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First-principles calculation of p-type doping of ZnSe using nitrogen

S. Gundel and W. Faschinger
Lehrstuhl fu Experimentelle Physik Il der UniversitaVurzburg, Am Hubland, D-97074 Wiaburg, Germany
(Received 15 November 2000; revised manuscript received 28 March 2001; published 26 Decemper 2001

We have employed first-principles density-functional calculations to describe the behavior of nitrogen as a
p-type dopant in ZnSe. Our previous finding that the nitrogen acceptor decays by migrating from a substitu-
tional site to a neighboring interstitial site, is described in further detail. In particular the mechanism that
accounts for the superior stability of the decayed acceptor is described. We also examine the diffusion of the
point defects that result from the decay of the acceptor, which have been found to be responsible for the
degradation of ZnSe-based devices. Furthermore we pay attention to the behavioy wicdelsiule within the
ZnSe matrix, and to alternative doping strategies that utilize codoping with Cl or In. While the introduction of
Cl does not remove the instability of the nitrogen acceptor, codoping with In may provide a means to prevent
the degradation of the dopant. We conclude by presenting similar simulations for ZnTe that show the absence
of the aforementioned decay mechanism, and refer to experimental results from a ZnTe based diode.
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[. INTRODUCTION superseded by the formation of defect complexes involving
interstitial Zn.

During the last few years nitrogen has been unrivaled as Cheonget al® proposed the appearance of a olecule
the standargb-type dopant for |-Vl semiconductors such as at a Se site, or the formation of a split-interstitial N-N com-
ZnSe. However, the commercial distribution of ZnSe-baseglex as another possible compensating defect. They also
devices has been hampered by their limited lifetime thatommented on a self-compensation mechanism initially pro-
could not be prolonged past a few hundred hours for blueposed by Chadi and Chahépr As or P as g-type dopant.
green laser diodesWhile stacking faults were initially con- They suggested the relaxation of the dopant atom from the
sidered as the main cause of device degradation, it was rgubstitutional toward the interstitial site which would result
cently found that even fault-free devices suffer from ain a positively charged point defect. Cheosigal. stated that
homogeneous darkening that finally leads to the destructiosuch a defect could only become metastable in a positively
of the devicé® charged state.

Considerable theoretical effort has been spent in the past Although theory has favored substitutional nitrogen to-
years on the proposition of compensating defect structuregether with other interstitial atoms as the dominating com-
that decrease the concentration of free charge carriers jpensating defect fop-type doping in ZnSe, there have been
nitrogen-doped ZnSe. Among the first to considered the dehints from experiments that let interstitial nitrogen appear as
cay of the nitrogen acceptor were Van de Walteal.* who a possibility to be considered. Kulfostudied the preferred
stated that N on Zn or interstitial sites should be quite im-nitrogen location on a ZnSe surface grown by molecular-
probable, and favored a complex of interstitial Zn and subbeam epitaxy using Hé and Né* scattering. He recog-
stitutional Nse. Detailed calculations of the formation energy nized the substitutional Se site as the preferred adsorption
of this defect complex were made by yR&o0 et al.> who  site, while excess nitrogen would locate at interstitial sites.
confirmed its low formation energy, compared, e.g., with thatThe dopant site in bulk ZnSe was investigated by Kobayashi
of the N;, defect. However, theoretical works showed thatet al! using ion-beam analysis. They found a large fraction
the equilibrium density of Zn interstitials is very IdwEur-  of the detected nitrogen is randomly distributed. Upon a de-
thermore molecular-beam-epitaxy growth of nitrogen-dopedrease of the dopant activation ratio the fractions of nitrogen
ZnSe is usually performed under Se rich conditions, renderat random sites as well as at interstitial sites increases.
ing the formation of Zn interstitials improbable. Thus the Tournie et al}? found signatures of a shallow donor in
Zn;-Ng. complex is, despite its stability, an unlikely candi- nitrogen-doped ZnSe that they attributed to interstitial
date for compensation. nitrogen.

Particular attention has been paid to the possibility of self The authors of this paper recently proposed a compensa-
compensation in ZnSe by the formation of positively chargedion that involves the migration of a nitrogen dopant atom
Se vacancies. Among the first to consider these explicitlyfrom substitutional Se to a neighboring interstitial sitdhe
were Lakset al.® who calculated formation energies for all resulting defect complex acts as a donor that is most stable in
native point defects in ZnSe in a variety of charge statesthe higher positivet 3 charge state and, as is shown in this
They found that self-compensation should play no major rolgpaper, in thet+ 5 charge state. This complex is conceptually
in stoichiometric ZnSe. In nonstoichiometric ZnSe self-very simple, since it neither requires the pre-existence of
compensation should betype as well agp-type, failing to  native point defects nor involves the migration of other at-
explain the difficulty ofp type ZnSe doping at all. Gaal oms towards dopant sites, and is capable of explaining the
and Northrup stated that the Se vacancy could in principle observed gradual decay of initially functional devi¢é3his
play a role in compensation, but would most probably bemechanism is described in greater detail here, and an expla-
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nation is offered for why this compensating defect is enerwhile underestimatingC,,. Expecting a considerable relax-
getically favorable in very high charge states. We have alsation of the ZnSe lattice in the vicinity of the nitrogen atom,
investigated the behavior of Nmolecules in ZnSe, and stud- we chose the combination of pseudopotentials which pro-
ied possible strategies for codoping as a means to suppregi&les the most accurate elastic constants.
the deactivation of thep-type dopant. Among these only For ZnTe we found an equilibrium lattice constant of
codoping with In may provide a remedy for the intrinsic 5.97 A and elastic constant§;;=0.722 Mbar andCj,
instability of the nitrogen acceptor. On the other hand, this=0.422 Mbar, to be compared with 6.10 A, 0.713 Mbar,
instability does not seem to prevail in ZnTe. Attempts toand 0.407 Mbaf® Simulating the vibration of a diatomic
fabricate light-emitting diodes containing Te suggest an alnitrogen molecule, we obtained an equilibrium separation of
ternative to ZnSe devices, since they do not show significant.121 A and a vibration frequency of 70.24 THz with our
degradation despite high defect densitfes. pseudopotential. The respective experimental values are
1.098 A and 70.70 THZ
Since charged systems were simulated in this work, a
charge compensation scheme was necessary in order to pre-
For our calculations of defect formation energies in ZnSevent Coulomb repulsion due to the periodic boundary condi-
we employed density-functional theoffpFT)!® within the  tions. This was ensured by setting the monopole moment of
local-density approximation(LDA), together with self- the electrostatic interactiofor, equivalently, the charge den-
consistent pseudopotentials in a plane-wave basis. For tty atG=0 in reciprocal spaceto zero. While this choice
LDA the parametrization of Perdew and Zunger, based orinakes the supercell appear as an electrically neutral cube,
calculations by Ceperley and Alder, was employedhe  €lectrostatic interactions remain to be considéreéd. The
accurate simulation of the nitrogen atoms necessitated theorrections applied to the defect energies in this work are
expansion of the single-particle wave functions in planeexplained in detail in the Appendix.
waves with a cutoff energy of 30 Ry. The formation energieQ  of the nitrogen related defects
All configurations were simulated within a cubic super- were evaluated using the standard expression
cell, being eqivalent to a:22X2 cubic unit cell and con-
taining 64 atoms, with periodic boundary conditions being Qp=Ep+Qpue—Nniun, @
applied. For integrations ik space a mesh of’22X2 spe-
cial k points in the full reciprocal cell was employed, being whereEp and Qp are the total energy and charge of a su-
equivalent to 64k points in the cubic unit cell or 256& percell, respectively, angd, is the chemical potential of the
points in the primitive unit cell. The atoms at the sidefaces ofelectrons relative to the valence band edgg.and uy de-
the cubic supercell were fixed at their ideal bulk positionsnote the chemical potential and of nitrogen and the number
while all others were allowed to relax under self-consistentlyof nitrogen atoms in one supercell. The enerdigs were
calculated force$® All the simulations presented in this pa- corrected for band alignment and differences in the effective
per were done with the “fhi96md” simulation packade. potential of the supercell outside the defect region. However,
The pseudopotentials for the involved species were gerdue to the extended nature of the doping complex in the
erated in a mixed scheme that utilized the prescriptions bgupercell and more complex energy band structures, an un-
Hamani® and Troullier and Martiné! For the Zn pseudopo- certainty of about 0.1 eV arose from this procedure, which is
tential the nonlinear core correction of Loug al?? was  of the order of the corrections applied. Since the numbers of
employed. We found that for Zn, Se, and Te, smooth pseuddn and Se atoms in the supercell do not change, it is feasible
potentials could be obtained by choosing potentials of thewot to consider them explicitly.
Troullier-Martins type for thes andp components and of the This scheme also allows for estimating the transition lev-
Hamann type for the local component. All pseudopotentials els between different charge states of one kind of impurity
were carefully checked in order to exclude “ghost stafés. complex. The scheme underlying this kind of evaluation is
The pseudopotential generation and checking were done udescribed in great detail in Ref. 6. It is based on the suppo-
ing the package “fhi98pp” that is distributed by the Fritz sition that at a given value of the electronic chemical poten-
Haber Institute’ tial 1. the charge state associated with the lowest energy will
The pseudopotentials for Zn and Se were optimized withactually form. When two lines, denoting different charge
respect to the elastic properties of ZnSe bulk. We found asstates of the same defect, intersect, the most stable charge
equilibrium lattice constant of 5.588 A and elastic constantsstate of the defect changes. It is expected that this charge
C41=0.928 Mbar andC,,=0.530 Mbar. Allowing for the state will be assumed subsequently, involving the exchange
typical LDA overbinding, these are in reasonable agreememf charge with the host crystal.
with the respective experimental values of 5.668 A, 0.895 As an alternative to this scheme the observation of
Mbar, and 0.539 Mba> However, the self-consistently cal- changes in the density of filled states with different charge
culated heat of formation of 0.61 eV severely underestimatestates could be used to identify the defect states. However,
the experimental value of about 1.65 eWhile testing dif-  this approach suffers from the underestimation of band gaps
ferent pseudopotentials, we found that this discrepancy caand bandwidths typical of classical DFT. The band gap of
be mainly attributed to the Se pseudopotential. On the otheZnSe was found to be 1.26 eV in our calculations, about half
hand, a Se pseudopotential that allows for a more accurat the value known from experiments. The approach to de-
heat of formation overestimates the elastic const@pt  fect level energies used in this work does not rely on the

Il. DETAILS OF THE CALCULATION

035208-2



FIRST-PRINCIPLES CALCULATION OFp-TYPE. .. PHYSICAL REVIEW B 65 035208

3 - | - | - | - - I solids, e.g., the Se vacantyharge states with unpaired
electrons are not always energetically unfavorable, as will be
- shown below in Fig. 3. On the other hand the basic statement
,,,,,,,, about the instability of the nitrogen acceptor is not impaired
T ] by this omission. Therefore, in most cases presented below
1= e . only charge states with an even number of valence electrons
in the supercell will be considered.

energy (eV)
(=]

b 1 Ill. DECAY OF THE NITROGEN ACCEPTOR

In this section we compare the formation energies of the
T (N : nitrogen acceptor at the substitutional Se site with those of a
: ; ; ! | ; ! decayed complex, consisting of a Se vacancy and the nitro-
0 0.5 1 L5 2 25 gen atom that previously occupied this site but migrated to a
H, (V) neighboring interstitial site. We also estimate the migration
) ) ) _ barrier for the transition of the nitrogen atom for different
FIG. 1. Formation energies for a nitrogen atom at a substitu- har
. . . ge states.
tional Se site for different charge states. The energy of the neutra(i

atom was chosen as the reference energy.

. . A. Nitrogen at the substitutional site
notion of band gaps, but uses differences of ground-state g

energies for different numbers of electrons instead. Effects A nitrogen atom at a substitutional Se site should be most
related to the aforementioned band-gap underestimatioptable when carrying one negative charge, thus acting as an
manifest themselves here through their impact on the totdPnized acceptor. We have calculated the formation energies
energy. The correctness of the defect level energies theret$)f this point defect for different charge states, according to
depends on the accuracy of the predicted formation energidsd. (1). The formation energy of the neutral substitutional N

of the related defects. Errors in the formation energies woul@tom was chosen to serve as the reference energy. The result-
be reflected on the defect levels. On the other hand, compaig energies are shown in Fig. 1. Here, for a given electronic
ing the defect levels thus obtained with excitation energieghemical potential, the lowest line identifies the most stable
known from experiments offers a simple measure for theconfiguration. The abscissa gives the location of the elec-
reliability of the theoretical results. tronic chemical potential, occasionally referred to as the

Figure 3 shows how the energies of three transitions beFermi level, zero denoting the valence-band maximum. As
tween the 5, 3+, 2+, and 1+ states of the N;-Vs)  described in Sec. II, the abscissae where two lines represent-
complexes are determined. These energies are given by tfieg different charge states of one defect intersect denote de-
abscissae of the crossing points of the respective lines th#€ct levels within the band gap. Since the acceptor level of
are marked by the vertical dashed lines. Another exampl@itrogen in ZnSe is known to be located about 0.11 eV above
can be found in Ref. 6. We do not suggest denoting crossinge valence-band edg@.the lines denotedNg, and Ng,
between lines referring to different defect complexes as transhould intersect there. However, in Fig. 1 they intersect
sition levels, since such a crossing would also require @about 0.05 eV below the valence-band edge. Since this dis-
change in the atomic structure of the defect. crepancy cannot be resolved within the basic assumptions

When selecting charge states for the doping complexethat this work is built upon, we have to take it as a measure
we frequently omitted those leaving an unpaired electron irof the error margin for our calculations.
the supercell, especially when simulating complexes that The atoms around the substitutional nitrogen site show a
comprise vacancylike voids. An unpaired electron in con-considerable inwardbreathing relaxation due to the small
junction with such a vacancy would lead to a half-filled or- covalent radius of the nitrogen atom. The lengths of the
bital, and thus to a degenerate ground state. This is mainli}-Zn bond are 1.993, 1.990, and 1.998 A for thd, neu-
due to problems arising from the simulation of defect com-tral, and+ 1 charge states. The bonds from the Zn atoms in
plexes whose precise atomic structure is unknown. When toe first shell around the N atom to the Se atoms in the
simulation proceeded from an essentially guessed atomisecond shell are 2.51 A long, independent of the investi-
configuration toward the simultaneous electronic and strucgated charge states. Similar bond lengths were already re-
tural ground state, sometimes convergence was lost when tfported by Kwaket al*° For reference, the Zn-Se bond length
ordering of the electronic levels was changed. The presencat our self-consistently calculated lattice constant is 2.42 A.
of an unpaired electron aggravated this situation consideftn analogy to Ref. 30, we have calculated the spatial distri-
ably. bution of the uppermost occupied electron states for the sin-

It is known that some electronic systems undergo distorgly negatively charged substitutional nitrogen atom. In con-
tions in order to remove such a degenerate ground statérast Ref. 30, we find that the charge density of the two
Examples of these Jahn-Teller distortions are frequentlyppermost occupied states is quite localized around the sub-
found with molecules or reconstructed surfaces. Althougkstitutional nitrogen atom instead of the neighboring Se at-
this appears to be true also for some instances of defects oms, as shown in Fig. 2.
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The decay process is, however, decelerated by two ef-
fects: as we will show below, the nitrogen atom has to over-
come an energy barrier to reach the stable interstitial posi-
tion. Even more important, the originally negatively charged
acceptor has to change its charge state to form positive
(N;-Vs9 complexes, which requires a considerable input of
energy. Thus the decay of thetype dopant does not take
place spontaneously but on a considerable time scale and
under external influences like illumination with high-energy
photons or current injection.

©C 00O O0OOOOGO OGO OGO OO O

60.00 1. Electronic structure

50100 The migration of the nitrogen atom from the substitutional
40.00 to the interstitial site proceeds along fHe 1] direction. Ad-
25500 hering to the observation of a negligible Jahn-Teller distor-
25.00 tion for substitutional nitrogef we assume that the three-
(b) 2000 fold rotational symmetry around this axis is preserved during
10.00 the migration process. The relaxation of the host lattice
-0 around the defect site is nevertheless much more compli-
cated than in the substitutional case. During the migration
FIG. 2. Charge density of the second highé&stand highest the N-Zn bond along the migration direction is broken, and a

occupied state for a nitrogen atom at the substitutional site. large lattice relaxation follows similar to that proposed by
Chadi and ChangHowever, the nitrogen atom does not stop
B. Nitrogen at the interstitial site in the plane spanned by the three other neighboring Zn at-

} o ) oms, but moves beyond until the remaining N-Zn bonds are

In an earlier publicatiolf we pointed out that a complex a|so broken and three N-Se bonds are formed. Geometry data
consisting of a Se vacancy and a nitrogen atom in a neightor the defect featuring interstitial nitrogen are presented for
boring interstitial site is more stable in a triply positive (ifferent charge states in Table I.
charge state than the negatively charged substitutional accep- The zn atoms formerly bound to the nitrogen move out-
tor, thus acting as a compensator fetype doping. At this  \ard, changing their hybridization frosp® to sp?. This can
point we generalize this statement to multiply positively ciearly be seen from the sum of the bond angles around these
charged complexes. Figure 3 shows the formation energies a$oms that are shown in the middle colurtheft) of Table I.

functions of the electronic chemical potential for chargeThese angles sum up to almost 360° fob, +3, and+2
states up tot+7. One can see that in the regime belpw

=0.26 eV the defect complex formed by a Se vacancy and
an interstitial nitrogen atom is the most stable one. For ref-
erence the formation energies from Fig. 1 are shown as
dashed lines. To our knowledge, such high charge states hay
not yet been proposed for point defects. However, as we
shall explain in Sec. IlIB 1, charge states up#t® are sta-

bilized by charge depletion at Zn atoms surrounding the ni-
trogen site, thus leading to a more extended defect complex

Since, according to Fig. 3, the positively chargét-{/ 5o

complexes are more stable than the substitutional nitroger g
acceptor as soon as the Fermi energy approaches the valen
band edge, in thermodynamic equilibrium the formation of
the acceptor is highly improbable. The fact that, neverthe-
less, high acceptor concentrations are achieved experimer
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tally indicates that some kinetic limitaton dominates the -2 ' 05: 1 s 2 25
complex formation. This can be understood if one considers § piEV) |

that the' original concentration 'of Se vacancies is 'veryﬁlow. lselds 443 Bee  D4lls ,
Thus nitrogen must first be incorporated substitutionally. 0.11eV 056 eV 128eV  1.72eV '

isisi i i : VB ed, CB ed
This is in accordance with the experimental observation of '~ “ ¢ edge

Kubo et all® that the substitutional Se site is the preferred  piG. 3. Formation energies for a nitrogen atom at an interstitial
adsorption site for nitrogen on a ZnSe growth surface. Th&jte near a Se vacancy for different charge states. The energies from
formation of the (N;-VsJ complex can thus be understood asFig. 1 are shown in dashed lines. The bar below the panel represents
a decay of pre-existing nitrogen acceptors. Since the movinghe ZnSe band gap. Dashed lines denote the locations of the defect
nitrogen atom creates the necessary Se vacancy, no prievels in the gap and their connection with the crossings between
existing vacancies are needed in this process. formation energy lines.
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TABLE |. Geometric data for the point defect formed by the
nitrogen atom at the interstitial site. Angles are in degrees, bond
lengths in A. The two angle sums for the Zn atom refer to a Zn
atom connected to the interstitial N via one Se atgniddle col-
umn, left; a in Fig. 3 and to the Zn atom opposite to the N atom
(middle column, right; b in Fig. B The right column gives the N-Se
bond length and the angle between two such bahdse all bond
angles are equal

1 80.0

1 70.0

[ 60.0

1 50.0

1 40.0

1 30.0

— 20.0

— 10.0

Charge Sum of N-Se bond length / —

state Zn bond angles bond angle

-1 355.36 / 344.97 1.908 / 108.13 32
+1 342.18 / 298.74 1.873/112.45 27-20
+2 357.34 / 350.19 1.883/109.80 22.50
+3 357.96 / 354.96 1.874/ 110.85 e
+5 359.35 / 355.44 1.783/109.38 inee

10.00

charge states. For ap’-hybridized atom this value would
be about 328.5°. In Fig. 4 the density distributions of the
highest occupied single patrticle states for th& and +3 FIG. 5. Density distributions of single-electron states for the
cases are depicted. It is interesting to note that, irrespectivenarge state+1: (a) density of the hightest occupied staig)
of the highly positive charge of the complex as a whole, indensity of the lowest unoccupied state. The density contours are in
both cases a considerable amount of negative charge is Iglectrons per supercell.
calized at the nitrogen atom. This suggests that the charge
depletion that must occur for the highly positively charged At the charge state 1 the Zn atoms move outward again,
defects does not take place at the nitrogen atom itself, butinting that the newly introduced negative charge has also
rather elsewhere. been distributed over the Zn atoms, causing Coulomb repul-

At the charge stater1 the Zn atoms surrounding the sion. This behavior can be inferred from the plot of the dis-
vacancy move inward, indicating that the additional negativaribution of the lowest unoccupied state for the charge state
charge is located near the Se vacancy. This can be seen il in Fig. 5.
Fig. 5, which shows that at this charge state the highest oc- For comparison we have also added the formation energy
cupied orbital is concentrated at the nitrogen atom, whileof the charge state 7. In Fig. 3 this charge state is higher in
part of its charge has moved to the opposing Zn atom. energy than the substitutionall state over the whole range
of the electronic chemical potential, so that its formation
is very unlikely. We also abstain from discussing this charge
state in further detail, as we will show below that the
(N;-Vs9 complex becomes more and more extended spa-
tially with increasing positive charge. Therefore, an even
larger supercell would be required to obtain a proper descrip-
tion of the defect, which is outside our computational means.
Finally the objective of this paper, i.e., to report on the in-
stability of the nitrogen acceptor in ZnSe, is not affected by
this omission.

Figure 6 shows the integral densities of filled states for
interstitial nitrogen at the charge statesl, +3, and +5.
The inset features an enlarged view of the region around the
valence-band edge. From this inset the location of the less
positively charged states along the energy axis can be in-
ferred. Obviously the emergence of interstitial nitrogen is
connected to the formation of deep levels in the band gap.
The underestimation of the band gap within the LDA formal-
ism hinders a direct evaluation of the defect level energies
from this picture. Regarding the full panel, it is interesting to
note that minor features of the fivefold positively charged

FIG. 4. Density distributions of single-electron stat@:den- ~ System are shifted toward lower energies while the major
sity of the hightest occupied state for the charge stae (b) same features are still congruent with their counterparts at the
for the charge state- 3. The density contours are in electrons per lower charge states. This includes the peaks—at.5,
supercell. —11.5,-15, and—20.5 eV. Thus the increased stability of
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FIG. 6. Densities of filled states for interstitial N at the charge
state+ 1, +3, and+5 in comparison. The inset shows the valence-
band-edge region. The energy scale is centered at the valence-band
edge in the center of the Brillouin zone.

FIG. 7. Ball-and-stick models for the interstitial nitrogen-related
defect giving an extended view of the lattice structure. In the upper
the Charr]ge stlat&S results not only Ifrorfn the k(];harhg'? dfeple- panel(charge state-3) the Zn atom indicated by the upper arrow is
tion at the valence-band edge but also from the shift o _Stateé\/identlys p® hybridized, while in the lower panel the same atom is
well below the valence-band edge toward lower energies. sp? hybridized.

The change in the integral density of states can be quali-

tatively understood from Fig. 7. In the Upper panel the Znyo nirogen atom. When the nitrogen atom moves away
atom pointed to by the outer arrow is mairslp” hybridized, o the substitutional site one of the N-zZn bonds breaks.
since it resides close to the position that it would occupy inrhis accounts for the initial energy barrier for the migration.

an .und.istorted lattice. In the lower panel the three_ bqnd%hen the nitrogen atom has crossed the plane spanned by
projecting from the same atom are almost coplanar, indicat-

ing that in this case the Zn atom is mairsy? hybridized.
The observation that the N-Se bond is considerably shorter ir
the +5 case than in the-3 case(cf. Table ) also fits in this
picture. In the+3 case thesp’-like hybridization of the
aforementioned Zn atoms suggests the existence of Zn-S g
backbonds to the Se atoms connected to the nitrogen aton'§
These backbonds stretch the N-Se bonds, leading to a five §
fold coordination of the Se atoms. The further removal of &
charge in the transition to the 5 case breaks these back-
bonds, leading to shorter N-Se bonds.

To summarize, in the case of the charge states and
+5 the charges of the highest occupied orbitals are concen
trated around the interstitial nitrogen atom. During the tran-
sition from +3 to +5, the Zn atoms to which the Se atoms o
closest to the N atom were backbonded change their hybrid g i . | A
ization fromsp® to sp?. The charge that was located in the 03 0.4
bonds is delivered to the host lattice. Thus the charge con relative pitrogen location

‘i
centration around the nitrogen atom does not change signifi Se
cantly. When moving fromt+3 to +1 and —1, the newly °
introduced charge is located near the Zn atoms surrounding,
the Se vacancy.
2. Formation of the defect

Formation energy profiles for different charge states as
functions of the nitrogen location during the migration pro-  F|G. 8. Formation energy profiles during the migration of a
cess are depicted in Fig. 8. In this figure the left edge of theitrogen atom from a substitutional site to a interstitial site for the
abscissa denotes the substitutional position, while a value @harge states 1, +3, and+5. All energies are plotted fqi, = 0,
0.5 denotes the interstitial position that is finally occupied byi.e., with the Fermi level located at the valence-band edge.

d edge (V)

~
T

substitutional

<«——— interstitial

charge +1|

t the

ion energy a

rmat

o Icharge +5
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the other three Zn atoms, N-Se bonds are formed which inelectron from the acceptor to the conduction band, for which
duce a decrease in the defect energy for the charge states an energy corres_ponding E)Gap—EA, or 2.6 e_V, i_S neede_d.
and+5. In the case of the charge statd the defect energy In a properly designed device wheseype doping is done in
remains almost constant. a ZnMgSSe cladding layer with an energy gap of about 2.9
The driving force for the migration of substitutional nitro- €V While the laser emission from the CdZnSe well is around

gen to an interstitial site is obviously the strength of the N-Se2-> €V; the value 0B, -E, can be considerably larger than

bond. In the+5 charge state seven Zn atoms have changeﬁqe energy of the photons emitted by the device. However, a
. e 3 . . ormation of deep defects, together with a drastic decrease in
their hybridization froms p® to mainly sp?, while three N-Se

. . he free hole concentration, has been observed even for prop-
ponds were formed. Itis k_nown that the strength of this bon rly designed, stacking fault free devices with CW lifetimes
in a diatomic molecule is 3.84 €. For the compound h

igher than 100 R.Thus a decay of the acceptor takes place
SeN, a lbond energy of 2.560.43 eV has been gyen in high quality samples. The most probable mechanism
published?" Unfortunately, to our knowledge no similar data is an energy transfer to the acceptor from overshooting elec-

for the N-Zn bond are available for comparison. Thus we cafrons which recombine in the cladding layer either radia-
only estimate the energy per bond for a;Xna crystal. This  tively or by multiphonon emission.

crystal is known to appear in the bixbyite structdfen this In the case of the fivefold positively charged complex the
structure each metal atom is surrounded by four nonmetahigration barrier in Fig. 8 is more than 3 eV and conse-
atoms. From this we conclude that for each Zn atom foumuently higher than the energy of overshooting electrons. If
Zn-N bonds exist. By dividing the formation energy of such highly charged complexes indeed form during the deg-
Zns;N, from its gaseous compounds by the expected numbeiadation of a diode, this could only occur via the intermedi-
of Zn-N bonds, we arrive at a value of 1.175 eV per bond.ate formation of a threefold positive complex, from which
This is significantly lower than the strength of the N-Se bondadditional charge is removed in a second step.

even in the Sﬁ\]A Compound, and exp|ains quite eas"y the ) AS a final deta" Concem‘ing the formation O'f the decayed
superior stability of interstitial nitrogen even if the host lat- Nitrogen acceptor we mention that the correction scheme for
tice is strongly distorted as a consequence. the energies of the charged defects requires to assume a cer-

All three lines in the upper panel of Fig. 8 are drawn tain concentration.of_free charge carri¢sse the Append)x
under the assumption that,=0, which means that the The reason for this is that we assume the screening of the
e il

Fermi level is located at the valence-band edge. In the ca§8ni28d dopant sites to depend on the Debye length which in

of a higher electronic chemical potential, the three curves arli/n depends on the charge carrier concentration. Since the

shifted upward by different degrees, depending on the Charg%creening length will be the shorter, the higher concentration

state: as can be inferred from Ed), the upward shift will of free charge carriers will be, the stability of the decayed

be proportional to the charge of the defect. This implies that!rogen acceptor W.'” 'probably depend on this as well, and
the greater the number that nitrogen atoms have alrea he_fa"? (_)f decay wil In turn depend on the dopant concen-
moved to interstitial sites, barrier for nitrogen migration will ation _|n|t|ally present in the crystal. . .

be. This can be seen as a self-limiting effect on the genera; In Fig. 9 the energies of three most prominent instances of
tion of donorlike defect comlexes. For instance, the energ)}he defects from Fig. 3 are shown for four different assumed

of the fivefold positive defect is about 0.66 eV lower than char.ge—carrie_r concentrationéthe correction scheme of
that of the threefold positive complex at,=0, but both are L_eshe and Gillan corresponds In fact to no free char_ge car-
equal in energy when the Fermi level is located 0.33 efiers at all; also see, the AppengiAs can be seen, the intact
above the valence-band edge and decayed nitrogen complexes are approximately equal in
Obviously the height of the barrier for the migration of a enleélg6y at;f%—:r?]_when the h(r)]k?j confcentratl_on IS aro_und L
nitrogen atom depends on the charge of the resulting com- C”;) ) q IIS agr((afsdwn ata from_ aglngfexpzrlrr?entﬁ
plex. For a threefold positive complex the barrier height isON Zn_Se— ased laser diodes. Ir) Ref. 3 it was found that the
about 2.51 eV. This barrier agrees well with the energy offfective carrier concentraétlon lr; a laser diode was dimin-
photons emitted by a ZnSe-based lagdyout 2.5 eY. Op- |sheé)(115 from ~about * 10'° cm™® initially to about 5
tical degradation experiments on stacking fault-free regiong<10~ cm ° after aging. It appears that in the device under
of lasers show that degradation starts only if photons witnVestigation the aging process came to a halt after the hole
energies higher than 2.4 eV are used, and that a photon efoncentration dropped under a certain limiting value. This
ergy of about 2.6 eV is needed to obtain strong degradationValué allowing for the range of uncertainty imminient in the
However, the energy profiles in Fig. 8 implicitly assume that™0de! of degradation studied here, is in reasonable agree-
the defects are positively charged from the beginning, and d ent Wlth the limiting c_harge carrier concentration derived
not change their charges during the migration of the nitrogef®™ Fig. 9. We take this congruence as a hint tfiatthe
atom. In addition to the barriers in Fig. 8, the change of thef€gradation mechanism for the nitrogen acceptor presented
charge state from-1 (nitrogen acceptoro +3 is a second 1 this paper is confirmed by experiments, a@ the
limiting mechanism for the formation of thHé;-V g, complex. charge-carrlgr—dep(_andent correction of the defect energies
As explained above, the crossing points of the lines fol@ken from simulations is reasonable.
the different positively charged complexes in Fig. 3 can be
used to deduce that the energy levels of these defect com-
plexes lie near the middle of the band gap. The limiting step In Ref. 13 we discussed the role of the degradation of
in the charge-transfer process is thus the removal of the firstitrogen doping in ZnSe in the observed degradation of

IV. DIFFUSION OF THE RESULTING POINT DEFECTS
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gen acceptor, while lines + 3" and * +5" correspond to a decayed I%tlon. The abscissa 0.75 denotes the traveling Se atom at its ideal

acceptor at the two indicated charge states. The corrections appli " . . . o
to the defect energies taken from simulations are listed in Table Ill?xékbpucl’s'gggéwmle 1.0 denotes the intermediate position between

ZnSe-based laser diodes. We pointed out that while the degemain twofold positively charged. The defect energy as a
radation of a ZnSe based laser diode is initiated by the nitrofunction of the position of the diffusing Se atom is shown in
gen dopant in the layer, the final destruction of the quan- Fig. 10. This figure features the energy associated with a
tum well is caused by the diffusion of positively charged diffusing Se atom as a function of the precise location of the
point defects toward it. diffusing atom during the migration of a Se atom from its
Degradation measurements were performed at smahatural site in the ZnSe lattice toward a neighboring Se va-
stacking-fault-free mesas which were irradiated with laseicancy. Since this migration implies the relocation of the va-
light at a photon energy of 2.71 eV, corresponding to thecancy, this is at the same time the migration potential for a
energy gap of the waveguide layer of the laser diode. Th&e vacancy in ZnSe. It is implicitly assumed that during this
quantum-well intensity was furthermore measured as a funaransition the charge-2 of the Se vacancy, which is known
tion of time under an electric field that was applied in reverseo be the most stable charge state of this defegp-tgpe
bias direction. When this field was applied, the degradationioped ZnSé,is retained. From these data the diffusion bar-
rate of the laser diode decreased by a factor of about 3. Théer is evaluated to 1.79 eV. This value is smaller by a factor
experiments showed that radiation enhanced defect reaction$ 2 compared to the result of a study undertaken by Chen
can be ruled out as the mechanism for the reduced degradat al,** who reported a migration energy of 4.0 eV for the
tion, leaving the diffusion of a positively charged speciessame defect, though conceding that the migration energies of
against the applied field as the most probable explanation. anion vacancies in compound semiconductors are generally
In order to establish a relation between the applied fieldabout 2 eV.
and the change in the degradation rate a formula introduced From Fig. 10 it can be deduced that the separation be-
by Kimerling® was applied. The change in the diffusion bar- tween the minimum and maximum of the diffusion potential
rier was evaluated aSE=qx F X x for a defect with charge is 0.203 nm. If we take this distance together with the charge
g in an electric field- over a distance between a minimum  +2 of the Se vacancy and an electric field ok 60" V/m
and a maximum in the diffusion potential. Based on thisfrom Ref. 13 and assume room temperature, we also arrive at
expression a change in the diffusion rate by a factor of reduction of the diffusion rate by a factor of about 0.36. We
exp(—AE/kgT)=0.36 was found at room temperature, closenote here that this situation is given only near the edge of the
to the value derived from the experiment. Nevertheless théntrinsic region(which enlarges toward thetype doped re-
nature of the positively charged diffusing species cannot bgion when a reverse voltage is applie8ince this is only a
deduced from the experiment. It would be tempting to ascrude estimate, the congruence may be seen as fortuitous.
sume that this species is in fact thid;{Vg9) complex. Nevertheless we regard it as an additional hint that the dif-
In order to investigate if this is plausible, in the presentfusing species is actually the twofold positively charged Se
work a twofold way is chosen. First the diffusion barrier for vacancy.
an isolated Se vacancy is determined fralminitio simula- Second the total energies of a nitrogen atom in two dif-
tions. All simulation parameters were chosen as describeférent interstitial sites without neighboring vacancies were
above, except the plane-wave cutoff energy which was reebtained from simulations. At this point the interstitial posi-
duced to 10 Ry. This is possible since the computationallttions of the nitrogen atom inside a Zn tetrahedron and a Se
expensive modelling of a nitrogen atom is not necessaryetrahedron were considered with charge statésand+ 3.
here. For the diffusion process the defect was assumed 1@ order to facilitate a comparison with thil (Vs complex
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FIG. 12. Ball-and-stick models for a,Ndimer at a Se site for
the charge state$ 2 and—2.
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Charge states of 2, 0, and—2 have been considered. Re-
I garding the host crystal as a reservoir for unpaired electrons,
25 \ : :
we again regard the occurrence of half-filled orbitals as
highly improbable.

FIG. 11. Formation energies for two independent defects: a two- It turns out that the appearance of 3 Molecule at a
fold positively charged Se vacancy combinedhnit N interstitial ~ Substitutional Se site results in two different behaviors, de-
with charge+1 or +3. The dashed lines denote complexes thatpending on the charge state. These modes can be observed in
already appeared in Fig. 3 and were added for comparison. Fig. 12, while the most important geometric data are compi-

lated in Table Il. When the defect is twofold positively
discussed above, we combined these total energies with thebarged, the Zn atoms surrounding the site move outward
of a twofold positive, isolated Se vacancy and subtracted thentil they reside almost within the plane spanned by the re-
energy of an appropriate amount of ZnSe bulk in order toSPective three Se atoms they are bound to. This signifies a
adjust the numbers of atoms. The resulting charges are thergbange in the hybridization of these Zn atoms frep? to
fore +3 and +5, as indicated. The obtained formation en-SP°, and indicates that the positive charge of the defect is
ergies are shown in Fig. 11 as a function of the electronidistributed evenly over them while the,Nlimer remains
chemical potentiaj,.. As can be seen, the sum of energies/nactive.
of the Se vacancy and the isolated nitrogen interstitial in a Se In the case of neutral and twofold negative defects the
neighborhood is equal to thé\(+Vs)®" complex; the two  distortion of the lattice around the ;Nmolecule is much
lines denoting these cases cannot be distinguished from eagfaller. In these cases the bond configuration of the sur-
other in Fig. 11. This suggests that the interstitial nitrogerfounding Zn atoms indicates that the nitrogen atoms are ac-
and the accompanying Se vacancy can separate from eafiflly bound to the Zn atoms, thus destabilizing therhol-
other without the need to overcome a substantial barrier. €cule by minimizing the overlap of the orbitals centered at

Figure 11 also shows that the formation energy of thethe N atoms that contain the additional electrons. Conse-
interstitial nitrogen within a Zn tetrahedron is almost 4.9 evquently the substitutional Ndimer is much less stable in
higher than that within a Se tetrahedron, if both carry a fiveihese charge states.
fold positive charge. TheN;+V,,)3" complex lies about The formation energies of the,Nnolecule at the Se site
3.2 eV above theN; +Vs9®" complex. In the case of the zn for the three charge states under consideration are presented
tetrahedron the host lattice is only slightly disturbed by thein Fig. 13. Because of the difficulty of fixing an appropriate
interstital atom. Additional stabilization through the forma- value for the chemical potential of nitrogesy, each line
tion of bonds does not take place. If the nitrogen atom werdepresenting a charge state foy &ppears twice: first.y was
assumed to diffuse through the ZnSe lattice via interstitiaderived from the total energy of an isolated Molecule that
positions it would always have to visit a Zn tetrahedron sitewas simulated self-consistently, such as has already been
between two Se tetrahedron sites. Thus the migration barrigtone by Pykko et al® In the second placgy, as proposed
would be at least the aforementioned 3.2 eV if charge idy Cheonget al.? was used: they assumed a densegis
exchanged with the host lattice, and 4.9 eV if not. Since evewvith half of the molecules in the first excited state, adding
the lower of these values surpasses the barrier for Se vacanéyb45 eV to the chemical potential of a nitrogen atom.
migration by about 1.3 eV we again conclude that the mi-
grating defect that leads to the observed final destruction of TABLE Il. Geometric data for a substitutional,Nnolecule for
ZnSe based laser diodes is in fact a Se vacancy and not thiéferent charge states. The middle column gives the separation be-
(Nj-Vs9 complex as a whole. tween the two nitrogen atoms, while the right column contains the
distance between the actual position of a Zn atom next to the dimer
and its ideal bulk position.

V. MOLECULAR NITROGEN

A common side effect of the use of a plasma cell forCharge state N-N separati¢A) Zn relaxation(A)
nitrogen doping is the introduction of,Nmolecules into the +2 1.130 0.630
growing crystal. Since such a point defect cannot be supg 1.235 0.105
posed to be electrically inactive, we found it instructive to —» 1.235 0.130

include it in the set of simulations presented in this work.
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mation of stable complexes that form out of the thermody-
namically unstable nitrogen acceptor. We can imagine two
strategies to avoid, or at least alleviate, these problems: First
FIG. 13. Formation energies for a substitutionalMNolecule at  one could try to reduce the stability of thil,¢Vs) complex
the charge states 2, 0, and— 2. Dashed lines refer to the respec- by codoping of donors. The second strategy employs an ad-
tive energies for single nitrogen atoms that already appeared in Figlition of Te to ZnSe in order to influence the host lattice
3. Solid lines denote the Nmolecules. Due to differing prescrip- itself. These two possibilities will be investigated in this and
tions for the calculation of the chemical potential for nitrogen in thethe following sections.
literature, each solid line appears twice: the upper line of each set Recently the enhancement pftype doping in ZnSe by
refers to the chemical potential for nitrogen as given by the energy:odoping, i.e., doping witp- andn-type dopants at the same
of an isolgted N molecule, the lower assumes the valueqf time, was proposed. Katayama-Yoshida and Yamaffioto
proposed in Ref. &see the text suggested the use of In as thaéype dopant fromab initio
. ) ) o electronic structure calculations. The main focus of their
Figure 13 shows that a nitrogen dimer at a Se site in thgyork was to study the influence of codoping on acceptor
ZnSe lattice is surprisingly stable when carrying two positiveconcentration and mobilities. The aim of our present work is
charges, even if the maximum value gf; is considered. At somewhat different. We investigate whether codoping can
charge states of 0 and2 this defect plays only a minor role. prevent the decay of the nitrogen acceptor described above.
Due to its charge state it also acts as a donor, and is thugside from In, Cl was considered as a possibig/pe dop-

capable of compensating for the atomic nitrogen acceptoqnt, since it is commonly used for timetype doped layers of
Since nitrogen atoms in the ZnSe host lattice do not show &nse-hased diodes.

noticeable tendency to migrate, as described above, we think
that this defect is not very important at moderate nitrogen ) _
concentrations. However, it will become important at high A. Codoping with N and Cl
nitrogen concentrations or if only excited, Molecules are For the case of codoping with Cl, a complex with the two
used for doping, as, e.g., with a low power dc plasma. Imitrogen atoms connected via a bridging Zn atom and a Cl
fact, very low free hole concentrations have been obtainedtom on the Se site closest to the nitrogen was considered.
for both case® Such a compact complex is expected to be most favorable
Cheonget al® proposed a split interstitial N-N complex, energetically, since the two negatively charged ionized nitro-
carrying two positive charges, to be considerably prominentgen atoms are expected to be attracted by the positively
where one nitrogen atom occupies a Se site while the other isharged ionized Cl atom. The geometry of this complex is
located in an interstitial position along tj&00] direction.  shown in the left pane{a) of Fig. 14 for a total charge of
However, since Fig. 12 shows that the nitrogen atoms are not 1. The right pane{b) in the same figure features the three-
bound to the nearest Zn atoms in the2 charge state, we fold positive complex with one nitrogen atom at an intersti-
cannot comment about the split interstitial configuration ex-ial site. The respective defect energies are plotted in Fig. 15
plicitly. Since the simulation started with a,Mimer at a Se  as a function of the electronic chemical potenjial. In this
site within an otherwise ideghondistortedl ZnSe host lat- figure the dashed lines denote the ideal complex with the N
tice we assume that the atomic configuration shown in thisind Cl atoms at substitutional sites, and the solid lines the
work is actually the most stable one. We note that in thecomplex with one nitrogen removed to an interstitial site.
configuration shown here the,Nlimer is also oriented along The energy of the neutral complex with all dopant atoms at

the [100] direction. substitutional sites has been chosen as the energy zero.
In Fig. 15 the lines denoting the negative charge states for
V. CODOPING WITH CL AND IN the ideal and decayed cases are almost congruent. This sig-

nifies a relaxation of the nitrogen that was initially placed at

The preceding sections showed that compensation andn interstitial position back to the substitutional site. There-

more severely, degradation phenomena in ZnSe-based dire, the decayed complex is only stable when carrying a
vices, are most likely strongly determined by the kinetic for-positive charge.
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FIG. 16. Ball-and-stick models for the codoping complex
formed by two nitrogen atoms and an In atom. Left: ideal configu-
ration with all doping atoms at their respective substitutional sites.
(N+N+Cl)’ Right: one nitrogen atom removed to an interstitial site.
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met here. Therefore, the presence of Cl atoms as codopants is

K, (V) not sufficient to stabilize the-type doping complex against

FIG. 15. Defect formation energies for ZnSe codoped with N_decay. This result shows that codoping with nltroge_n and Cl
not a useful means to suppress the degradation of the

and Cl. The dashed lines represent the case depicted in the left par%gltype dopant in ZnSe.

(a) of Fig. 14. The solid lines represent the case of one nitrogerp'
being removed to an interstitial site, such as shown in the right

panel(b) of Fig. 14. For a singly negative complex, the dashed and B. Codoping with N and In
solid lines cannot be separated since they are almost equal in en-

erqy The dopant complex formed by two nitrogen atoms and

an In atom is identical to that already proposed by
Katayama-Yoshida and Yamamatand consists of two ni-

Apparently even in the ideal case, depicted in pdaebf : . I
Fig. 14, the doping complex distorts the ZnSe lattice consid:[rogen atoms at Se sites and one In atom at a Zn site bridging

. between the two nitrogens. The left panel of Fig. 16 presents
grab!y. The two ZF‘ atoms 'ghat have been marked with AITOWR ball and stick model of this complex. As described in the
in this panel signify this distortion. From the Zn atom con-

necting the two nitrogen atoms, three bonds protrude Whicgrewous sections we investigated the stability of this com-

are almost coplanar. The same effect can be seen on one |ex with respect to the migration of one nitrogen atom to a
atom to Whichpin thé undistorted lattice the CI atom should ighboring interstitial site, and the subsequent decay of the
acceptor. The results of this investigation are shown in Fig.

have been bound. It appears that the Cl atom is in fact nega-
tively charged, and the two Zn atoms pointed at by arrows

compensate for this by carrving the appropriate positive In this figure again the formation energies of the doping
charge y ying pprop P complex are plotted as functions of the electronic chemical

; . . potential u, in the host crystal. Dashed lines represent dif-
Figure 15 reveals that the threefold positive complex ISlf)erent charge states of the ideal doping complex with every

energetically favorable with respect to the singly negative
one when the electronic chemical potential approaches s
the valence-band edge. Therefore, this codoping strateg (N+I\i+h1) A&Nqn)?‘*
fails to prevent nitrogen from migrating to an interstitial site 351 - |
even for the threefold positively charged complex, since it 3
may act as a compensating defect. This situation is similar tc 5 5[
that encountered with the decay of the nitrogen acceptor tha

has been described in great detail above. Figure 14 reveal

that the stability of interstitial nitrogen with the NN+ Cl ~ "L
complex is caused by the same effect as in the nitrogen—onl@ 1p
case, namely, the formation of N-Se bonds together with theg; 0.5

\\I '/

2
1.5

subsequent transition of Zn atoms fr@p® to sp? hybrid- 8 of_________________X N o (N+N+In) ]
izations. The arrows in the riglib) panel of Fig. 14 indicate ~ * < "~~~__ AN h
these Zn atoms. The decay modes in the present case ¢ | TN~ \\

codoping and the pure nitrogen acceptor are quite similar, | Tesol S ]
even with respect to the value pf, where the—1 and+3 LS| (N+N-+In) TS~ \(\N+N+In)3"_
charge states cross in Fig. 15. Again a nitrogen atom assume ~ 2;————'=——T——5 == s
the role of a donor that compensates for fhg/pe doping. i, (V)

Codoping with Cl could only succeed in prevening the deg-

radation of the dopant if the acceptorlike doping complex FiG. 17. Formation energies for ZnSe codoped with nitrogen
turns out to be more stable than the donorlike one. Althougfand In. Dashed lines denote an ideal doping comgketx panel in

we have not considered the fivefold positive decayeeNN  Fig. 16), and solid lines a decayed complex with one nitrogen atom
+ Cl complex, we can conclude that this prerequisite is nott an interstitial sit€right panel in 16.
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atom occupying its respective substitutional sftee left
panel in Fig. 1. The solid lines denote charge states of the
decayed doping compleghe right panel in Fig. 16 The
neutral state of the ideal complex has been chosen as th
reference state.

In the case of an ideal doping complédashed lingsthe
situation is very similar to an isolated substitutional nitrogen
atom. The lines describing the 1, neutral, and+1 states
intersect near the left edge of the visible rangeuqf, i.e.,
near the valence-band edge. This shows that theNN- In
codoping complex is an effectivetype dopant in its ideal
(nondecayedconfiguration.

In contrast to the previous case of codoping with Cl, the L

energy (eV)

present doping complex does not decay by nitrogen migra- , | , | : Te-l . |
tion to interstitial sites. This is apparent from the fact that all 0 0.5 1 L5 2
lines in Fig. 17 describing the decayed doping complex run u, V)

above those denoting the ideal complex in its neutral and

negatively charged states. Therefore, nitrogen migration FIG. 18. For!"natio_n energies for nitrogen-r_elated point defects_in
should not occur since it is energetically unfavorable. Re-_Z”T?' The configurations referred to are similar to those appearing
garding the different charge states of the decayed comple{? Fig- 1 and 3.

the 3+ state is the most stable one since it lies lowest in

energy. Since the + and 5+ charge states are both higher iNg @ stable acceptorlike complex. Therefore, codoping of
in energy, we assume that nitrogen migration into an interZnSe with In provides a possible means of suppressing the
stitial site is not energetically favorable at any charge statedecay of the nitrogen acceptor. The applicability of this
and is thus suppressed for therNl+In doping complex. ~means depends yet on the formation of the N+ In doping
Nevertheless, the present calculations predict the energy difomplex during growth. It is unclear whether this actually
ference between the ideal 1- and the decayedc®mplexes take_s place when a ZnSe crystgl is grown. Hence we cannot
to be only 0.21 eV in favor of the former. This value is on the decide here whether the codoping approach to suppress deg-
same order of magnitude as the uncertainty of the formatiof@dation in ZnSe-based devices is a working solution or not.
energy of the nitrogen-related doping complexes discussed in

this \{vork. Ther'efor(.a, the possibility of a dopant Qegrgdation VII. NITROGEN IN ZNTE: RESULTS FROM THEORY

by nitrogen migration cannot be ruled out entirely in the AND EXPERIMENTS

present case.

Unfortunately we cannot decide whether an additional While the achievement of hole concentrations up to
stablilization of the decayed NN+ In complex at a charge 10'® ¢cm 2 in ZnSe required a considerable effort, it is
of +5 by the formation of additionadp?-hybridized Zn at- known that ZnTe can be p-type doped far more easily. In
oms takes place, similar to the case of a single interstitiafact, hole concentrations up to%0cm™ 2 were obtained!®
nitrogen atormm{compare Fig. Y. The reason for the is that the In addition, Ref. 38 stated that even a small admixture of Te
supercell chosen for the present investigation is not largéo ZnSe improves thp-type dopability with nitrogen signifi-
enough to simulate atomic displacements in the intermediateantly in short-period ZnSe/ZnTe superlattices. In the doping
neighborhood of the decayed complex. Therefore, the defe&xperiments described there, a dc plasma source with com-
formation energies shown in Fig. 17 for the decayed compleyaratively low power(15 W) was employed, while nitrogen
at the 5+ charge state can only be seen as upper limits to thdoping in pure ZnSe is usually done with a high power elec-
true formation energies. tron cyclotron resonance or radio frequency plasma source.

We point out here that in a real device the stabilizationThese observations led us to raise the question of whether
due to the N-N+In doping complex shown here depends the stability of the dopant can also be improved in this way.
on whether this complex actually forms in a sufficiently high ~ Consequently we have calculated formation energies for
concentration during the growth of @mtype codoped ZnSe nitrogen in ZnTe at substitutional Te and interstitial sites
layer. (In the present work it is assumed implicitly that it is similar to those described above for ZnSe. However, only the
already present, without regard to the probability of its for-most significant cases have been considered here. Figure 18
mation) If this were not the case, isolated nitrogen atomsshows the formation energies of all configurations for nitro-
would be embedded in the host lattice, and subsequently sulgen in ZnTe that were investigated in this work. These were
ject to the degradation outlined above. From this it followscorrected similar to ZnSe, also assuming a doping level of
that the nitrogen and In atoms must be rather mobile durind x 10" cm™3. We note here that even applying the Leslie-
growth in order to form this complex instead of being incor- Gillan correction alone would not shift any of thé/+
porated into the host lattice independently. It is yet unclear+ N;) instances below theNy) ~ line. The lines referring to
whether this prerequisite is met in customary ZnSe growth.the complex of interstitial nitrogen near a Te vacancy remain

From these results we conclude that codoping with N ancébove those denoting substitutional nitrogen at a Te site over
In inhibits the decay of the-type doping in ZnSe by form- the full range of the electronic chemical potential. Thus it
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nitrogen as a dopant in ZnSe is the use of ZnTe as a
substitute.

While a light-emitting device containing pure ZnTe is dif-
ficult to design, the increased stability of a ZnMgCdSe/
e ZnMgSeTe-based light-emitting diode on an InP substrate
was recently demonstratédiin this device the ZnMgSeTe
layers were p type doped using a rf plasma source.
Capacitance-voltage measurements revealed a free hole con-
centration of up to 1% cm 3. This device was operated at a
current density of 50 A/cffor 150 h before it died due to
a catastrophic destruction of the gold contact on top of the
p-type layers.

FIG. 19. Ball-and-stick model of a complex featuring an inter-  The superior lifetime of this device can be attributed to
stitial nitrogen atom and a Te vacancy in ZnTe at the charge statgyo effects:(a) the suppression of nitrogen dopant degrada-
+3. tion due to the admixture of about 25% Te in thdype

layer, and(b) the use of a tensile strained quantum well that
becomes immediately clear that the kind of defect that causdynders the incoporation of group-VI vacancies diffusing to-
the degradation of nitrogen doping in ZnSe, is not energetiward it. Since during the operation of the device no change
cally favorable at all in ZnTe. in the microscope picture of the light-emitting area could be

In the case of substitutional nitrogen the N-Zn bondobserved, we conclude from this experiment that the nitrogen
length varies between 2.021 A for the -1 ard. charge dopantis not susceptible to degradation via the migration to
states and 2.026 A for the neutral case. After having movednterstitial sites if the Te content in thetype layer is suffi-
to the interstitial site the nitrogen is bonded to three Te atciently high.
oms, similar to the situation in ZnSe. The N-Te bond lengths
are 2.381, 2.265, 2.243, and 2.235 A for the, +3, +4,
and +5 cases, respectively.

From these geometrical data the following conclusions In the present work a mechanism for the degradation of a
can be drawn: When nitrogen is incorporated into ZnTe at aitrogen dopant in ZnSe was presented. It consists of the
substitutional site the length of the N-Zn bond is equal to thaimigration of the dopant atom from the substitutional Se site
in ZnSe. This implies that the ZnTe lattice is more distortedto a neighboring interstitial site, leaving a vacancy. Such a
around the nitrogen site than the ZnSe lattice due to thelefect becomes stable only if it is multiply positively
larger lattice constant of the former. When the nitrogen atontharged, thus acting as a donor that compensates for the
migrates to an interstitial site, the N-Te bond is almost equap-type dopant. This degradation mechanism does not assume
in length for the charge states3, +4, and+5. A shorten-  the diffusion of any other species in the ZnSe lattice, and is
ing of the bond such as appeared in ZnSe is not observettius conceptionally simple. It was shown that the main rea-
here. This means that the additional stabilization of the interson for the stability of the interstitial nitrogen is the forma-
stitial nitrogen in the+5 case does not take place in ZnTe. tion of N-Se bonds.

This observation is supported by Fig. 19. The Zn atom indi- Aside from the formation of this interstitial-vacancy com-

cated to by the lower arrow that borders at the Te vacancy iplex, the diffusion of its two constituents was investigated. It
mainly sp? hybridized, since its bonds to the nearest Te atwas found that the diffusion of atomic nitrogen between in-
oms are almost coplanar. The Zn atom marked by the uppeerstitial sites in ZnSe is hindered by an energy barrier of at
arrow is mainlysp® hybridized, in contrast with the same least 3.2 eV. On the other hand, the diffusion barrier for the
situation in ZnSe as shown in Fig. 7. Se vacancy is below 2 eV. Thus it was concluded that, in the

The instability of interstitial nitrogen can be attributed at experimentally observed diffusion of point defects toward
least in part to the minor strength of the N-Te bond. While nothe active region of a ZnSe-based light-emitting device, Se
information about the actual strength of this bond are availvacancies are the diffusing species.
able, the respective values for N-S and N-Se are 4.82 and Aside from atomic nitrogen the behavior of g Molecule
3.84 eV in the respective diatomic moelcuf@&his mono-  incorporated into ZnSe was investigated. A strong depen-
tonic decrease suggests that the N-Te bond will be stildence on the charge state of thg-fdlated defect was ob-
weaker. served. N is most stable in the-2 state where it also acts as

Estimating the effect of the lattice energy to the destabi-a donor and thus as a compensating defecpfiype doping.
lization of the interstitial nitrogen is difficult. On the one  Following recent suggestions of the improvement of
hand the larger lattice constant of ZnTe leads to an increasqutype doping by codoping the properties of defect com-
elastic energy due to the enhanced lattice distortion arounglexes involving Cl or In together with nitrogen were inves-
the nitrogen site. On the other hand, the ZnTe lattice is lestigated. It was found that codoping with In can inhibit the
rigid than the ZnSe lattice, thus offering less resistance tmitrogen dopant decay by migration to an interstitial site,
distortion. Since the migration of a nitrogen dopant atomsince the degraded dopant complex is less stable than the
from a substitutional to an interstitial site is energeticallyintact one. On the other hand, codoping with Cl does not
unfavorable in ZnTe, a possible remedy for the instability ofsuppress the decay of the nitrogen acceptor.

A

VIIl. CONCLUSIONS
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TABLE llI. Corrections to the defect energies in eV for different background in the same cell; in the case of a cubic cell this
charge states. The second column gives the correction suggested &shounts to about 84% of the value given by Eal).
Leslie and Gillan while the following columns give the final values  While this correction can be used to compute the energy
of the correction suggested in the present paper for three differerdf 5 single isolated charged point defect in the litnits oo,
charge carrier concentrations. The last row contains the value of thg,q physical relevance of the situation thus described appears
dim_ensionless parameter for the different charge-carrier concen- guestionable. A semiconductor containing ionized dopant at-
trations[cf. Eq. (A3)]. oms is still neutral as a whole. This raises the question of
how the excess charge is distributed within the host crystal.
At this point we adopt the formalism describing the screen-
ing of an ionized impurity in a non degenerate

Defect  Leslie-Gillan no (cm3)
Charge Correction %106 1x10Y 4% 10Y

1 0.2031 0.1623 0.07396 0.05518 semiconductof’ If the potential of the ionized impurity var-
2 0.8124 0.6490 0.2958 02207 ies slowly in space, the following approximate differential
3 1.828 1.460 0.6656 0.4966 €quation holds:

4 3.249 2.596 1.183 0.8829 47Tn0e2

5 5.077 4.056 1.849 1.380 V2= V=0g3V. (A2)

6 7.311 5.841 2.662 1.987 ekgT

7 9.952 7.950 3.624 2.704  Hereny is the density of free carriers within the host mate-
N — 0.0041 0.041 0.163 rial, e the electron charge; is again the dielectric constant,

kgT denotes théthermodynamictemperature, andp, is the
inverse of the Debye length. This assumption is valid as long

Finally, it was demonstrated that the decay mode that de?S
stabilizes nitrogen in ZnSe does not occur in ZnTe, since o o
interstitial nitrogen is always less stable that that substituting yi= mh e <1
a Te atom. This is accounted for in part by the inferior sta- em* (kgT)?
bility of the N-Te bond, compared to the N-Se bond. The . _ .
superior lifetime of a light emitting diode whogetype layer Herem. Is the eﬁectwe_electron mass. Eq“at(“‘?) can be .
consists of ZnMgSeTe can be attributed at least in part to théolved n thr.ee Q|men5|ons under th_e assumption of sperical
absence of nitrogen dopant decay. symmetry, yielding a Yukawa potential

V(r)=Qlr exp(—dpr), (A4)
APPENDIX: FORMATION ENERGY SHIFT
DUE TO SCREENING Q being the charge of the impurity. Applying Poisson’s equa-

o ) ~_ tion yields the charge density around the impurity:
Within the supercell geometry, employing periodic

(A3)

boundary conditions, it is not possible to simulate charged Qqﬁ
systems, since the Coulomb repulsion between the cells p(r)=7—exp(—dpr). (AS)

would diverge, leaving the energy per cell ill defined. The

common way to establish charge neutrality is to neglect thé\ssuming the charged impurity to be point like, its interac-
n(G=0) contribution to the Coulomb energy when evalu- tion with the surrounding charge density yields

ated in reciprocal space. This is equivalent to introducing a )

homogeneously distributed background chattjellium” ) Einn=Q%dp - (AB)

that compensates for the net charge within the supercell. . L
The remaining interactions between supercells are now We proceeded by adding the correction in E41) to

short ranged. Especially when the supercell has a simple cﬁ—faCh formation energy, and afterward subtracting the energy

bic shape, the remaining interactions can be shown to scaf@Ven by_ Eq.(A6). Here we made the somewhat arbitrary
as L% with the edgeL of the cube® Leslie and GillaR’ assumptions of room temperature and a density of free car-

. _ 7 _3 . . .
suggested using the energy of a simple cubic array of poin?ers of np=10"" cm?, which describe approximately a

; : s ypical p-type doped ZnSe layer. This corresponds to a De-
chargesy immersed in a neutralizing background, bye length ofqglz 11 nm. For these values the parameger
gl [see Eq.(A3)] is about 0.04, and thus substantially smaller
AB=51: (A1)  than unity.

In order to clarify the impact of the correction suggested
wheree is the dielectric constant of the host material and here on the defect energies presented above, we compile the
is the Madelung constant, being 2.8373 for a simple cubidata in Table Ill. For several defect charges this gives our
supercell of edge length. This expression was later aug- suggested final correction for three different doping levels. In
mented by Makov and Payi&who included the interaction addition, we plot the three most prominent lines from Fig. 3
of the quadrupole moment of the charged defect with a comfor each case occurring in Table IlIl. It can be seen in Fig. 9
pensating background. It is worth noting here that the mairithat when the correction of Leslie and Gillan is applied, the
contribution to this correction stems from the interaction be-decayed complex is energetically unfavorable over the whole
tween the point charge in one cell and the compensatingange of u. for both charge states-3 and +5. Conse-
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qguently the decay of the nitrogen acceptor as outlined in theayed complex carrying three positive charges becomes low-
present paper should not occur at all. If, on the other handgst in energy at the left edge pf.. At higher assumed hole
we apply the correction of EqA6) in addition to Eq.(Al), concentrations the decayed dopant complex becomes in-
and assume a hole concentration of 10'® cm 3, the de-  creasingly more dominant.
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