bl al a2 b2 bl

— * * *k *k
n=2 I Ep(As)=0.41 eV, Ey(P)=0.22 eV. @)
n=3 a a a a a a
n=4 al al b2 bl az bl . . . .
n—5 a a b b a b Our results thus predict that the exciton binding energy

. N x x for the nearest-neighbor pair is three to four times larger than

n==6 a, e e e e a,

for the isolated impurity. This result is in agreement with
the experimental and theoretical results on analogous system
of CdS:Te3?~3*Experimental testing of our predictiofigq.

(3)] are called for.

in the case oh=1 andn=4 pairs is substantial. Thus we
predict that the corresponding emission energifstinctive
from the isolated impurityshould be detectable in photolu-
minescence experiments for=1 pairs; we show in Sec.
Il E that n=4 pairs are thermodynamically unstable and
therefore the experimental verification of their optical char-
acter may be more complicated.

E. Impurity pair formation energies

Having demonstrated the exceptional interaction and op-
tical properties of the deefy defect orbitalsassumingthe
presence of As-As or P-P impurity pairs in GaN, we next
inquire what is the energetics involved in finding two impu-
rity atoms at nearby nitrogen sublattice sites. Of course, for
studying impurity-impurity interaction one needs to assure
that there is sufficient solubility in the first place. Experi-
ents indeed shotw® that thereexistsa finite concentration
of As or P impurities in GaN. Although their concentration is
limited by large(positive) heat of solution for GalN_,P, and

D. Exciton binding energy

In Ref. 6 it was shown that thet-/0) ionization level can
be identified as the exciton binding energy:

TABLE VII. The normalized dipole matrix elemengs, [see Eq.
(1)] for optical transitions between the lowest conduction band leve
(CBM) and defect orbitak (Figs. 4 and 5 The normalization is

done with respect to the CBM to VBM transition in pure GaN. The 35 - :
defect orbitals are labeled in order of increasing enesgg Figs. 4, CaMN. —xAS alloys™ it has been shown experimentally that

5, and 6. For degenerate level§igs. 4 and 5the total transition ~ Significant concentrations ( 1(}10138 1/en) of these impu-
matrix element can be obtained by summing the values of constituti€s can be incorporated in GaiN® We thus study the ques-

ent levels. Matrix elements smaller than fQare indicated with an
asterisk(forbidden transitions under electric-dipole selection rules

tion, given that impuritiegan be introduced, do they attract
or repel each other? In this purpose we calculate the bulk
pair formation energyAE(™ as the difference between the

As-As p1 P, Ps3 Pa Ps Ps total energy of twanth neighbor impurities and for two im-
. . purities at infinite separatiofiwice the energy of an isolated
n=1 8X10 1X10 0.10 0.09 * 0.03 impuri :
purity), i.e.,
n=2 0.10 0.01 0.01 0.08 0.08 *
n=3 5x10°° 0.09 0.06 0.01 0.04 0.06
(N=gM _ g(h—x)

n=4 0.02 0.10 0.10 X103 * 0.05 AE E E

— —3 — 4
n=5 0.08 0.09 410 0.09 0.02 %10 =[E(GamzN(mz-2X2) + E(GanzNmz2)]
n=6 6x10°° 0.07 0.07 0.02 0.02 0.07

—2E(GanN(mz-1)X), 4

P-P P P P P P P - .

! 2 S ‘ > ® wheren denotes the pair indeX =P, As, andmis the num-
n=1 b5x10% 2x10* 0.12 * 0.11 0.04 ber of atoms in the supercell. The energies in the second line
n=2 012 1x10% 1x10°° * 011 o0.11 in Eq. (4) correspond to the fully relaxed supercell calcula-
n=3 5x10° 0.11 0.07 0.02 0.05 0.08 tions with atomic occupation given in the parentheses. In
n=4 0.02 0.12 012 X103 * 0.06 LDA calculations an identicad-point sampling is applied for
n=5 0.10 0.04 0.07 0.11 0.02 X103 all three total-energy values for consistency. The lattice pa-
n=6 5x10°° 0.09 0.09 003 0.03 0.09 rameter for all supercells has been chosen to correspond to

the theoretical bulk GaN lattice constafit.
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thermore, due to the low computational cost in VFF calcula-

0O VFF 216 tions, we can investigate the convergence of the elastic en-
0.25 | GaN:As, © VFF 512 1 ergy as a function of system size using large supercells.

O VFF 4096
020 ° VP 2. The elastic contribution

@ LDA 216
0.15 The elastic contributiol E{[),,is shown as dashed lines

in Fig. 7. The absolute magnitude &fE{), converges

0.10 slowly as a function of the supercell sizg; only the m

=4096 atom supercell results are nearly indistinguishable
from them=13 824 atom system. However, the relative en-
ergies between differemts in AE(™ remain nearly identical.
The slow convergence of the absolute values waitlindi-
cates a long-range interaction of the strain fields induced by
the two impurities. This is expected from the classic solution
for a spherical inclusion in an isotropic matrix with nonequal
lattice parametet’ the elastic displacement decays as a
power law(the inverse square of the distance from the center
of distortion.
AEM . (with the converged system siza=13824) is
-0.20 L— : ‘ ‘ ‘ ‘ positive forn=1 andn=4 pairs C,, symmetry, indicating
1 2 3 4 5 6 : - . . .
Impurity pair n repulsive .glastlc interaction between th(_a impurity at(_)ms at
these positions. Far=2, 3, 5, and 6 we find smatiegative
FIG. 7. The pair interaction energiesE™ [Eq. (4)] for n  values forAE{), corresponding to attractive interaction be-
=1,23,4,56 As-As pairs. The VFF calculations include onlytween the As atoms. These results are similar to the VFF
elastic contribution to the strain energy, while LDA results con-results for nitrogen impurity pairs in GaA&Thus, the elas-
tain also chemical effects, as described in Sec. Il E. The supertic interaction energies would suggest that As-As pairing

cell sizes are denoted by the total number of atoMs yoidsn=1 andn=4 neighbor shells and favors=2 and
=216, 512, 4096, 13824 corresponding toX(3X3), (4Xx4 n=3 configurations.

X4), (8X8X%8), (12X 12X 12) stacking of eight atom zinc blende
unit cells, respectively.

0.05 | '1\ AE, (VFF)

elast

0.00 |

-0.05 |

Pair formation energy AE™ (eV)

-0.10 |

-015 | AE, (LDA)

3. Chemical contribution

1. Total formation energy The chemical contribution AES), =AEM, — AES),

The 216-atom/cell LDA calculated total pair formation plays an important role in determining the pair interaction
energiesAE(" for the As-As pairs are shown as solid line in energy. For consistency, thle=216 atom cell size is used
Fig. 7. The result forAE™=1 s negative 0.18 eV). both for AE{}, and AE(P- when calculatingAE{[), .
AEM™=2) s slightly higher thalAE("=1), but remains nega- In particular, the chemical energy is0.23 eV forn=1,
tive indicating binding between the impurity atorfifsFor ~ —0.13 eV forn=2, and small for largen. In order to un-
AE(™=% we find a large positive value suggesting that thederstand this we analyze the interaction of the deegefect
n=4 configuration is unstable with respect to dissociationorbitals. As explained in Sec. Il B and Fig. 4 thgt, inter-
AE(=9) s found to have a small negative value indicatingaction leads to large splitting of the defect energy levels. The
only minor interaction between the impurities. Thus, our re-largest splitting of the triply degenerate gap levels was seen
sults predict clear association for= 1,2 and dissociation for to occur in the case afi=1 pair (Fig. 4), while a smaller
n=4. splitting occurred for then=4 pair due to larger distance

To understand the trends withE(™ as a function ofn between the impurity atoms. As discussed in Sec. Il B and
and to study the system size dependence we decompobéd. 4 the lowest orbital has a bonding character while the

AE™ into an elastic strain packE{),, and a chemical part Uppermost orbital is antibonding for boti=1 andn=4

AEM - pairs. The “center of mass” for the bonding-antibonding
chem orbitals ofn=1 pair can be seen to be consideraldyer
AEM=AEWN +AEW. (5)  than the position of the deep level of the isolated impurity,

_ _ _ _ while for the n=4 pair the corresponding average is only
The self-consistent LDA calculations include both elastiCg|ightly below the isolated value. This indicates that the or-
and chemical contribution to the formation energy. Thepjtals for then=1 pair induce a significant bonding contri-
purely elastic strain energy pafE{) is modeled by the pytion while the corresponding effect due to orbitals for the
VFF method which, by construction, has only deformationn—4 js much smaller. The calculated values BE().
terms, but no charge-transfer or orbital-dependent terms,;ove indeed confirm this expectation.

Thus, AE{) is given by Eq.(4) with the total energie€ Thus, the calculated values faE™ predict that, if we

corresponding td&yr. Due to the good agreement betweenassume a thermal equilibrium during the growth process, the
the LDA and VFF bond length¢Table IV) we can use Agimpurities should favor pairing into=1 andn=2 near-

AE{)given by VFF to estimate the magnitude of chemicalest and next-nearest neighbor configurations rather than be
part in LDA calculations as\E{}), =AE{D,—AE{}-. Fur-  evenly(randomly distributed. For P impurity pair we expect
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a similar behavior based on the analogous single-particle othan the values for isolated impuriti€8.41 eV for As and

bital energies and atomic geometriés. 0.22 eV for B. These results await experimental confirma-
tion.
V. CONCLUSIONS It is shown that the interaction of the deep electronic or-

) . bitals plays an important role in determining the pair forma-
The self-consistent plane-wave pseudopotential and enfion energies in addition to the interaction of impurity in-

pirical pseudopotential methods are used to study As-As angyced strain fields. The calculated pair formation energies
P-P substitutional impurity pairs in GaN. The results demoningjcate that incorporation of two impurity atoms at the near-
strate an unconventional interaction between the impurity atast or next-nearest fcc-lattice sites is energetically favorable
oms. _ _ o _compared with an infinite separation. In contrast, the fourth
. We show that the interaction between localized impurity-peighbor configuration is found to be unstable with respect to
inducedt; triplets leads to a large splitting of the degenerategissociation. An important computational detail is that the
defect levels, which strongly depends on the orientation Opair formation energies are found to be highly sensitive to
the impurity pair with respect to the lattice. The largest split-the supercell size applied in the calculations.

ting is predicted for thex=1 andn=4 pairs exhibitingC,,
symmetry, while only a small level splitting is found far

=2 pairs D,q symmetry. The calculated dipole matrix el-
ements for transitions between these defect levels and lowest
conduction band predict the existence of rich spectroscopic T.M. gratefully acknowledges the financial support pro-
series associated with the pairing of the impurity atoms. Thevided by the V#sda Foundation(Helsinki, Finland. This
exciton binding energies far=1 As-As (P-P impurity are  work was supported in part by the U.S. Department of En-
calculated to be 1.2{0.85 eV which are significantly larger ergy, OER-BES-DMS, Grant No. DE-AC36-83-CH10093.
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(<0.05 eV) and nearly constant decrease in the interaction en- gence for the isolated impurity already with 64 atom cell. Based

ergy for all impurity pairs due to the shift inE{).,. This shift on this observation, we believe that the interaction between the
would not alter the qualitative picture. It is more difficult to periodic images of the localized orbitals in the case of impurity
estimate the convergence of the chemical interaci{}),. pairs is not likely to affect the results significantly with the 216

We have estimated this by comparing results with 64 and 216 atom cell.

atom cells for the isolated As impurity: the energy needed to®®In LDA calculations with the 64 atom supercell fo=1 P-P pair
substitue a N atom with an As atom agrees within 0.05 eV  we find a value oRAE"=Y=+0.10 eV which is slightly smaller
between the two system sizes. This indicates reasonable conver- than the corresponding value for thes1 As-As pair+0.14 eV.



