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Stability of nitrogen in ZnSe and its role in the degradation of ZnSe lasers
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We use density functional theory to examine the stability of defects inp-ZnSe that are formed by a transition
of the nitrogen acceptor to the interstitial site. We find that the threefold positive complex of the interstitial
nitrogen with the remaining vacancy is considerably more stable than the nitrogen acceptor. The formation of
the complex is, however, limited by a kinetic barrier of 1.8 eV for the site transition, and the fact that the
charge of the defect must change. The energetic position of the defect in the energy gap is about 2 eV above
the valence band edge. This is in agreement with optical degradation experiments which show the formation of
a deep defect in thep-doped waveguide with a transition energy of about 2.1 eV and the diffusion of a
positively charged species.@S0163-1829~99!52548-4#
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In data storage as well as display technology there is
urgent need for reliable and cheap light emitters in the b
and green spectral range. Since the first successful dem
stration of a ZnSe based blue laser diode in 1991,1 ZnSe has
been a promising candidate for such devices. It was s
recognized, however, that ZnSe based devices tend to
grade rapidly. Stacking faults play an important role in th
degradation process, and it was demonstrated that the de
lifetime is directly correlated to the stacking fault density2

and there was hope that stacking fault free devices would
degrade. In the meantime, improvements in the epitaxy
ZnSe allowed the production of such devices. Neverthel
their lifetime is not as high as expected, and the high
reported lifetimes for cw operation at room temperature
several hundred, hours3 which is not enough for commercia
applications. While the degradation mechanism in samp
with stacking faults has been studied extensively,4 the nature
of the degradation mechanism in stacking fault free sam
is rather unclear.We have shown earlier that this mechan
is also present in samples with stacking faults, where it le
to a slow homogeneous darkening of the regions betw
dark line defects.5

It is obvious that point defects play an important role
such a process. There have been a number of attemp
clarify the formation of point defects in ZnSe theoretical
especially by calculating the total energy and the result
equilibrium defect concentrations with density function
theory.6–8 Pöykkö et al.9 showed recently that a comple
formed from substitutional nitrogen and a Zn interstitial
more stable than the substitutional nitrogen acceptor
suggest that such complexes form during degradation.
two reasons this defect is, however, not likely to play
dominant role in the degradation process of a real device:
the one hand, growth of a ZnSe laser is always carried
under Se rich conditions, so that the formation of a h
concentration of Zn interstitials is unlikely. On the oth
hand, recent degradation studies in our group showed th
the case of optical degradation by means of a focused Ar
laser, the degradation rate is nearly identical for samples w
an extremely different degree of compensation.10 This fact
suggests that the degradation rate is determined by a des
tion of the nitrogen acceptor, and not simply by an agglo
PRB 600163-1829/99/60~24!/16271~4!/$15.00
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eration of pre-existing defects. This motivated us to inve
gate the the total energy of defect complexes that are der
from a removal of the nitrogen from the substitutional to
interstitial position. The result is a complex~Ni1VSe) in-
volving a nitrogen interstitial together with the remaining S
vacancy. Since it is known that in GaAs the energy of nat
defects depends strongly on their charge,11 this defect is in-
vestigated in three charge states from11 to 13.

Our simulations employ density functional theory
the local density approximation,12 first-principle
pseudopotentials,13 and a plane wave basis set. The Zn 3d
states were included in the frozen core and the nonlinear
correction14 was employed for this species. The plane wa
cutoff energy was set to 30 Rydberg in all simulations.
simulating the elastic constantsC11 and C12 for ZnSe bulk
and the vibration frequency of aN2 dimer, we asserted the
quality of our pseudopotentials. We used the simulat
packagefhi96mdRef. ~15! for our calculations.

A cubic supercell containing 64 atoms was used to sim
late one defect in the center of the cube. The positions o
atoms except those at the faces of the cube were allowe
relax until the self-consistently calculated forces amounted
less than 0.002 eV/nm. Different charge states were si
lated by adjusting the number of valence electrons in
supercell but eliminating Coulomb repulsion by setting t
total charge of the supercell to zero. We omitted most of
charge states featuring an odd number of electrons since
assume that configurations with partially filled orbitals pl
only a minor role in a real crystal due to Jahn-Teller ins
bilities.

The formation energies of the defects were evaluated
ing the standard expression

VD5ED1qDme2nSemZnSe
bulk 2~nZn2nSe!mZn2nNmN ,

~1!

whereED andqD are the total energy and charge of a sup
cell, respectively, andme is the chemical potential of the
electrons relative to the valence band edge. The energiesED
were corrected for band alignment and differences in
effective potential. Since the stoichiometry is the same for
configurations under consideration, all formation energ
R16 271 ©1999 The American Physical Society
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are plotted relative to that of the neutral substitutional nit
gen site as functions of the electron chemical potentialme in
Fig. 1. The most remarkable result is that in a range of ab
0.4 eV above the conduction band edge~corresponding to a
free hole concentration of about 1014cm23) the threefold
positive complex~Ni1VSe)

31 is considerably more stabl
than the negatively charged acceptor~NSe)

2. As a conse-
quence, in thermal equilibrium this defect should be form
instead of the acceptor state. The fact that hole concen
tions as high as 1018 cm23 are observed experimentally16

indicates that the formation of this defect is kinetically lim
ited.

In order to quantify the kinetic barrier for the transition
a nitrogen atom from the substitutional to the interstitial s
we performed total energy calculations where the nitrog
atom was fixed at different positions along the@111# direc-
tion between the substitutional and the interstitial sites wh
the neighboring Zn and Se atoms were allowed to relax.
resulting total energy as a function of the nitrogen position
shown in Fig. 2 for the singly and threefold positive
charged states. The energies in this plot are computed
assuming the electronic chemical potentialme to be located
at the valence band edge. While for the singly positive s
the transition towards the interstitial site is energetically u
favorable, the threefold positive state exhibits a global m
mum of the formation energy there, but the formation of t
~Ni1VSe)

31 defect is inhibited by an energy barrier of abo
1.8 eV. This value is considerably lower than the energy
photons emitted by a ZnSe laser, so that the barrier coul
easily overcome in an operating laser diode. However
addition to the change in position, the defect has to cha
its charge to become stable. At least the first ionization s
must involve the removal of an electron from the nitrog
acceptor into an empty state. The nearest empty state i
ideal sample without donor states is the conduction ba
i.e., an energy of Eg-Ea must be supplied, where Eg denotes

FIG. 1. Formation energies of the nitrogen related defects fr
density functional simulations. The energies are plotted relativ
that of one neutral nitrogen atom in the substitutional site. T
small vertical arrows point to the energy levels of the~Ni1VSe)
defect complex.
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the energy gap in the doped region and Ea the acceptor bind-
ing energy. Since the doping is located in the waveguide
the cladding of the laser, this energy can be considera
higher than the energy of the photons produced in an op
ating diode, so that in a real diode the destruction of
acceptor can be a slow process.

An estimate for the energetic position of the~Ni
1VSe)

31 defect in the band gap can be deduced from Fig
Typically the crossing between two lines in such a plot th
denote two different charge states of the same defect is
posed to correspond to the energy of the defect level.7 In Fig.
1 the crossings between the threefold, twofold, and sin
positive charge states of the~Ni1VSe) defect occur in the
range between 1.65 and 1.95 eV above the conduction b
edge. The accuracy that may be expected from such
evaluation can be concluded from the observation that
crossing between the neutral and the negatively ionized
trogen acceptor is located approximately 0.2 eV below
experimental acceptor level, so that the real energy may
estimated to be of the order of 2 eV.

In the following, we compare the theoretical results
optical degradation experiments on a typical laser sam
consisting ofp- and n-doped ZnMgSSe cladding layers,
ZnS0.07Se waveguide which is only partially doped, and
CdxZn12xSe quantum well.

First we look at low temperature photoluminescen
Since optical degradation is carried out at room temperat
care has to be taken to find the degraded region in the
temperature experiment. Thus 25325mm mesas were
etched out of the laser layer. The area of the mesa was
optically degraded with a photon energy of 2.71 eV~about
the energy gap of the waveguide layer! at a power density of
5kW/cm2. After 100 s the quantum well luminescence inte
sity decreased by two orders of magnitude. Cathodolumin
cence images taken after degradation showed a hom
neous darkening of the entire mesa, confirming that the m
was in fact free of stacking faults. Figure 3 shows 10
photoluminescence spectra of an undegraded and a degr
mesa in comparison. It is evident that the intensity of a bro
deep luminescence signal around 2.1 eV increases with
radation. This increase is still more pronounced under str

to
e

FIG. 2. Energy profiles for the transition of one nitrogen ato
from the substitutional to the interstitial site for the singly a
threefold positive charge states.
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excitiation at room temperature.10 Since the excitation
energy is below the gap of the ZnMgSSe cladding laye
and the signal does not appear in electroluminescence~which
occurs in the quantum well! this signal can be assigne
to an increase of the concentration of deep centers
the p-doped part of the waveguide, exactly in the regi
where an eventual photolysis of the acceptor wo
occur under the given experimental conditions. The lumin
cence energy is in reasonable agreement with the 2 eV
pected for a transition from the~Ni1VSe) complex to the
valence band.

This increase is accompanied by a strong decreas
the signal originating from the exciton bound to th
nitrogen acceptor in the waveguide at 2.83 eV. Normaliz
to the waveguide emission the deep luminescence at 2.1
increases by the same factor as the excitonic luminesc
decreases. Since the overall radiative recombina
in the waveguide decreases also, this reduction can
assigned to the redistribution of the photoluminesce
into a nonradiative channel and a radiative deep chan
This is a strong indication that the concentration of nitrog
acceptors decreased in exchange for the formation of d
centers.

If the ~Ni1VSe) complex is generated in the waveguide
must diffuse to the quantum well to produce the obser
degradation of the quantum well luminescence. Since
complex is charged, an electric field should influence
diffusion. To test this assumption, we performed degrada
experiments under external bias where the irradiation wit
microfocused laser beam was done through a 10 nm t
semitransparent gold contact on top of the sample. The e
tric field was applied in reverse direction in order to avo
electroluminescence. During the degradation a reverse
of 24 V was alternately switched on and off. Under t
assumption that the entire voltage drops in the 100 nm th
intrinsic region of the device this corresponds to an exter
field of 43107 V/m in the quantum well region. Togethe
with the built-in field of the diode, which can be calculate
from the doping profile, the total fieldF in the intrinsic zone

FIG. 3. Low temperature photoluminescence spectra from
undegraded and a degraded mesa in comparison.
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is about 63107 V/m. The integrated quantum well intensit
as a function of time is shown in Fig. 4. During the applic
tion of the field, the photoluminescence intensity decrea
strongly, a fact that can be understood as a leaking of
carriers out of the quantum well which is strongly tilted
the electric field. It can be seen that the degradation
during the application of the field~dashed line! is three times
lower than the rate without field~solid line!.

The observed reduction is a sign that the degrada
is influenced by the diffusion of a positively charge
particle that diffuses against the field. Such a diffusi
should change its rate by exp(2DE/kT), where DE is the
change in the diffusion barrier, which is determined by t
electric field asDE5q3F3x.17 For a distancex of 0.42 nm
between the minimum and the maximum in the diffusi
potential, which is of the order of a bond length, e
(2DE/kT) at room temperature is 0.36, a value close to
observed reduction.

As an alternative to this interpretation one could sugg
that the degradation is due to a recombination enhanced
action in the quantum well, as has been proposed for deg
ing diodes containing stacking faults.18 In this case, the ef-
fect of the electric field would be indirect: The generati
rate of nonradiative defects in the quantum well would th
be proportional to the productn3p of the electron and hole
concentrations in the quantum well.18 In our experiment, the
photoluminescence, which is a direct measure ofn3p, drops
by a factor of 30, while the degradation rate decreases o
by a factor of 3. The degradation rate is thus clearly n
proportional ton3p, so that a recombination enhanced d
fect reaction can be excluded in our experiment.

In conclusion, we have shown that a threefold posit
complex of a nitrogen interstitial and a Se vacancy in ZnS
energetically favorable to the nitrogen acceptor and sho
result in a defect energy level about 2 eV above the vale
band. The formation of such a defect is kinetically limited
a reaction barrier of 1.8 eV and the fact that the accep
state must change its charge. Optical degradation exp

n
FIG. 4. Integrated quantum well intensity as a function of t

time during the application of an electric field.
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ments show, in fact, the generation of a deep level at 2.1
in the photoluminescence signal of thep-doped part of the
waveguide, which is accompanied by a strong decrease
the luminescence from the nitrogen bound exciton in t
waveguide. The degradation rate decreases under rev
V

of
e
rse

bias, showing that degradation involves in fact the diffus
of a positively charged particle.

The authors would like to thank Volkmar Hock for th
preparation of the samples.
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