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PHYSICAL REVIEW B VOLUME 57, NUMBER 19 15 MAY 1998-I

Nitrogen-impurity —native-defect complexes in ZnSe

S. Pokko,* M. J. Puskd, and R. M. Niemineh
Laboratory of Physics, Helsinki University of Technology, Helsinki FIN-02015 HUT, Finland
(Received 28 August 1997

Total-energy calculations for defect complexes formed by nitrogen impurities and native defects in ZnSe are
reported. Complexes formed by a substitutional nitrogen bound to a zinc interstitial or a selenium vacancy are
shown to be the most probable candidates for the compensating defetype ZnSe. Our results also show
that the clustering of defects in ZnSe is an energetically favored process. This may explain the short lifetimes
of ZnSe-based devicegS0163-18208)00519-F

I. INTRODUCTION Sec. Il we describe the details of our numerical methods.
Section lll is devoted to the presentation and discussion of
Due to the large direct band gap and the almost perfedhe results obtained, and Sec. IV contains our conclusions.
lattice match to GaAs, ZnSe is a promising material for
many semiconductor applications. It is generally accepted
that most of the problems hindering the fabrication of prop-
erly doped ZnSe materials and the technological use of ZnSe Our calculations are based on the density-functional
are related to point defectdt has been extremely difficult to theory with the electron exchange-correlation treated in the
obtain effectivep-type doping. Acceptor concentrations of local-density approximatiofLDA).}* Because the ionic re-
the order of the 18 cm® have been achieved by using ni- laxations in ZnSe lattice are generally quite large due to the
trogen rf-plasma sources, but additional nitrogen is fullysoftness of the material and because the defect complexes
compensate&® Moreover, even if the doping problems of studied here include also defect clusters, we have calculated
ZnSe have been overcome, the lifetimes of electronics conthe electronic structures and the lattice relaxations for the
ponents, such as blue-light emitting lasers, are often limitedowest formation energy defects in ZnSe using a large super-
due the rapid generation of defects in the lattice. cell of 64-atom sites in order to minimize the defect-defect
A detailed understanding of the compensation mechanisrmteractions. The Brillouin-zone sampling consists of the
hindering thep-type doping is still lacking. Laks and co- 2Xx2x 2 Chadi-Coherk-point mesh' In our previous study
workers have shown that the concentrations of various nativef point defects in GaAs the above supercell size lembint
defects are so low that they cannot cause the dopingampling have been shown to give well-converged restlts.
problem®® The nitrogen solubility has also been suggested-or the Zn and Se ions we use the standard Hamann
to limit the doping efficiency, but the measured nitrogen conpseudopotentials. The Zn 3-electrons are included in the
centrations are shown to exceedd@m™2 whereas the ef- core, but the nonlinear core-valence correcttdase used to
fective acceptor concentration fNNp) is limited to  account for the overlap of the core and the valence-electron
10'® cm2.8 Chadi and co-workers have proposed that largecharges. This method has been shown to give reasonably
lattice relaxations near the dopant atom may turn the shallowccurate formation energies for defects in ZASEor the N
acceptor states to states deep in the band’gdpAmong  ion the Vanderbilt ultrasoft pseudopotentfahas been em-
large lattice relaxation models the double broken bondloyed in order to reduce the number of plane waves needed
modet! is argued to be the most probable one for N-dopedo describe electron wave functions. As a result of the use of
ZnSe. The formation of N molecules has also been pro- the ultrasoft pseudopotentials already a relatively small cut-
posed to cause compensatidn.Finally, Garcia and off energy of 27 Ry gives well-converged resifitsAccord-
Northrup®® concluded from first-principles calculations for ing to our calculations for the bulk ZnSe the equilibrium
As-doped ZnSe that the formation of dopant-impurity—lattice constant is 5.61 A, which is slightly less than the
native-defect pairs is the reason for the saturation of holexperimental value of 5.67 A. This kind of discrepancy is
concentration. typical for the LDA calculations. The theoretical lattice con-
Following Garcia and Northrup® we have made first- stant has been used in all our defect calculations.
principles calculations for various dopant—native-defect Our pseudopotential-plane-wave calculations give for
complexes in ZnSe. We use nitrogen as the impurity atonsimple point defects in ZnSe formation energy values that
and show that its properties are substantially affected byjuite accurately coincide with those obtained by all-electron
strong lattice relaxation. This is in contrast with behavior ofcalculations® All calculations have been performed in a
the other commormp-type dopant candidates, P and As. Ourmassively parallel CRAY-T3E system using the carefully
results for the formation and binding energies of the defecoptimized FINGER (FINnish General Electron Relaxajor
complexes show that their formation at high nitrogen con-code(see the Appendix for detajls
centrations is the likely reason for the saturation of the dop- In our defect calculations all the ions in the supercell have
ing efficiency. been allowed to relax without any symmetry constraints in
The organization of the present paper is as follows: Inorder to attain the minimum-energy configuration. This re-

Il. METHODS
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laxation is performed using the effective Broyden-Fletcher- TABLE I. Native defects in ZnSe with the lowest formation

Goldfarb-Shanno(BFGS algorithm?? The initial atomic energies. The calculated formation enerdigq. (2.1)], relaxation

configurations have been randomized slightly from the ideagnergies (k). and ionization levels are given. All the energies

structure to remove any spurious symmetries. given are in eV. The calculated value for the heat of formation
The formation energy}(D;) of the defectD; in the (AH)is1.5eV.

charge stat®; can be written

Defect Formation energy Erel lonization levels
Q(Dj)=Ep+Qi(pet E,) +NAH(Nz—Nso) (Vsd?* 0.14+ NAH +2pu, 1.58 (2+/0) 1.35
bulk (Vs 2.55+NAH 0.49
+(Nge—N -n —n , (2.1
(Nse=Nzn) Mz — Nsethznse™ Nnpn, (2.1 (Zn)?* C115bAAH+24,  0.60
whereEj,, is the total energy of the defect supercelf, (X ~ (Vzn)*~ 4.462-\AH 0.54

=Se,Zn,N is the number of ions of the typ¢ in the super-

cell, andu, is the electron chemical potential measured with

respect to the valence-band maximum. The chemical potefléarest-neighbor Zn ions of the doubly positive vacancy re-
tial of the ZnSe pair in ZnSe i ynse Mgmk is the chemical lax symmetricallyoutwardsfrom the defect center. The am-

0 plitude of the relaxation is about 24 percent of the perfect-

potential of a Zn atom in bulk ZMH is the heat of forma- lattice bond lenath. A dina t lculati h ral

tion of ZnSe. The parametarfixes the stoichiometry; it can \Zé;ﬁc Orr;asegg iﬁtercgsirinln% cr)n?#ét(r:a-glrjezlﬁr?s’ triegr‘:l rrae-

vary from 0 to 1 so thak =0 gives the formation energy in ney ) : 9 sy y 19, trigona
laxation mode in which one of the nearest-neighbor Zn ions

Zn-r|c_h cond|t|oqs and=1 n Se-rich conditions. For the has relaxed in thgl11] direction towards the interstitial tet-
chemical potential of the nitrogen atomu() we use the ; o ;

. X . . rahedral site whereas the remaining three nearest-neighbor
chemical potential of the N atom in the §Ndimer. Actu- ) | icall ds a “def " Th
ally, the absolute value of the chemical potenjig| is dif- ZN ons relax symmetrically towards a ‘defect center. The
ficuit to determine exactly. However. in this paper Wetotal energy of the defect in this relaxation mode is about 0.2

resent results, besides fo?/'the native aefects orﬁ)l pfor co eV lower than that corresponding to a totally symmetric
P ! , Oy rTbreathing relaxation conserving tfig symmetry. The driv-

plexes containing one impurity atom. Then the formation. . . )
energy differences between the different impurity-defectIng force behind the symmetry breaking cannot be the nor

. . . mal Jahn-Teller effect because in the symmetric configura-
complexes are independent af;,, making the comparison

of the corresponding formation energies reliable. This is intion the two highest occupied single-electron states are the
P 9 ergie: . nondegenerate totally symmetrég states of thelTy point-
contrast, for example, to the case in which one compares the

; N X X symmetry group. Before the ionic relaxation, i.e., for the
formation energy Of. the sut_)stltutl_onalzl‘dhmer defect with ideal vacancy, the uppermost occupied state is close to the
that of the substitutional N impurity.

conduction band. The ionic relaxation lowers it so that in
both symmetry modes the state is finally a few tenths of an
ll. RESULTS eV below the valence-band maximum.
The relaxation energydefined as the total-energy differ-
ence between the ideal and the fully relaxed strucjuies
The native defects in ZnSe with the lowest formation en-given in Table | for the Se vacancy in the neutftaigonal-
ergy inp-type material grown under zinc-rich conditions are symmetry and in the doubly positive charge states. The
the selenium vacancWgg) and the tetrahedral zinc intersti-
tial (Zn,) surrounded by four nearest-neighbor Se ioffs? 7n
The thermodynamically stable charge states\gg are the
neutral and the doubly positive one. Since the singly positive
charge state is not the stablest charge state for any value of
the electron chemical potentidlg, is a so-called negative-
effective U defect. For Zpwe are able accurately to calcu- 7n
late only the doubly positive state because of the narrow
LDA band gap of 1.1 eV. The highest occupied electron state
in the singly positive and neutral charge states turns out to be
higher in energy than the band minimum of the LDA con-
duction band. Therefore when trying to calculate these
charge states a delocalized conduction-band state will be oc-
cupied instead of the proper localized defect state in the band
gap. One can contrast this difficulty with the experiments,
according to which Znhas an ionization level fromJEI: to FIG. 1. lonic structure of the selenium vacancy in ZnSe. The
2+atl.9 eV above t_he top of the _Valence'band maxnﬁﬁlm. center of the vacancgwhite sphergis defined as the position of a
The formation energies of the native defects of the differenie atom in a perfect lattice and by assuming that atoms far from the
charge states are given in Table I. The ensuing ionizatiojacancies in the vacancy superlattice do not move from their ideal
levels (i.e., the pOSitionS of the Fermi level at which the lattice positionsl The distances of the Zn |dg$ay Spheresfrom
charge state of the defect changaee also given in Table I. the vacancy center are given in percent of the bond length in the
The lattice relaxations around the doubly positive and thedeal lattice for the doubly positivéupper numbejsand for the
neutral selenium vacancies are larggee Fig. 1L The  neutral(numbers in parenthesesharge states.

A. Native defects

Zn

Zn
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TABLE II. Formation energy difference between the doubly
positive zinc interstitial and the doubly positive selenium vacancy
in ZnSe. All the energies given are in eV.

Method Relaxations  Q(Zm")—Q(V3;)
FP-LMTO? No -2.3
PWPP(64 atom® No —-2.27
PWPP(32 atom® No —-1.06
PWPP(32 atom¢ No —0.60
FP-LMTQ? Yes -17
PWPP(64 atomP Yes -1.29
PWPP(32 atom¢ Yes 0.31

FIG. 2. lonic structure of the tetrahedral zinc interstitidark- aReference 20.
gray sphergin ZnSe. The interstitial ion is surrounded by four PThis work.
nearest-neighbor Se ioriight-gray sphergsand six next-nearest- C°Reference 5.
neighbor Zn iongdark-gray spher@sThe relaxation conserves the 9Reference 13.
T4 symmetry of the ideal interstitial site. The distances of the atomsThe jonic configuration is taken from the pseudopotential calcula-

from the interstitial ion are given in percent of the bond length in tion, total energies are calculated using the FP-LMTO method.
the ideal lattice.

atom in ZnSe, it provides an excellent test case. The results

value of 1.58 eV for the doubly-positive charge state is inof our cglculations as well as oth_er published results are pre-
close agreement with the 1.61 eV obtained by Garcia angented in Table Il. Compared with the all-electron calcula-
Northrup?3 On the other hand, our value of 0.49 eV for the tions our plane—wavg pseudopotential calculations give qqite
neutral charge state means a clearly stronger relaxation effe@ecurate results while the results of the other groups deviate
than their value of 0.15 eV. This difference may be causedtrongly from the FP-LMTO results. _ _
by different relaxation modes, but Garcia and Northrup do !N n-type ZnSe the most important native defect is the
not specify the symmetry of the relaxed vacancy. AccordingZinc vacancy. This is clearly seen in Fig. 3, which gives the
to our calculations, the transition level between the & 0 formation energies of the most abundant native defects in
charge states is located at 1.35 eV above the valence-badd@Se. Actually, we have found for the zinc vacancy surely
maximum. This negativé) level is about 0.3 eV lower in ©nly the doubly negative charge state having Thesymme-
energy than the one obtained by Garcia and Northfup; Y- If we reduce_ the charge of the supercell, the hole states
flecting mainly the difference in the relaxation energy for the@re very delocalized and lie near the top of the valence band
neutral charge state. The formation energies of the doublifdicating the lack of deep states in the band gap. The result
positive Se vacancy calculated from our values given infS in contradiction with the optical detection _of magnetic
Table | are slightly higher than those given by Garcia andeson_ancsze(ODMR) experiments by Jeon, Gislason, and
Northrup®® This may be due to the differences in atomic Watkins® who are able to extract the (2/—) ionization
chemical potentials. energy for thg zinc vacancy and observe a Jahn-Teller (elax-

The lattice relaxation around the doubly positive zinc in-2tion in the singly negative charge state. The local density or
terstitial at the tetrahedral site surrounded by selenium ions i§1€ supercell approximation may affect the theoretical result.
shown in Fig. 2. The relaxation conserves egsymmetry 4.0
of the ideal interstitial site. The nearest-neighbor Se ions
relax slightly outwards, whereas the outward relaxations of

the next-nearest-neighbor Zn ions are relatively larger. The 3.0
formation energy for the zinc interstitial corresponding to all E
the possible values of the electron or atomic chemical poten-> 20
tials is low (see Table)l This would favor their abundance. &
However, according to Rong and Watkins, zinc interstitials S 10
are mobile even at quite low temperatufégnd thus iso- §
lated zinc interstitials are not very likely to exist in large & 0.0
concentrations. g )
The formation energies for the zinc interstitial obtained by W

Garcia and Northrus are about 1 eV higher than ours. This -1.0
is the most important difference in the formation energies
between the two works. Therefore we have tested our plane  -2.0 L L L L

: ; 0.0 0.5 1.0 1.5 2.0 25
wave pseudopotentidPWPP scheme by performirf§ all- Electron chemical potential (eV)
electron calculations using the full-potential linear-muffin-tin
orbital (FP-LMTO) method?® Since the formation energy  FIG. 3. Formation energies for native defects in ZnSe as a func-
difference between the doubly positive zinc interstitial andtion of the electron chemical potential. Formation energies are cal-
the doubly positive selenium vacancy does not depend on thgulated from Eq.(2.1) with A=0.5, i.e., values correspond to a
chemical potential of the electron or the zinc or seleniumnearly stoichiometric material.
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B. Nitrogen-impurity defects TABLE III. Nitrogen-impurity-defect complexes in ZnSe with

The acceptor levels induced by a nitrogen ion in ZnSe ard!® lowest formation energies. The formation energfes: (2.1)],
inding energiesKg), and ionization levels for the complexes are

relat_lvely low in energy, because there _aremelectrons N chown. All the energies given are in eV.
the ion core. As a consequence, we find that the substitu-
tional nitrogen at the Se site @Y is in the negative charge

= . g Defect Formation energy Eg lonization levels
state for all the positions of the Fermi level in the band gap
This means that the negative ion can in reality bind a hol€Nso ~ 0.0+ NAH — e
into an effective-mass state just above the top of the valencgNsVs9!™ —0.72+2NAH+pu, 0.87 (+/0) 2.00
band. The ionization of the bound hole will then lead to a(NgVsd° 1.29+ 2\AH (0/-) 1.05
delocalized hole at the top of the valence band. This is IMNgVg)!™ 2.34+2NAH—pu, 022 (+/-) 1.53
accord with the calculations by Kwak, King-Smith, and (Ngzn)'* —2.43+2\AH+pu, 1.28

Vanderbilf® for the hole density corresponding to the neutral(NgVszZn)t*  —0.78+3NAH+pu, 1.97
Nse showing that the hole density is very delocalized in the
supercell used. Moreover, according to the experiments for
the substitutional nitrogen in ZnSe only one ionization en- The next-nearest-neighborgV . pair has three possible
ergy of about 0.11 eV above the top of the valence band hagharge states, &, 0, and 1, from which the neutral one is
been found’ metastable. The negatiké-transition (+/—) is 1.53 eV
The nitrogen ion has a relatively small ionic radius andabove the valence-band maximum. This level corresponds to
therefore the lattice relaxation around the substitutiongl N the (2+/0) level of the selenium vacancy; the Coulomb re-
is quite large. The neighboring Zn ions relax symmetricallypulsion due to the negative nitrogen end of the defect has
inwards from the ideal sites by~18% of the bulk bond pushed the level upwards in energy. The ionic relaxation
length. We believe that the large lattice relaxation is an im-around the NV, pair resembles those of isolatedNand
portant reason for the partial success of nitrogen as a dopawt,, (see Fig. 4 The Zn ions around . relax inwards about
in ZnSe. The energy lowering associated with the relaxation-18% in both charge states. In the positive charge state the
is 3.9 eV. This relaxation energy lowers the formation en-nearest neighbors of the selenium vacancy end gV
ergy of Nseand increases the stability of the defect. In com-relax outwards~ 25 percent. This strong outwards relaxation
parison, the relaxation energy for the substitutional As impuchanges to strong~22%) inwards relaxation as the charge
rity in ZnSe (Asd’” is only 0.14 V2 state of the defect changes from positive to negative, except
The nitrogen interstitial§N;(Tz,) and N(Tsg] and the  for that zinc ion, which is the nearest neighbor for both ends
“antisite” defect (Nz,) have high formation energies for all (Ng,andVgg of the defect pair. Thus, in both charge states
values ofu within the band gap and for all allowed values the defect pair can benefit from the release of elastic strain

of uz, as compared with the substitutionakd™.?° There-  energy with respect to two isolated defects. A large relax-
fore the simplest nitrogen-related point defects are unlikely

to cause acceptor compensation.

C. Nitrogen-impurity —native-defect complexes

Garcia and Northrup have suggested that formation of de-
fect complexes containing the acceptor impurity may cause
the compensation responsible for the saturation of the hole
concentration in ZnSE The most obvious candidates for
compensating defect complexes are the pairs formed be-
tween the substitutional nitrogen impurity and the Zn inter-
stitial (NgeZn;) or the Se vacancy (&lVsd. Also the nitro-
gen dimers (M) have been suggested to form compensating
defect complexes in ZnSé.However, the formation of the
nitrogen dimers during the growth process is improbable be-
cause atomic nitrogen sources are used and the total nitrogen
concentration is orders of magnitude lower than that of host
Zn and Se atoms. Therefore we do not consider the nitrogen
dimer in this work. As a matter of fact, a reliable comparison
of the formation energies of defects containing different
numbers of nitrogen atoms is also difficult because of the FIG. 4. lonic structure of the MV, defect pair. The center of

uncertainty in the value of the nitrogen chemical potentiale \acancywhite sphergis defined as the position of a Se atom in
(un). A split-interstitial (N-N)se complex could act as a 5 perfect lattice and by thinking that atoms far from the defects of
compensating center, since the most stable charge state fof gefect superlattice do not remarkably move from their ideal
is 2+.72“"Thus, the presence of compensating split intersti4attice positions. The distances of the Zn idiight-gray spheres
tials could also be the reason for the failure of N dopingfrom the vacancy center and from the N i(ﬂark-gray sphepeare
using molecular nitrogen. The formation energies for variougiven in percent of the bond length in the ideal lattice for the posi-
defect complexes containing one nitrogen impurity are coltive (upper numbepsand for the negativénumbers in parentheses
lected in Table III. charge states.
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FIG. 5. lonic structure of the §Zn; defect pair. The distances 1.0 \
between the atoms are given in percent of the bond length in the ~o.0 1.0 2.0
ideal lattice. Electron chemical potential (eV)
ation energy of~5 eV results from the large ionic relax- FIG. 6. Nitrogen-related defects in ZnSe with the lowest forma-

ation around NV« pair in both stable charge states. tion energies. The formation energies are shown as a function of

There is experimental evidence for the existence of thc?ei
NsVse pairs in ZnSe. Haukssoet al?® suggested the pres-

ence for the NeVse pair in heavily N-doped ZnSe. Recently, the concentration differencesf the defects. For example, it
Saarinenet al?® have observed, using positron annihilation is possible that the concentration of the&h, pair is not
experiments, Se vacancies in N-doped ZnSe samples. Thexry high even though the calculated formation energy is
showed that the concentration of Se vacancies in N-dopeldw.
samples is comparable to the concentration of nitrogen in the The increase in the parameterin Eq. (2.1) dictating the
samples measured. Since only neutral and negative vacancis®ichiometry favors the generation of the substitutional ni-
trap positrons and the isolated selenium vacancp-type  trogen acceptor over the compensating cenfsee Table
ZnSe is expected to be in a doubly positive charge $tdfé, 111). Therefore the best growth conditions to obtain the high-
Saarinenret al. concluded that the observed Se vacancy hagst effective acceptor concentrations are selenium-rich con-
to be a part of a defect complex and suggested it to belitions. Figure 6 shows as a function of the electron chemical
NseVse. The existence of both the negative and positivepotential the formation energies for those nitrogen-related
charge states for flVse 0pens an interesting possibility that defects that have the lowest formation energies in ZnSe
this defect may first act like an acceptor, but when the Fermgrown under Se-rich conditions. & 0.8). As the Fermi level
level is lowered due to increasing doping the defect begins tgoes down, for example, due to the nitrogen doping, the
act as a compensating center. formation energy of the acceptor impurity rises, and the for-
The release of the elastic energy in the formation of themation of defect complexes containing nitrogen becomes
(NsVs9!™ pair results in a binding energy of 0.87 eV be- more favored. Thus, these defect complexes may incorporate
tween Ny, andVg2". This lowers the formation energy of the further nitrogen dissolved in ZnSe and result in a de-
the defect pair. The nearest-neighborg@h)!" is even crease of the doping efficiency.
more tightly bound, the binding energy is 1.28 eV. Since the Our results indicate that the success of nitrogen as a dop-
formation energy for the Zn interstitial is about 1.3 eV lower ant in ZnSe is connected to the large lattice relaxation. The
than that for the Se vacancy, the nearest-neighborelaxation energy for the isolated substitutional N impurity is
(NsZn)1* is the lowest formation energy defect in ZnSe. 3.9 eV, which is 0.2 eV more than that for the most probable
The difference in the formation energy between these tw@ompensation center, the {Xn)** pair. If the N impurity
compensatingi.e., positiveg defect pairs is 1.7 eV regardless is replaced by another group-V elemegisuch as Ag the
of the stoichiometry and the electron chemical potential. Inrelaxation energy of the compensating impurity-interstitial
the NsZn; pair the substitutional nitrogen ion introduces a pair is larger than that of the isolated acceptor impurity. In
strong inward relaxation of the surrounding five Zn igoee  the case of As doping, the difference is about 0.4 eV. There-
interstitial and four in the neighboring lattice site§his  fore the formation of the negative acceptor impurity instead
strong lattice relaxation decreases also the distances betweehthe impurity-interstitial pair is more favored in the case of
the interstitial zinc atom and its next-nearest-neighbor zindN doping than in the case of As doping. Energetically this
atoms so that the interstitial zinc atoms has effectively sevedifference between the N and As doping is 0.6 eV which
nearest neighborone nitrogen, three selenium, and threeat the temperature of 500 K means a factor of
zinc atoms; see Fig.)5 The increase of the coordination exp (0.6 eVkgT)=10° in the concentration.
number of the ions in the defect pair seems to be the reason In order to demonstrate that point-defect clusters are eas-
for the binding of NiZn; rather than the release of the elasticily formed in ZnSe we have calculated also the complex
energy. Before drawing firm conclusions one should bear ilNgVsZn; (see Fig. 7 for the structurelt could be a conse-
mind that the crystal growth process is not a thermodynamiguence of the following reaction: a negative Mg, defect
equilibrium process. Therefore one should be cautious in ugsroduced during the growth process traps a doubly positive
ing the formation energies to estimate the concentrations mobile zinc interstitial. The binding energy associated with

lectron chemical potential for ZnSe grown under Se-rich condi-
ons \=0.8).
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FIG. 7. lonic structure of the §lVsZn; defect. The lattice re- 8 )

laxation around this defect follows closely the ones obtained for the 8 16 24 32 40 48 56 64 72 80 88 96 104112120128
isolated constituents, i.e., the nearest neighbors of the substitutionz.. Number of processors

nitrogen relax inwards about 15-20 %, the lattice relaxation is

S . FIG. 8. Speedup vs the number of processors forHReER
small around the zinc interstitial, and a strongly charge-state- L ;
T 4 code running in a CRAY-T3E system. The dashed line corresponds
dependent relaxation is observed around the selenium vacancy.

to the ideal speedup. Employing 128 processors we reach about 10
Gflops sustained speed. The system used in this scaling test has

the positive NeVseZn; defect formed by the negativesVse  peen the zinc vacancy described by the 64-atomic-site supercell and
and the doubly positive Znis rather large;~1.97 eV. This  four k points.

tendency of the defects to bind strongly into small defect
clusters can eventually be one of the reasons for the degracknowledge the generous computing resources of the Cen-

Speedup

dation of the ZnSe-based devices. ter for the Scientific Computin¢gCSO, Espoo, Finland. One
of us (S.P) wishes to thank Dr. Stewart Clark, the EU
IV. CONCLUSIONS TRACS program, and Edinburgh Parallel Computing Center

EPCQ for the help in parallel computing.
Our calculations reveal that defect complexes formed bye(1 o pinp puting

substitutional nitrogen dopant with a zinc interstitial or a
selenium vacancy in ZnSe have low formation energies and
relatively large binding energies. These properties favor their The computational task of a plane-wave pseudopotential
creation. These defect complexes are positively charged ifode employing the DFT within Kohn-Sham formalism is to
p-type materials and therefore they can act as compensatirfthd the set of plane-wave coefficient§n ow Nstates Nkptd)
defects and cause the saturation of the hole concentration fenerating the one-electron wave functions
N doping.

The success of N doping in comparison with, for ex- i i
ample, As doping is connected with the lattice relaxation q’J(r)IEK: Wk%: ¢(G,j,k) expli(k+G)-r], (A1)
around the dopant atom. For the N doping the lattice relax-
ation lowers the formation energy of the substitutional impu-which minimizes the total-energy functional,
rity with respect to the compensating defect having the low-
est formation energy. In the case of As doping the opposite _ *xr_1y2
occurs. Selenium-rich growth conditions should lead to the E[{\Pi}'{R'}]_Z fif dribi=2 VeI,
highest active acceptor concentrations in nitrogen doping of

APPENDIX: PARALLEL PWPP CODE (FINGER)

ZnSe. N ,n(r)n(r’)

Our results also show that the formation of larger point- +5J drdr W*’f drVien(r)n(r)
defect clusters in ZnSe is energetically favored. This will
lead to the aggregation of dopant atoms and point defects +Eion({RIH) +EIN(r)]. (A2)

into clusters, which may trigger the mechanical degradation . .
of the material and thus contribute to the short lifetime ofAPOVe, the electron density(r) is given by

ZnSe-based optoelectronic devices.

n(r)=2 [ w2 (A3)
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small parallel machines, but in the massively parallel mablocks are relatively independent of each other and, in prin-
chines only strategyiii) is effective. The details of each ciple, only the total electron density has to be globally
parallelization strategy can be found from Refs. 30, and 31summed over these blocks. Inside each ofrtlyg block the

Each of these parallelization strategies requires substanti@-vector parallelization is used. The most difficult part in the

communication with every processor participating in the cal-G-vector parallelization is the parallelization of the fast Fou-
culation.

rier transforms(FFT’s). We have followed in theFINGER

Linking together two or three of the above-mentioned parode the very effective FFT parallelization introduced origi-
allelization strategies leads to a situation where all of thenally in CETEP (Cambridge Edinburgh Total Energy Pack-

calculations are done within small blocks of processors an
all interprocessor communication is done within these smal
blocks instead of communicating over all participating pro-

cessors. In th&INGER code approaches) and (ii) are used
simultaneously. We have first divided processors ingg

blocks of processors so that in each block the processor

correspond to the sanie point. Real and reciprocal spaces
are divided inside of these blocks. Calculations in thggg

%ge code®32The speedup for theINGER code as the num-

I er of processors is increased is shown in Fig. 8. The ideal
speedup shown in Fig. 8 does not really tell anything about
the performance of a code in a parallel machine without the
knowledge of the speed/processor the code obtains. Using
t?le FINGER code we get up to 130 Mflops/processor sustained
speed in a CRAY-T3E computer systéfn.
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