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First-principles study of the compensation mechanism for nitrogen acceptors in Znse

Byoung-Ho Cheong
Department of Physics, Korea Advanced Institute of Science and Technology, 878-1 Kusung don-g, Yusung ku, -Taejon, Korea

C. H. Park
XEC Research Institute, g Independence Way, Princeton, ¹mJersey 085/0

K. 3. Chang
Department of Physics, Korea Advanced Institute of Science and Technology, $79-1 Kusung dong, -Yusung ku, T-aejon, Korea

(Received 21 November 1994)

We present a mechanism for the compensation of N acceptors in ZnSe through first-principles
pseudopotential calculations. In Se-rich conditions, the formation of N2 molecules that are electri-
cally inert neutralizes the acceptor activity, with the maximum acceptor density achievable with N
dopants being about 10 cm, in good agreement with experiments. Going to Zn-rich conditions,
the hole density is increased by an order of magnitude, suggesting a promising low-resistance p-
type doping; however, a self-compensation still occurs due to a [100]-split interstitial N-N complex
occupying a Se site, which behaves as a double donor.

In recent years wide-band gap II-VI semiconductors
such as ZnSe are of growing interest because of its ap-
plications for blue-green light emitting and laser devices.
Knowing for a long time that ZnSe can be doped n-type
but not easily p-type, it was a breakthrough in using II-
VI semiconductors for optoelectronic devices that ZnSe-
based blue-green lasers emitting was demonstrated. Al-
though with Li, P, and As atoms as p-type dopants, free-
carrier densities were generally found to be below 10
cm, low resistance p-type doping in ZnSe with accep-
tor concentrations as high as 10 cm was success-
fully achieved using a pure N source. However, the
actual N concentration was found to be larger by sev-
eral times under high N concentrations, indicating that
self-compensation is significant. Theoretically, it was
indicated that the native point defects such as vacan-
cies, interstitials, and antisites are not very important
to explain the self-compensation of acceptors in stoichio-
metrically grown ZnSe. From the first-principles pseu-
dopotential calculations, Chadi and Chang showed that
the diIIiculty with As and P dopants in achieving high
hole concentrations is resulted from the bonding property
of dopants with the surrounding host atoms, associated
with large lattice relaxations inducing a localized hole
state, whereas in the case of Li there exists a competition
between substitutional and interstitial configurations.
Despite many theoretical studies, the microscopic ori-
gin of the difhculty in achieving high hole concentrations
above 10 cm with N as a dopant is not fully under-
stood, and the maximum acceptor density achievable by
such a doping process has not been successfully studied.

In this paper we present a mechanism for the self-
compensation of N dopants in ZnSe. Calculating the
formation energies for various N-related and native point
defects, we obtain the maximum acceptor concentration
of about 10 cm in Se-rich conditions, which is in
good agreement with experiments. At higher N concen-

trations, the doping eKciency is significantly reduced due
to the neutralization of the acceptor activity by a N2
molecule which is electrically inert. In Zn-rich conditions,
a doubly charged [100]-split interstitial N-N complex at
a Se site is more stable than the molecular formation at
an interstitial site, thus it leads to a compensation effect
on N acceptors. However, we find the maximum accep-
tor concentration to increase by an order of magnitude,
suggesting a promising low-resistance p-type ZnSe.

The total energy is calculated using the first-principles
pseudopotential method and the Kleinman-Bylander
type of fully separable pseudopotentials is used. ' For
the Zn pseudopotential, it is well known that the inclu-
sion of the Zn 3d states in the core shell results in a poor
description of bulk ZnSe. However, we find that with
partial core corrections the bulk properties of ZnSe are
well described; the lattice constant (ao), the bulk modu-
lus (Bo), and the pressure derivative of Bo (Bo) are 5.680
A, 63.2 GPa, and 4.17 for the Zn potential with partial
core corrections only (Zn&, ,) and 5.677 A. , 68.9 GPa, and
4.59 for the Zn potential with the 3d electrons in the va-
lence shell (Znsd), while experimental values for ao and
Bp are 5.669 A. and 62.5 GPa, respectively. For major N-
related defects within a supercell containing 18 atoms, we
also test both the Zn~, , and Zn3g pseudopotentials and
find the maximum errors in comparing relative formation
energies and lattice relaxations to be less than 0.05 eV per
N atom and 0.04 A. , respectively (see Table I). Since the
18 atom cell is not suKcient to get fully relaxed atomic
configuration, we use a larger size of supercell contain-
ing up to 32 atoms and a higher kinetic-energy cutoK in
the plane-wave expansion of wave functions. Then, the
calculated total energies are converged to within 0.1 eV
per N atom. We achieve the energy minimization by the
eKcient modified- Jacobi relaxation method and opti-
mize the atomic geometry by calculating the Hellmann-
Feynman forces. The Brillouin zone integration is per-
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TABLE I. The bond lengths (d) and the relative forma-

t'DE ~&of various N-related defects with respecttion energies ~ D& o vario
to that of Ns, are compf Ns, mpared for the Zn3g and Znp, , pseu-

dopotentials (see text), where ED is defineded in Ref. 19. d

and AE& are in units of A and eV, respectively, and Ns, -N,.

denotes a substitutional-interstitial N complex.
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d t ecial k points. The formation energyformed using wo specia
for each charge state of a defect is expressed in terms of
the total energy, the chemical potentials p,; tz = Zn, Se,
and N) of the constituent elements, and the electronic
(or Fermi) energy (p, ). The stoichiometric condition
of bulk ZnSe is controlled by varying the difference o
the chemical potentials (Ap = pz„—use)

'
~ in the range

—LH & Ap, & AH, where AH denotes the heat of for-
mation for bulk ZnSe and is calculated to be 1.59 eV, in
good agreemen wid t ith the measured value of 1.69 e
The total N concentration [N] in bulk ZnSe can be con-
t lied b treating the N chemical potential pN as a vari-

% ~ ~ ~ as haseable, while in thermal equilibrium with the N gas p
pN is related to the partial pressure of the gas phase in ex-
periments. Here, instead of using the partial pressure, we
work with the N chemical potential to determine [N] e-
cause it can be directly calculated from first-princip es.
Th th maximum N concentration is achieve w enen) e

value. Itthe N chemical potential reaches its maximum value.
was shown a p- ypeh th t -t ZnSe can be grown successfully
by N radical doping using a radio-frequency or an elec-
tron cyclotron resonance plasma
the failure of N doping using a normal N2 gas, ' we de-
cide to use the maximum value for pN, which is higher by
about 1.5 eV than the limit derived by N2 molecu es, as-
suming a eqth t equal amounts of N2 molecu es in e gr
and excited states are in the N gas phase; the energy o
an excited N2 molecule in the Z+ state is hi her by 3.09
eV per N atom than that of the ground state ( Z+). ' '

This choice of the maximum N chemical potential also
corresponds to the formation of a condensed phase such
as Ng ln a volN 'd Then for a given temperature an 4p,
the equilibr&um defect concentrations and p are eter-
mined by the charge neutrality condition.

Se rich Zn rich

We examine various defects inc u ing substitutionals
(Ns, and Ng„), interstitials (N, , Zn;, and Se;), vacancies
(Vz„and Vs, ), and N-N complexes. In Fig. I, the or-
mation energies o esef these defects are plotted as a function
of 4, which varies from Se-rich to Zn-rich condition;
Lp is chosen to vary from —0.5 eV to 0.5 eV, because
the ratio of the Se partial pressure to the Zn pressure
is limited to the values of 0.5—2.0 in most experiments,
indicating that Lp is not severely biased from the sto-
ic iometric con i ion.'

h t ' dition In this case, the Fermi en-
ergy which affects the formation energies of defects is

tial is chosen such that the [N] concentration becomes
d f 10 —10 cm . However, more accurateanor ero

Fermi energy for each value of pN can be determined
by the charge neutrality condition, as described earlier.
As illustrated in Fig. 2, the most prominent defects are
f d t b substitutional N acceptor, a neutra y

i100-charged N2 molecule at an interstitial site, and a
split interstitial N-N complex at a Se site [denoted as
N- s. , »w ic

mel low[100] direction, while the other defects are extreme y ow
in defect concentration. For a substitutional Ns, we find
that the broken-bond. configuration with C3 symmetry
which was suggested to be stable for dopants such as
As and P is unstable by 0.34 eV per N atom with re-
spect to the fourfold-coordinated structure. In the Tg-
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FIG. 2. Defect density vs N concentration or Ns„or N N2 and
(N-N) + in Se-rich (Ap = —0.5 eV) and Zn-rich (Ap = 0.5Se
eV) conditions at 230 C.

FIG. 1. Defect formation energies as a unctionunction of Ap, in
p-type doping p = . e( = 0.1 eV). Ap varies from —0.5 eV (Se-rich)
to 0.5 eV (Zn-rich).
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symmetry structure, the energy levels associated with the
N s and p orbitals lie at about —10.1 and —0.8 eV, respec-
tively, below the valence-band maximum (VBM). Thus,
the hole state which is the highest valence band state of
the supercell has a large suppression of density on the
N atom, and its density is mostly distributed among the
acceptor neighboring Se atoms, consistent with previous
calculations. The broken-bond configuration is found
to be metastable only if the defect state is in a posi-
tively charged state, i.e. , no barrier between the substitu-
tional and interstitial sites for the neutral and negatively
charged states. In the metastable state, both the N ac-
ceptor and the nearest [111] Zn atom are displaced by
0.86 and 0.79 A. , respectively, from their substitutional
sites towards the interstitial region, forming an 8p -like
configuration with the bond angles of 119.7' and 119.6 .
Then, the nonbonding N p, orbital induces a localized
hole state at 0.14 eV above the VBM. Because of the
small ionic radius for the N atom, the acceptor neighbor-
ing Zn atoms exhibit substantial relaxations of 0.44 A
towards the Ns acceptor with the N-Zn bond length of
2.01 A. . A substitutional N occupying a Zn site behaves
as a donor and exhibits similar relaxations of 0.42 A. for
the nearest neighbors. However, because the formation
energy of a Nz„ is higher by 5.9 eV than for the Ns,
acceptor, the concentration of Nz„ is negligible.

For a N2 molecule located at the interstitial tetrahe-
dral site of the Zn atom, the N-N bond length is cal-
culated to be 1.05 A, which is slightly larger than the
calculated value of 1.03 A for a free N2 molecule in vac-
uum, while this value is rather smaller than the measured
bond length of 1.09 A. . Our calculations show that the
molecular formation is less stable in ZnSe than in vac-
uum because its formation energy is higher by 1.7 eV
per atom. In ZnSe, the Zn atoms surrounding the N2
molecule are relaxed towards the molecule only by 0.03
A because of the weak interactions between the N and Zn
atoms. Thus, an interstitial N2 molecule is electrically in-
ert. With the analysis of the angular momentum decom-
position of the electron energy levels for an N2 molecule,
all the occupied states such as the sso, antibonding 880',
doubly degenerated ppvr, and ppo. states, which are also
occupied in a free molecule, are found to lie in the va-
lence band. When we consider an interstitial position of
the Se atom, the formation energy of the N~ molecule
is increased by 1.5 eV. We examine the formation of N~
molecules at the substitutional sites and find that a [100]-
split interstitial N-N complex occupying a Se site is most
stable among various complexes. The (N-N) s complex
has the N-N bond length of 1.04 A. , similar to that for
an interstitial N2 molecule. Although each N atom of a
N-N complex occupying a Se site is bonded to two near-
est Zn atoms, the interactions between the complex and
nearest Zn atoms are extremely weak because the N-Zn
bond lengths of 2.60 A are larger by about 0.60 A than
that for a substitutional Ns, . In bulk'ZnSe, since each Zn
atom with two valence electrons forms four bonds with
the nearest Se atoms, it contributes half of electrons per
bonding. Thus, when a N-N complex is formed at a Se
site, two valence electrons from the nearest Zn atoms are
almost in a nonbonding state which becomes a double

Ose
(a) donor state:. (b) ppg

Se Qzn

(d) ssa'

gg
(e) ss(T

FIG. 3. Contour plots of the electron charge densities on
the (110) plane for (a) the donor state, (b)—(e) the occupied
molecular states, and (f) the total valence state of a (N-N)s,
complex.

donor state. In fact, we find the double donor state of
the (N-N)s, complex to lie at 0.12 eV above the conduc-
tion band minimum and be mainly composed of the Zn
p-orbitals as shown in Fig. 3, while the other occupied
states are similar to those for an interstitial N2 molecule.

In the interstitial region, the N atomic species may
exist and increase the acceptor concentration because it
behaves as an acceptor. However, since its formation en-
ergy is higher by 5.3 eV per N atom than for a molecule,
the molecular formation is more probable. For primary
native point defects, previous theoretical studies showed
that a Se vacancy and a Zn interstitial are the most domi-
nant native defects in ZnSe. We And that their formation
energies are generally higher than those for the N-related
defects, thus the compensation eKect of these native de-
fects on Ns, acceptors is not expected, which is consistent
with the previous calculations. It was suggested that a
Vs, -Ns, complex may compensate for acceptors in N-
doped ZnSe. However, since the formation energy of a
Vs -Ns, complex is higher by 3.5 eV than for a Ns, accep-
tor, the acceptor compensation by such a substitutional-
vacancy complex is not likely to occur.

Investigating the variations of defect concentrations
with the chemical potentials of Zn and Se, we find
that the maximum acceptor density achievable with N
dopants and the principal mechanism for the compensa-
tion of Ns, acceptors strongly depend on Lp. In Fig.
2, our calculated defect concentrations in thermal equi-
librium are plotted as a function of N concentration in
both Se-rich (Ap, = -0.5 eV) and Zn-rich (Ap, = 0.5 eV)
conditions at 230 C to follow the experimental growth
conditions. In Se-rich conditions, the defect density of
Ns acceptors increases monotonically with the N concen-
tration up to 10 cm . In the high doping regime, the
stable compensating donors are the N2 molecules located
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FIG. 4. Acceptor density vs doped N concentration in (a)
Se-rich and (b) Zn-rich conditions at 230 'C. Dashed and solid
lines represent uncompensated and compensated carrier den-
sities, respectively.

at the interstitial tetrahedral sites, thus the hole com-
pensation is mainly caused by the N2 molecules which
are electrically inert, while that of (N-N)s+ complexes is
four to five orders of magnitude smaller. For N concen-
trations ranging from 10 to 10 cm, the acceptor
density is found to increase very slowly with a maximum
concentration of about 2 x 10 cm (see Fig. 4), which
agrees well with experimental measurements. Exper-
iments showed that N free radicals produced by a ra-
diofrequency plasma source are efI'ectively incorporated
into bulk ZnSe, however, the N doping efFiciency tends to
decrease even if high pressures in the radical source are
employed to increase the N concentration. Such an
observation agrees well with our results because experi-
mental environments under high N pressures may result
in the recombination of N~ molecules by collisions, thus
it reduces the electrical activity of N acceptors.

When the stoichiometric condition is changed to the
Zn-rich condition, more Zn interstitials or Se vacancies
are expected to be created. However, since these native
point defects are still higher in energy, the Se vacancies

are likely to be occupied by either a substitutional N
or a N-N complex because these defects reduce the for-
mation energy. As going to the Zn-rich condition, the
formation energies of the Ns, acceptor and the (N-N)&+
complex decrease more rapidly than for the interstitial
N2 molecule. Hence, we expect higher acceptor densi-
ties by Zn-rich conditions. The Fermi level is found to
decrease with increasing the N concentration, thus sub-
stitutional N acceptors can be neutrally charged if the
Fermi level is below 110 meV, which is the acceptor level
from the valence-band maximum. We find the Fermi level
to be below 110 meV for N concentrations exceeding 10
cm . However, the density of neutral substitutional N
defects is found to be two orders of magnitude smaller
than that of Ns, acceptors. As illustrated in Fig. 2,
the defect densities for the Ns, and (NN)s+, complex are
signifjcantly enhanced in the region of high N concen-
tration, while the density of N2 molecules is reduced by
four orders of magnitude. Because of the increased sta-
bility of the Ns acceptor, the maximum acceptor den-
sity is increased up to 1.8 x10 cm as shown in Fig.
4. However, with the further increase of the N doping
concentration, the acceptor density still decreases due
to the compensation effect of doubly charged (N-N)s,
complexes, while a neutral N2 molecule is a dominating
cause for self-compensation in Se-rich conditions. Our
results that high acceptor concentrations are achievable
in ideal stoichiometric or Zn-rich conditions are strongly
supported by recent experiments. '

In conclusion we have suggested a mechanism for the
self-compensation of N acceptors in ZnSe. From the de-
pendence of the maximum acceptor density achievable
with N dopants on the electronic and. atomic chemical po-
tentials, we predict that a doping efBciency is enhanced
as going from the Se-rich to the Zn-rich condition.
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