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Phosphorus and nitrogen defects in ZnSe have been studied by pseudopotential total-energy
calculations. Various charge states of the phosphorus and nitrogen impurities occupying zinc sites
(antisite defects) and interstitial sites (interstitial defects) were considered; their structural and
electronic properties were investigated, and formation energies were calculated as a function of Se
and electronic chemical potentials. The calculated electronic properties and formation energies were
used in the investigation of the role of impurities in the p-type doping problem of ZnSe. Our study
suggests that the difficulty with p-type doping of ZnSe by phosphorus results from the compensation
of the shallow acceptors by the antisite defects Pz, which act as triple donors. In the case of nitrogen,
the concentrations of the antisite and interstitial defects are too low to cause such compensation,
which is consistent with the successful p-type doping of ZnSe with nitrogen.

I. INTRODUCTION

Current interest in the use of wide-band-gap II-VI
semiconductors is centered on the fabrication of blue
diode lasers.! The development of reliable and inexpen-
sive blue diode lasers is technologically and commercially
very important, since they will provide significant bene-
fit to virtually any technology that uses coherent visible
light. Among II-VI semiconductors, ZnSe has been con-
sidered for a long time to be a very promising candidate
for this purpose. With a direct band gap of 2.67 eV at
room temperature, ZnSe has very efficient luminescence
in the blue spectral region.

However, the fabrication of the p-n junctions essen-
tial to light-emitting devices has been hindered in II-VI
semiconductors by doping difficulties. Most wide-band-
gap II-VI semiconductors (including ZnSe) can easily be
doped n type but resist p-type doping, while ZnTe can
easily be doped p type but not n type. After two decades
of effort directed towards obtaining highly conductive p-
type ZnSe material, high enough hole concentrations for
the fabrication of diode lasers (~ 10® cm™3) have re-
cently been achieved in ZnSe using nitrogen free radi-
cals as the doping source.? Subsquently, several groups®*
have succeeded in demonstrating ZnSe-based semicon-
ductor diodes that lase in the blue-green region of the
visible spectrum.

In spite of this success in fabricating low-resistivity p-
type ZnSe, the origin of the doping difficulties remains
unclear. A number of explanations for the problem have
been suggested.5 15 The most commonly accepted ex-
planation has been that native defects (e.g., Zn self-
interstitials) that act as donors are activated as a re-
sult of the doping, resulting in compensation of the ac-
ceptor impurities. However, recently Laks et al.'® em-
ployed ab initio total-energy calculations to investigate
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self-compensation by native defects in ZnSe, and sug-
gested that native-defect concentrations in stoichiomet-
ric ZnSe were too low to cause compensation. They also
find that substantial concentrations of native defects are
expected for both n-type and p-type doping in nonstoi-
chiometric material, and are thus not able to explain the
n-type preference of ZnSe. Also, this mechanism would
predict the impossibility of p-type doping regardless of
dopant, which seems inconsistent with the success of p-
type doping of ZnSe using nitrogen. Thus, the native-
defect self-compensation mechanism alone probably can-
not explain the doping problem. Therefore, a detailed
study of the role of impurities is necessary in order to
understand this problem.

We have studied phosphorus and nitrogen impurities in
ZnSe, using first-principles pseudopotential total-energy
calculations, to investigate the problems associated with
p-type doping. Our previous calculations!” have shown
that substitutional nitrogen and phosphorus impurities
on the Se site form shallow acceptors. Here, we report
on calculations for P and N impurities in antisite and
interstitial defect configurations. (Some results on the
phosphorus defects have already appeared previously.!®)
The formation energies and the electronic and structural
properties of the defects in their various charge states
have been calculated. The results are used to interpret
the role of impurity defects in the p-type doping difficulty
of ZnSe.

We find that the antisite defect Pz, plays a critical
role in the p-type doping problem. When the Fermi level
is near the valence-band maximum (VBM), the forma-
tion energy of P%t in phosphorus-doped stoichiometric
ZnSe is comparable to or lower than that of substitu-
tional phosphorus Pg.. This suggests that, in the pro-
cess of doping ZnSe p type with phosphorus, the shal-
low acceptors are compensated by the antisite defects,
which can act as triple donors. In contrast, in the case of
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nitrogen-doped stoichiometric ZnSe, the antisite defect
Nz, is predicted to have a higher formation energy than
Nge for the whole range of Fermi level, consistent with
the successful fabrication of p-type ZnSe material based
on nitrogen doping.

This manuscript is organized as follows. In Sec. II, the
theoretical methods employed in this study are described.
In Sec. III, the calculational results are presented and
discussed. We first summarize the stable ionic configu-
rations of defects in their various charge states. Calcula-
tional results of the electronic properties and formation
energies of phosphorus and nitrogen defects follow. The
results are then discussed in the context of the doping
problem of ZnSe. Finally, we summarize in Sec. IV.

II. THEORETICAL METHODS

A. Total-energy calculations

Our theoretical approach is reviewed in this section.
We employed a plane-wave pseudopotential approach
within the local-density approximation for studying the
energetics and the electronic properties of point defects
in ZnSe.

Total-energy calculations with norm-conserving pseu-
dopotentials have been successfully applied to the study
of various solid-state systems.!® In the case of ZnSe, how-
ever, the highly localized 3d orbitals of Zn present a se-
vere challenge for the use of traditional norm-conserving
pseudopotential approaches using plane-wave basis sets.
The condition of norm conservation places a severe re-
striction on the form of the pseudo wave function, and
makes it impossible to construct a pseudo wave function
that is much smoother than the all-electron one. Con-
sequently, the norm-conserving pseudo wave functions of
the Zn 3d states require a large number of plane waves
in the basis set. The Zn 3d states may be included in the
core shell, but this results in a poor description of bulk
ZnSe. For example, previous work on ZnSe and ZnS has
shown?9722 that the inclusion of Zn 3d states in the core
shell can lead to errors on the order of 10% in the equi-
librium lattice constant.

In our calculations, the occupied Zn 3d states are
treated in the valence shell using the ultrasoft pseudopo-
tential scheme developed by Vanderbilt.?® This approach
overcomes the problem of the tightly bound states by re-
laxing the norm-conservation constraint and introducing
a generalized eigenvalue formalism. Using the present
scheme, we obtain good structural properties of bulk
ZnSe with a plane-wave cutoff of only 25 Ry, yet we can
still calculate forces on the atoms so as to relax atomic
coordinates efficiently for the defect structures.!”:2¢ For
the case of nitrogen impurities, the problematic N p
states can be treated as easily as those of the heavier
column-V dopants within this scheme. For the exchange-
correlation potential, we used the Ceperley-Alder form as
parametrized by Perdew and Zunger.?®

32-atom and 33-atom bcc supercells were used in the
defect calculations. A 32-atom supercell containing the
formula unit Zn;5Se,6X (X = N or P) per 32-atom was

11913

used for the antisite defect calculation to represent an
isolated defect. For the interstitial defect calculation a
33-atom bcc supercell was used with the formula unit
Zni6Se16 X per 33-atom cell. We fixed the lattice con-
stant of the cell to be the experimental one.

The integration over the supercell Brillouin zone was
approximated by a special k point?® 2%(3 1 1) for sys-
tems with Ty symmetry, where b is the lattice constant of
the supercell (11.34 A). For a system with C3, geometry,
the equivalent set of k points would consist of the two
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points 27 (3 3 3) with weight %, and 27(—1 1 1) with

weight %. However, for the bcc cell these two k points
are related by a reciprocal lattice vector 2T’r(l 0 0); thus
only one k point was needed even for a system with Cj,
geometry. A similar argument holds also for a system
with C,, geometry. Tests with denser k point sets indi-
cate that the total energy is reasonably converged with
the k point set we used.!”

To obtain the minimum-energy structure for each de-
fect in ZnSe (for example, PY_), we started with an arbi-
trary configuration of the ions in a supercell that simu-
lates the defect system. Using a conjugate-gradient min-
imization technique,?”?® the Kohn-Sham energy func-
tional was minimized to obtain the electronic ground
state for the fixed ionic configuration, and the Hellmann-
Feynman forces on the ions were calculated. Then the
ionic coordinates in the unit cell were updated using the
forces as a guide. This procedure was repeated until the
forces were negligible (less than 0.05 eV/A).

B. Defect formation energies

Following the method suggested by Qian, Martin, and
Chadi,?® we have calculated the formation energies of de-
fects in ZnSe as a function of the Fermi level and the Se
chemical potential. We illustrate the formalism with P
defects, but the argument and formulas below are valid
for N defects also. The formation energy F(D?) of a de-
fect D? in charge state Q is a function of both electron
chemical potential (or Fermi level) p. and atomic chem-
ical potentials pzn,puse, and pp. However, since each
defect system contains a P impurity, we can redefine the
formation energy and omit up. Furthermore, using the
constraint that pz, + pse is fixed by the total energy
Eznse of the two-atom unit of bulk ZnSe, we obtain

F(D®) = E(D?) + Q(u. + E,)
—NZnEZnSe + (NZn - NSe)I‘Se ) (1)

where E(DQ@) is the total energy of the supercell for the
defect system containing Nz, zinc atoms and Ng. sele-
nium atoms. The allowed range for us. is given by

pse — AHy < pse < pgd™, 2)

from the consideration of thermodynamic constraints.
Our calculated value of the heat of formation of ZnSe
is 2.79 eV. The Fermi level y. is measured relative to E,,,
the top of the valence band in the bulk ZnSe crystal.
The energy in the defect cell corresponding to the top
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of the valence band in bulk ZnSe has been determined
by aligning the screened local potential at the atomic site
farthest from the impurity atom with the potential at the
site of the same kind in bulk ZnSe. If the cell was large
enough, the local potential at the farthest atomic site
would correspond to a bulk calculation, giving the exact
value of E,. When the cell used is not large enough,
however, the local potential is different from that of the
bulk calculation, and thus introduces an error in E,. The
estimated error in E, in our 32-atom cell calculations is
0.1-0.2 eV.

When the formation energies of different types of de-
fects are compared, we must consider the energies as a
function of the Fermi level u. and the Se chemical po-
tential puse. However, for a specific type of defect, the
relative formation energies for different charge states de-
pend only on the Fermi level p; the (thermal) ionization
levels are the values of the Fermi level at which energies
of competing charge states cross.

In dealing with charged defects when using a periodic
supercell approach, the long-range Coulomb interaction
has to be treated carefully. The Coulomb interactions be-
tween the charged defects in the periodic array produce a
divergent term in the total energy per unit cell of the sys-
tem. In order to avoid this unphysical situation, the unit
cell was implicitly neutralized by compensating the extra
or missing (relative to the neutral state) electron charge
on the defect with a rigid background charge, which is
uniformly spread over the whole unit cell. (The back-
ground charge does not enter the expressions for the ex-
change and correlation energies.) In principle this could
cause some systematic errors, but as long as the supercell
is large enough, any spurious interdefect interactions or
other effects of the background charge are expected to be
small.30

As a check of the charged-defect calculations, we per-
formed 16-atom and 32-atom cell calculations for the an-
tisite defect Pz,. The thermal ionization energies of the
antisite defect were extracted from the formation energy
calculations as described above. The main results of the
two supercell calculations are shown in Table I. The re-
sults exhibit similar trends in electronic structure. They
predict that, when the Fermi level is near the valence-
band edge, 3+ is the stable charge state of the antisite
defect. They also agree in that both calculations predict
that 1+, 24, and 3+ charge states of the defect form a
“negative-U” system. The reaction ZP%: — P%‘xt +P%:: is
exothermic by 0.4 eV and by 0.3 €V in the 32-atom and

TABLE I. The thermal ionization levels (relative to the
VBM) of the antisite defect Pz,, and reaction energy of
2P2t — PLT + P3T (positive is exothermic), calculated for
supercells containing the defect in 32-atom and in 16-atom

cell geometries.

32-atom cell 16-atom cell

3+/1+ 0.71 eV 0.45 eV
1+/0 1.71 eV 2.01 eV
2Pt — Pyt + P +0.41 eV +0.27 eV
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16-atom cell calculations, respectively, suggesting that
the 2+ charge state is a metastable state, as discussed in
Sec. ITI B below.

III. CALCULATIONAL RESULTS
AND DISCUSSION

A. Summary of defect configurations

We now turn to the details of our calculations on de-
fects in ZnSe. In this section, we summarize our results
for the stable ionic configurations of defects (P and N)
in their various charge states. For a given defect state,
all ionic coordinates in the supercell were fully relaxed,
using the calculated Hellmann-Feynman forces, to deter-
mine the stable ionic configuration for the defect state.

The distortion induced by the presence of a defect in
ZnSe can be conceptually divided into two components:
a breathing relaxation, which preserves the tetrahedral
(Ty) symmetry of the host material, and a Jahn-Teller
(JT) distortion, which reduces the symmetry. When the
JT effect is present, the symmetry of the defect system
is reduced to Cs, or C3,, depending on the electronic
structure of the system. Our calculations indicate that,
with the exceptions of negatively charged states of inter-
stitial defects Piy¢ and Nj,s, the induced displacements
of next-nearest neighbors are much smaller than those of
the nearest-neighbor atoms of the impurities. Therefore,
in this section we report only the displacements of the
nearest neighbors.

When only breathing relaxations are induced, the de-
fect system stabilizes into a configuration with Ty sym-
metry, which we describe in terms of the bond length 2
between the impurity and its nearest neighbors, the an-
gle between any two such bonds being 109.5°. When a
C3, JT distortion is also present, we define z to be the
length of the unique (axial) bond between the impurity
and its neighbors, 2’ to be the length of the other three
equivalent (basal) bonds, and 6 to be the angle between
the axial and basal bond. The notations are illustrated
in Fig. 1(a).

For the case of a Cj, distortion, the impurity atom

FIG. 1. (a) Definitions of quantities 2z, z’, and 8 for Cs,
defect configurations. (b) Same for C3, defects. Open and
filled circles represent impurity and neighboring host atoms,
respectively.
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moves in the [001] direction, making two bond lengths
shorter and two longer. For this case, we define z and 2’
to be the two different bond lengths, and € to be the angle
between the bonds with different bond lengths, as shown
in Fig. 1(b). Ionic configurations with Cy, symmetry are
found to be relatively rare. They occur for neutral states
of P and N interstitials, for which threefold degenerate
states (not counting spin) in the band gap are partially
occupied by three electrons. However, the departures
from the breathing-relaxed (74) structure are very small.

The results of our calculations for the stable configura-
tions of defects (P and N) in their various charge states
are summarized in Table II. The choice of charge states
will be explained later in Secs. III B and III C, where the
defects are discussed in more detail. As many of our
results for P have been presented previously,'® the dis-
cussions of P defects in the next two sections shall be
concentrated on reviewing and expanding upon the most
important findings.

B. Pz,, and Nzn

We first discuss the case when an impurity occupies a
Zn site (antisite defect). The neutral antisite defect Pz,
has a fully occupied a; (nondegenerate) level and a singly
occupied t; (threefold-degenerate) level in the band gap.
Since we are mainly interested in the p-type material, we
considered 0 (neutral) to 3+ charge states for the antisite
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P. For positively charged states of the defect, substantial
breathing relaxations (which preserve Ty symmetry) are
found with the change of charge state as shown in Ta-
ble II. Our calculation suggests that, because of these
strong relaxations, the states Pé:, P%’:, and P%: form a
“negative-U system”3! as illustrated in Fig. 2. The reac-
tion 2P%: — Pé: + P%’: is exothermic by 0.4 eV, so that
the 2+ charge state is a metastable state.

With tetrahedral symmetry imposed, the neutral Ny,
has a threefold-degenerate (¢;) level in the band gap, oc-
cupied by a single electron. This is in contrast to the
case of the neutral Pz,, whose a; level is in the gap as
well (see above). This difference in the electronic struc-
ture can be understood roughly by the trend in the sp3
average energy of Zn and impurity atoms. The average
energy of P and N are about —6 and —10 eV, respectively,
relative to that of Zn. The lowest conduction band of
bulk ZnSe originates from the antibonding combination
of Zn 4s and 4p orbitals with surrounding Se orbitals.
Since the sp® average energy of the impurity P atom is
substantially lower than that of the Zn atom, the a; and
tz defect states, which also have antibonding character
with the surrounding Se orbitals, are lowered and appear
in the band gap. In the case of Nz,, whose sp® average
energy is even lower than P, only the ¢, state appears in
the gap, as the a; state has descended into the valence
band.

The singly occupied t; level of Nz, is near the midgap,

TABLE II. Stable configurations of defects in ZnSe in various charge states. The definitions of
z, z', and 6 are given in the text and in Fig. 1, and are different for Cs, and Cay configurations.
Given in the parentheses is the “breathing-relaxed” bond length, i.e., that between the impurity
and its nearest neighbors when Ty symmetry is imposed. For reference, the bond length of bulk
ZnSe is 2.45 A. Ej1 represents the energy lowering from the Jahn-Teller distortion. Results for Pg,
and Ns. from Ref. 17 are included for completeness.

Defect Charge Structure z (A) 2’ (R) 0(°) (A) Ejr (eV)
Ps. - T 2.29 109.5 (2:29)
0 Csv 2.40 2.30 107.7 (2.33) 0.04
1+ Csy 2.57 2.31 105.4 (2.35) 0.15
Pzn 0 Csy 2.33 2.66 113.7 (2.54) 0.16
1+ Ta 2.50 109.5 (2.50)
24 Tq 2.39 109.5 (2.39)
3+ T, 2.24 109.5 (2.24)
Pint (Tzn) 2- Csv 2.32 2.33 109.7 (2.33)
1- Csy 2.32 2.40 110.9 (2.39) 0.03
0 Cav 2.45 2.45 109.5 (2.45)
1+ Cs, 3.70 2.55 75.4 (2.54) 1.18
24+ Csy 3.34 2.64 84.7 (2.58) 0.63
3+ Cs. 3.22 2.66 88.1 (2.65) 0.44
Ns. 1- Ty 1.96 109.5 (1.96)
0 ~ Ty 1.95 109.5 (1.95)
1+ ~Tg 1.94 109.5 (1.94)
Nzn 1- Cs, 1.78 2.65 121.3 (2.31) 1.03
0 Cay 1.88 2.46 116.1 (2.27) 0.37
1+ Ty 2.21 109.5 (2.21)
Nint (Tzn) 3- Ty 1.91 109.5 (1.91)
2—- Cs, 1.96 1.95 109.2 (1.95)
1- Cs, 2.02 2.01 109.0 (2.02)
0 Cav 2.06 2.06 109.5 (2.06)
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FIG. 2. Formation energies of antisite Pz, defects in dif-
ferent charge states, relative to P, as a function of the
Fermi-level position.

and we thus consider 1- to 1+ charge states for p type
ZnSe. The breathing-relaxed bond lengths between N
and neighboring Se atoms of the 1- and neutral states
of Nz, were calculated to be 2.31 and 2.27 A, respec-
tively. For these states, additional strong JT distortions
were found, resulting in Cjs,-symmetry structures. The
negatively charged defect lowers its energy by 1.03 eV by
the JT distortion, in which the N impurity moves 0.53 A
toward a nearest-neighbor Se atom, expanding the bond
lengths with the other three by 0.34 A. For the neutral
defect, it lowers its energy by 0.37 ¢V by moving 0.39
A toward a nearest-neighbor Se atom. These distortions
are favorable because the energy of the electrons in the
gap states is lowered by the distortions. The JT distor-
tion does not occur for the 1+ charged state, since the
gap states are empty. The present calculation indicates
that the thermal ionization energies for 14+/0 and 0/1-
transitions are 1.0 and 1.1 eV, respectively, with respect
to the VBM.

C. Pint and Nint

An impurity can assume two possible tetrahedral inter-
stitial sites in ZnSe, one surrounded by Zn atoms (T%z,),
the other by Se atoms (Ts.). We consider only the for-
mer, since our calculations indicate that for P and N
impurities it is energetically favorable. For instance, in
the breathing-relaxed structure, N, at the Tz, site is
1.4 eV lower in total energy than at the T, site.

The neutral P and N interstitials at the Ty, site are
found to have an almost threefold-degenerate level in the
band gap, with a very small splitting due to a JT distor-
tion. The level is partially occupied by three electrons.
According to our LDA calculation the level of P is deep
in the band gap, whereas that of N is near the VBM,
suggesting that the N interstitial at the T7, site should
form a shallow acceptor state.

Remarkably, for the P interstitial, we find that
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the total-energy difference between the tetrahedral and
hexagonal interstitial sites is strongly charge-state depen-
dent. For negatively charged and neutral (2—- to 0) states,
we have found relatively small relaxations of the nearest-
neighbor Zn atoms, indicating that the Ty, site is stable
for these charge states. For the positively charged states
(14 to 3+), on the other hand, the tetrahedral site is un-
stable with respect to sites near the hexagonal interstitial
site. For instance, for the 1+ state, the P atom moves in
the [111] direction by about 1.2 A from its ideal position,
almost reaching the hexagonal site, and this minimum-
energy site is 1.2 eV more stable than the Ty, site.

For the N defect at the Ty, site, we consider 0 (neu-
tral) to 3— charge states, since the gap level is shallow
and partially occupied by three electrons. The ionic con-
figurations of N interstitial defects can be characterized
by strong breathing relaxations of the nearest-neighbor
Zn atoms and very minor JT distortions, as shown in
Table II. For the 3— state, the neighboring Zn atoms re-
laxed by 0.54 A from their ideal positions toward the N
impurity. JT distortion did not occur, as the gap level
is completely filled. For 2— and 1- charge states we have
found very weak JT distortions of Cs5, symmetry, with
very minor departures from T; symmetry. The neutral
defect, as expected from the fact that it has three elec-
trons in the gap level, assumes a Cs,, structure, but the
associated distortion is again very small. We also find
substantial outward relaxations of the six second-nearest-
neighbor Se atoms, by 0.27, 0.23, 0.19, and 0.18 A for 3—,
2—, 1-, and neutral states, respectively. The calculated
thermal depths relative to the VBM for 0/1-, 1-/2—, and
2—/3— are 0.06, 0.17, and 0.30 eV, respectively.

D. Formation energies of the P and N defects

We now discuss our results for the formation energies
of the P and N defects. In this paper, we use a conven-
tion in which ugglk sets the zero of us.. Thus, when use
is only slightly negative, it corresponds to a Se-rich con-
dition, while a value close to —2.79 eV corresponds to a
Zn-rich condition. The appropriate value of ug. for sto-
ichiometric ZnSe ought to fall somewhere in the middle
of this range. Unfortunately, a determination of the pre-
cise value of ug. for stoichiometric ZnSe would require
exhaustive calculations on native defects in ZnSe, which
we have not undertaken. We have adopted the expedi-
ent of choosing pse = —~1.4 eV (the middle of the allowed
range) to represent “stoichiometric” ZnSe in the calcula-
tions reported in this paper.

From the formation energy calculations of the P
defects!® we have found that, when the Fermi level is
at 0.6 eV or higher above the valence-band edge, the Se
substitutional site is most favored by P in stoichiometric
ZnSe, as it has the lowest formation energy. However, as
the Fermi level moves down and approaches the valence-
band edge, the formation energy of the antisite defect
Pzn in the 3+ charge state is comparable to or lower
than that of the substitutional Ps. in the neutral or 1-
charge state. This result suggests that when shallow ac-
ceptors (P3.) are created, they are compensated by Pz,
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FIG. 3. Formation energies of nitrogen impurities, relative
to N2 (Tzn), as a function of the Se chemical potential for
three characteristic Fermi levels: (a) 0.0 eV, (b) 0.7 eV, and
(c) 1.4 eV above the VBM.

which act as donors.

In the case of the N impurity, contrary to the P case,
the formation energy of the antisite defect Nz, turns out
to be higher than that of the substitutional Ng, for sto-
ichiometric ZnSe, indicating a minimal compensation of
the holes by the antisite defect. This can be in part at-
tributed to the fact that Nz, assumes the 1+ charge state
even in the heavily doped p type ZnSe. While the for-
mation energy of Pz, in the 3+ charged state decreases
quickly as the Fermi level moves down in the band gap,
that of Nz, in the 1+ charge state decreases much more
slowly.

Our results for the total energies of formation of the
Nse, Nzn, and Nyt (Tzn) defects, plotted versus uge over
the estimated accessible range, are shown in Fig. 3. Since
different charge states are also considered, Fig. 3 shows
the results for three characteristic Fermi levels in p-type
material: 0.0, 0.7, and 1.4 eV relative to the VBM. When
the Fermi level is near the midgap, the formation energy
of the N‘?r; (T'zn) is comparable to that of the Née_ at
pse = —1.4 eV, while that of N%; is much higher. As the
Fermi level moves down in the band gap, the interstitial
site becomes less and less favorable. For the Fermi level
near the VBM, the formation energy of N substitutional
defects is lower than the energies of the N antisite and
interstitial defects at puse ~ —1.4 eV.

E. Role of defects in the doping problem

P and N impurities in ZnSe have been theoretically
studied and discussed by several authors in conjunction
with the p-type doping problem. Chadi and Chang stud-
ied column-V impurities (P and As) in ZnSe and sug-
gested that these impurities could possess at least two
distinct atomic configurations which give rise to a shal-
low effective-mass state and to a deeply localized state.!4
In the shallow state the impurity is situated on a sub-
stitutional Se site and is fourfold coordinated. The deep
state, which is either in the neutral or positively charged
state, results from a large lattice relaxation in which a
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bond between the impurity and one of the four neighbor-
ing Zn atoms is broken. Chadi and Chang find the shal-
low state is energetically unstable against the deep state,
and suggest that the low conductivity of holes in P- and
As-doped ZnSe is the result of a shallow-deep transition
of acceptor states.!* N impurities, however, are proposed
to give rise to a shallow acceptor state in either the small
or large lattice-relaxed states.'4

Our previous calculations'? support the existence of
a shallow acceptor state associated with the fourfold-
coordinated substitutional P impurity in ZnSe. However,
we were unable to find the stable deep center character-
ized by a large lattice relaxation.

In this paper we propose that the antisite defect
Pz, plays a critical role in the doping problem. Our
formation-energy calculation for phosphorus-doped stoi-
chiometric ZnSe suggests that, when the Fermi level is
near the valence-band edge as a result of phosphorus
doping, the formation energy of the antisite defect Pz,
in the 3+ charge state is comparable to or lower than
that of the substitutional Pg. in the neutral or 1- charge
state. Therefore, when shallow acceptors (P3,) are cre-
ated, they are compensated by the donors (Pz,). Since,
near the valence-band edge, the stable charge state of the
antisite defect is 3+, three acceptors are compensated by
a single antisite defect.

According to the calculations by Laks et al. on native
defects, the concentration of native defects in stoichio-
metric ZnSe is quite low (of order 10'° cm ™3 at 7' = 600
K in material doped p type with 10*8- cm—3 dopants).1®
Thus, the equilibrium state is most likely determined by
the concentrations of the dopant-associated defects. In
the equilibrium state for which the concentrations of P%t
and PS_ are the same order of magnitude, the calculated
Fermi level lies at 0.4-0.5 eV above the VBM.32 In the
equilibrium state, P%;'; and Pé; are the dominant im-
purities, and small concentrations of P2, and positively
charged P, (H) with other intrinsic defects such as Zn
interstitials and Zn vacancies are expected.

‘When the Se chemical potential is near its minimum al-
lowed value, the formation energy of P2 becomes lower
than that of Pz,, indicating that the compensation of
shallow acceptors by Pz, would be suppressed. However,
in this nonstoichiometric Zn-rich condition, compensa-
tion by Zn interstitials acting as double donors is ex-
pected instead.®'®¢ Thus, the p-type doping would prob-
ably not improve.

On the other hand, the calculation for the nitrogen de-
fects indicates that substitutional nitrogen (which forms
a shallow acceptor) is lower in formation energy than
nitrogen antisite or interstitial defects. Therefore, even
when the Fermi level is positioned near the valence-band
edge as a result of heavy nitrogen doping, the concen-
trations of the antisite and the interstitial defects are
expected to be too small to cause a substantial compen-
sation of the free holes. These results suggest that nitro-
gen should be a more robust acceptor than phosphorus,
which is consistent with the successful p type doping of
ZnSe based on the introduction of nitrogen dopants.?

Figure 4 compares the trends in the relative forma-
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FIG. 4. Formation energies of (a) phosphorus and (b) ni-
trogen impurities as a function of the Se chemical potential,
for the Fermi level at the VBM.

tion energies of phosphorus and nitrogen impurities in
extreme p-type ZnSe (Fermi level at the VBM).

When impurities are injected in ZnSe, instead of oc-
cupying substituional sites they may be combined with
a constituent of ZnSe to form a certain chemical phase,
thereby limiting the hole concentration. In their theo-
retical study on acceptor impurities (Li, Na, and N) in
ZnSe,'® Van de Walle et al. investigated the solubility
limits for the impurities, and found that the doping of
ZnSe with Li and Na be limited by formation of the com-
pounds Li;Se and Na,Se, respectively. However, for N, it
turned out that the solubility did not pose a severe limi-
tation for the hole concentration. They also investigated
the competition between various N sites and found that
Nz, and N interstitials were much higher in formation
energy than Ng., in agreement with our calculational re-
sults.

For N doping, under optimal conditions, a net acceptor
concentration of up to 10'® cm™2 has been achieved in
ZnSe grown by molecular-beam epitaxy using an active
nitrogen beam generated by a free radical source.? The
actual nitrogen concentrations in these ZnSe samples,
however, have been measured to be 3-10 times larger
than the free-hole concentrations, suggesting that under
high nitrogen incorporation rates significant amounts of
compensating species exist in the material. Although the
hole concentrations in the range of mid-10*7 cm~3 are ac-
ceptable for manufacturing the diode lasers, larger free-
hole concentrations in p-type ZnSe are desirable, partic-
ularly to minimize the electrical contact problem.! Thus
an issue of significant importance is to identify the defects
causing the compensation and work towards reducing
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their concentration. Regarding this problem, Chadi and
Troullier propose that the low doping efficiency is caused
by interstitial N in novel bonding configurations.!! They
have examined various interstitial bonding configurations
of N such as a twofold bridge bonding, (110)-split and
(100)-split interstitials, and find that the configurations
give both shallow acceptor and shallow donor states.
This might provide a mechanism to explain the observed
self-compensation.

IV. SUMMARY

In summary, we have studied the electronic properties
and relaxed ionic structures of phosphorus and nitrogen
defects in ZnSe, using pseudopotential total-energy calcu-
lations within the local-density approximation to density-
functional theory. Conventional norm-conserving pseu-
dopotentials are not well suited to the study of ZnSe
and other II-VI semiconductors, as the tightly bound
cation d orbitals would require a very large plane-wave
basis set. We employ instead an ultrasoft pseudopoten-
tial scheme, in which the problematic Zn 3d orbitals are
included as valence states with a modest plane-wave cut-
off energy of 25 Ry. This approach, combined with the
conjugate-gradient technique for the minimization of the
total-energy functional, enables us to study the defected
ZnSe system efficiently and accurately. Various charge
states of P and N defects are considered; their electronic
states and ionic configurations are studied, and their for-
mation energies are calculated.

The calculational results indicate that, for stoicho-
metric ZnSe material, the difficulty in doping ZnSe p
type with phosphorus dopants is caused by compensa-
tion of the free holes by antisite defects Pz,, which act
as triple donors. In nonstoichiometric Zn-rich conditions,
the compensation by Pz, is expected to be supressed, but
the compensation of the holes by Zn interstitials is ex-
pected instead. Thus, the p-type doping would probably
not improve. In the case of nitrogen doping, the concen-
trations of the antisite defect Nz, and interstitial defect
at the Tz, site in stoichiometric ZnSe are expected to be
too small to cause significant compensation of the free
holes, which is consistent with the successful fabrication
of p-type ZnSe material based on nitrogen doping.
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