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Resonant donor defect as a cause of compensation inp-type ZnSe: Photoluminescence studies
under hydrostatic pressure
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We report the presence, in heavily doped and compensated ZnSe:N, of a resonant donor defect having an
activation energy of.120– 160 meV. The donor-acceptor pair photoluminescence observed in these materials
is quenched at pressures higher than 25 kbar. We attribute this quenching to the shift of a resonant defect level
into the band gap. A split N-N interstitial on a Se site is proposed as a strong candidate for the observed defect.
We further propose that this species is the dominant donor defect at highp-doping levels and, consequently, is
responsible for the potential fluctuations observed in this material. Moreover, a very important point shown by
the present ZnSe:N data is that different compensating species will dominate in different ranges of N concen-
trations.
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Wide band-gap semiconductors are of intense interes
many applications, including light-emitting and detecting d
vices, and high-temperature transistors and sensors. His
cally, it has been difficult to achieve good bipolar doping
wide bandgap semiconductors, a continuing puzzle of imp
tant fundamental interest. It is generally agreed that eit
poor solubility1,2 or compensation2,3 are the most likely cul-
prits. There have been numerous attempts to give mi
scopic explanations for these problems based either on
principles theories~see, e.g., Ref. 4, for III-V materials an
Refs. 5–11 for II-VI materials! or on semiphenomenologica
models~see, e.g., Ref. 12 for III-V and Refs. 13,14 for II-V
compounds, respectively!.

We concentrate in this work onp-type ZnSe. To date, the
best acceptor dopant, nitrogen, has not yielded a net acce
concentration (@NA2ND#) higher than;1018 cm23.15,16 It
is fascinating that as soon as the total nitrogen concentra
exceeds;1018 cm23, the material becomes highly compe
sated. From experimental results, it has been suggested
such behavior could arise from self-compensation by a
norlike complex @VSe-NSe#, with an activation energy o
45– 50 meV,17,18 and/or from a 29.1 meV donor tentative
assigned to nitrogen on an interstitial site.19 The former is
often referred to as a deep donor~as opposed to the nomina
shallow donors due to accidental impurities!, and gives rise
to a donor-acceptor pair~DAP! photoluminescence~PL!
peak~often denoted by DdAP) at about 2.686 eV. However
it is significant that Kimuraet al.16 observe this DdAP PL in
ZnSe:N material with a 100% activation ratio~i.e., very low
or no compensation!. Hence, one can conclude that th
@VSe-NSe# defect is not responsible for the compensation
material with doping levels above 1018 cm23. The 29.1 meV
defect has been observed only in lightly doped ZnSe:N,
it is not expected to dominate at high doping levels.

As to guidance from theory, in view of the well-know
result that defect formation energies depend on the Fe
0163-1829/2001/63~16!/161201~4!/$20.00 63 1612
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level,6 it is obvious that different defects may dominate
different doping levels. However, in addition, there is n
agreement among different calculations2 as to the values of
the formation energies for different defects. Furthermo
there is little or no correlation between the defects that
predicted theoretically and those that are suggested from
experimental results~for more details see, e.g., Ref. 2!.

In this paper we report experimental findings on the
fects of hydrostatic pressure on the DAP PL in heavily dop
and compensated ZnSe:N epilayers. Our findings point to
important source of strong compensation in heavily dop
p-type ZnSe—a resonant donor complex involving two
interstitials. We are able to give an estimate for the ene
level of this defect. Moreover, we show that this defect c
give rise naturally to a nonradiative path that accounts for
PL quenching observed at high pressure.

Cheonget al.9 and S. Po¨ykkö et al.10 have predicted tha
the split interstitial N-N complex occupying a Se site, d
noted hereafter by (Ni-Ni)Se when it is in its double charged
has one of the lowest formation energies, and, accordingl
among the most stable compensating donor defects. Bec
this defect involves N pairs, it should be important at ve
high doping densities. Furthermore, its energy level was
culated to lie;120 meV above the bottom of the conductio
band. Therefore, this defect is a prime candidate to exp
the doping problems in ZnSe:N, since it competes with s
stitutional shallow acceptors for nitrogen, and in addition
can compensate two of these acceptors. Since the en
level of the defect is resonant with the conduction ba
~CB!, it cannot be observed at 1 atm by any techniqu
which rely on carrier trapping, e.g., photoluminescence~PL!
or deep level transient spectroscopy~DLTS!.20 However, if
one can ’’move’’ the edge of the CB above this energy lev
the defect should become ‘‘observable.’’ Fortunately this c
be done by applying hydrostatic pressure: It is well kno
that the bandgap of semiconductors increases with app
pressure, and that almost all of this effect comes from
©2001 The American Physical Society01-1
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movement of the CB edge~see Ref. 21 and citations therein!.
In the present high pressure experiments, we report res

on three heavily doped and compensated„@N#;1019 cm23,
with (NA-ND) &231017– 531017 cm23

… ZnSe:N epilayer
samples grown by molecular-beam epitaxy~MBE!. All of
these samples have been studied extensively before at a
ent pressure, and their descriptions can be fou
elsewhere.22–24 We employed a ruby-calibrated diamon
anvil cell ~DAC!, tunable in the pressure/temperature ran
02300 kbar/7–300 K, with liquid helium as the pressu
transmitting medium. A detailed account of the experimen
system can be found in Ref. 25. Samples,;75375
330 mm3 in size, were prepared by standard cleaving a
substrate lapping procedures. The PL was excited u
;5 – 30 mW UV light from an Ar1(364 nm! or a Kr1 (356
nm! laser, focused into a spot of;40 mm diameter. The
experiments were performed at temperatures of 8 – 12 K,
the He pressure medium was annealed intermittently at
K to remove strain gradients.25

The PL spectra observed at 1 atm for the three ZnS
epilayer samples are shown in Fig. 1 and are attributed
DAP PL ~see, Ref. 24 and references therein!. In each case
the PL intensity scale is normalized to unity at the pe
maximum. These DAP spectra show the expected beha
for highly doped and compensated ZnSe:N—nam
samples with higher doping levels exhibit PL peaks that
shifted more to the red.24 For pressures below 10– 13 kb
~see inset in Fig. 1! the rates of pressure shift for these DA
PL peaks are all similar to that for the ZnSe band-gapEG

@dEG/dP;6.560.2 meV/kbar~Refs. 25 and 26!#. However,
at higher pressures, the rates of shift for the PL peaks
decrease sharply compared todEG /dP ~and acquire some
sample dependence!. Thus, unlike the ‘‘usual’’ shallow DAP
and exciton PL in ZnSe~and most other semiconductor!
doped at low and medium levels, these deeper DAP
bands tend not to follow the shift of the bandgap at h
pressures. They also broaden significantly, and, as a co
quence, it is hard to make definite conclusions about the p

FIG. 1. CW PL spectra from the investigated samples at 1 a
The inset shows the peak energy for the sample C PL band
function of applied pressure.
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shifts at pressures higher than 10– 13 kbar.27 Such behavior
is quite intriguing and merits further study.

We, however, concentrate on the more striking behav
shown in Fig. 2. For all three ZnSe:N samples, it is fou
that the DAP PL intensity drastically decreases with press
above 20– 25 kbar. This is clearly illustrated by compari
the strength of the DAP peaks in Fig. 2 to that of the featu
at the high-energy end of the spectra. These latter feat
are from the diamond anvils, and since the strength of
emission does not change appreciably with pressure, it
be used as a reference for the PL intensity of the Zn
Based on this comparison, we conclude that the DAP PL
essentially quenched above 25 kbar. It is important to n
that this quenching is reversible~i.e., the PL intensity in-
creases again on reducing the pressure below 25 kbar!, so
structural damage to the samples can be excluded.

It is instructive to contrast these findings with the resu
of previous high-pressure PL experiments on ZnSe sam
with light to moderate nitrogen doping.28,29 For a ZnSe:N
epilayer with @NA-ND#;1016 cm23, Weinsteinet al.28 ob-
served that the line shape of the usual shallow DAP PL
came distorted at pressures above 24 kbar, but no st
decrease in intensity was found to at least 53 kbar. In ano
study on samples with@NA- ND#;1017 cm23, Chenet al.29

also found distortions in the shallow DAP PL line sha
~here at somewhat lower pressures!, but again no strong
quenching was apparent. Considered together, these re
indicate that the concentration of the nonradiative defe
responsible for the PL quenching in ZnSe:N increa
sharply with the N content. A very important corollary t
these results is that the dominant compensating donor
cies can likewise depend on the range of N concentratio

The most straightforward explanation of the observ
pressure-induced PL quenching is that it is due to a nonr
ative defect level, which is resonant with the conduction co
tinuum at ambient pressure, enters the ZnSe bandga
higher pressure, and rapidly increases in density for N c
centrations above 1018 cm23. To estimate the energy abov
the CB edge of the~resonant! level, we make the following
reasonable assumptions:~1! the conduction band edge shif

.
a

FIG. 2. CW PL spectra from Sample A as a function of appli
pressure. Two high-energy peaks observed at high pressure
from the diamond cell~see also text!.
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with the full gap pressure coefficient;~2! the resonant dono
level is associated with a localized state and, therefore
pressure insensitive28,29 ~see, also Ref. 30!; ~3! the PL at 1
atm involves a donor with a binding energy of 45 meV,17,18

and this binding energy does not change appreciably w
pressure. Combining these assumptions with the obse
threshold pressure for quenching, we estimate that the en
of the resonant level at ambient pressure
.120– 160 meV above the conduction band edge in hea
doped ZnSe:N. Considering that the (Ni-Ni)Se complex is
calculated to have an energy level 120 meV above the c
duction band edge, and that this defect has a low forma
energy,9,10 we postulate that the (Ni-Ni)Se defect is respon-
sible for the photoluminescence quenching under pres
observed here in heavily doped ZnSe:N.

The next important question is, how does the PL quen
ing occur? We suggest the following. After the resona
level of the (Ni-Ni)Se complex moves into the band gap, th
complex becomes a highly efficient electron trap. Moreov
since the complex should be a double donor~i.e., localize
two electrons!, there is a high probability that it will give rise
to a strong Auger recombination channel~see, e.g., Ref. 31!.
An Auger process would be quite efficient in quenching
photoluminescence, particularly if the paired interstitial co
plexes are present in sufficient concentration. In fact, pa
interstitial complexes are expected to be dominant at v
high doping levels, and, therefore, only in heavily dop
materials should there be enough of these defects to qu
an
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the photoluminescence, while at lower doping levels th
might modify the PL spectra only slightly. These expect
properties of the (Ni-Ni)Se defect are in essential agreeme
with all of the available data.

In summary, we have observed pressure-induced que
ing of the DAP PL band at threshold pressures of 20–
kbar in three heavily doped and compensated ZnS
samples. This behavior is attributed to a localized dou
donor state that is resonant with the conduction continuum
1 atm, but is driven into the band gap by applied pressu
Auger recombination due to the double donor is suggeste
the PL quenching mechanism. We estimate that the ac
level for this defect should lie;120– 160 meV above the
conduction band edge at 1 atm in ZnSe:N. A strong can
date for this donor defect in ZnSe:N is the (Ni-Ni)Se com-
plex, a split interstitial N-N pair on a Se site. The prese
pressure results on heavily N-doped ZnSe, compared to
lier findings on ZnSe:N with lower doping, emphasize th
the dominant donor defect is a function of the N concent
tion. It is hoped that the ideas raised by these pressure re
will stimulate further experimental and theoretical work o
the nature and energy structure of defect complexes in II
materials.
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