RAPID COMMUNICATIONS

Resonant donor defect as a cause of compensation pitype ZnSe: Photoluminescence studies
under hydrostatic pressure

PHYSICAL REVIEW B, VOLUME 63, 16120(R)

Igor L. Kuskovsky and G. F. Neumark
Materials Science & Engineering, Department of Applied Physics & Applied Mathematics, Columbia University,

New York, New York 10027

J. G. Tischler and B. A. Weinstein
Department of Physics, SUNY at Buffalo, Buffalo, New York 14260

(Received 12 December 2000; published 5 April 2001

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 aptuighing 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 interest fdevel® it is obvious that different defects may dominate at
many applications, including light-emitting and detecting de-different doping levels. However, in addition, there is no
vices, and high-temperature transistors and sensors. Histosgreement among different calculatiérs to the values of
cally, it has been difficult to achieve good bipolar doping inthe formation energies for different defects. Furthermore,
wide bandgap semiconductors, a continuing puzzle of importhere is little or no correlation between the defects that are
tant fundamental interest. It is generally agreed that eithepredicted theoretically and those that are suggested from the
poor solubility-? or compensatici? are the most likely cul-  €xperimental resultgfor more details see, e.g., Ref\. 2
prits. There have been numerous attempts to give micro- !N this paper we report experimental findings on the ef-

scopic explanations for these problems based either on firsf€CtS Of hydrostatic pressure on the DAP PL in heavily doped

principles theoriegsee, e.g., Ref. 4, for IlI-V materials and fand compensated ZnSe:N epilayers. Ol.” findings point to an
Refs. 5-11 for II-VI materialsor on semiphenomenological important source of strong compensation in heavily doped

models(see, e.g., Ref. 12 for IIIl-V and Refs. 13,14 for Il-v| P-YP€ ZnSe—a resonant donor complex involving two N
. interstitials. We are able to give an estimate for the energy
compounds, respectively

We concentrate in this work gprype ZnSe. To date, the level of this defect. Moreover, we show that this defect can

. : ive rise naturally to a nonradiative path that accounts for the
best acceptor dopant, nitrogen, has not yielded a net accept

. . 8 . 31516 L quenching observed at high pressure.
concentration [(No—Np]) higher than~10'% cm™=.>% it Cheonget al® and S. Pykko et al® have predicted that

is fascinating that as soon as the total nitrogen concentratioge split interstitial N-N complex occupying a Se site, de-
exceeds-10"* cm™?, the material becomes highly compen- noted hereafter by (AN;)<,When it is in its double charged,
sated. From experimental results, it has been suggested thads one of the lowest formation energies, and, accordingly, is
such behavior could arise from self-compensation by a doamong the most stable compensating donor defects. Because
norlike complex[VseNgel, with an activation energy of this defect involves N pairs, it should be important at very
45-50 me\A"8 and/or from a 29.1 meV donor tentatively high doping densities. Furthermore, its energy level was cal-
assigned to nitrogen on an interstitial siteThe former is  culated to lie~ 120 meV above the bottom of the conduction
often referred to as a deep dorlas opposed to the nominal band. Therefore, this defect is a prime candidate to explain
shallow donors due to accidental impuritieand gives rise  the doping problems in ZnSe:N, since it competes with sub-
to a donor-acceptor paifDAP) photoluminescencePL) stitutional shallow acceptors for nitrogen, and in addition it
peak (often denoted by BAP) at about 2.686 eV. However, can compensate two of these acceptors. Since the energy
it is significant that Kimureet al*® observe this BAP PL in  level of the defect is resonant with the conduction band
ZnSe:N material with a 100% activation rafice., very low  (CB), it cannot be observed at 1 atm by any techniques
or no compensation Hence, one can conclude that the which rely on carrier trapping, e.g., photoluminesce(fee)
[VseNsd defect is not responsible for the compensation inor deep level transient spectroscof®LTS).2° However, if
material with doping levels above ¥0cm™3. The 29.1 meV  one can "move” the edge of the CB above this energy level,
defect has been observed only in lightly doped ZnSe:N, anthe defect should become “observable.” Fortunately this can
it is not expected to dominate at high doping levels. be done by applying hydrostatic pressure: It is well known
As to guidance from theory, in view of the well-known that the bandgap of semiconductors increases with applied
result that defect formation energies depend on the Fernpressure, and that almost all of this effect comes from the
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pressure. Two high-energy peaks observed at high pressures are
FIG. 1. CW PL spectra from the investigated samples at 1 atmfrom the diamond celisee also text
The inset shows the peak energy for the sample C PL band as a

function of applied pressure. shifts at pressures higher than 10— 13 KaBuch behavior
is quite intriguing and merits further study.
movement of the CB edgsee Ref. 21 and citations thergin We, however, concentrate on the more striking behavior
In the present high pressure experiments, we report resultshown in Fig. 2. For all three ZnSe:N samples, it is found
on three heavily doped and compensaf@d]~ 10" cm™3,  that the DAP PL intensity drastically decreases with pressure
with (Na-Np) =2Xx10Y-5x 10" cm™3) ZnSe:N epilayer above 20—25 kbar. This is clearly illustrated by comparing
samples grown by molecular-beam epita®¥BE). All of  the strength of the DAP peaks in Fig. 2 to that of the features
these samples have been studied extensively before at amhit the high-energy end of the spectra. These latter features
ent pressure, and their descriptions can be foundre from the diamond anvils, and since the strength of this
elsewheré?~?* We employed a ruby-calibrated diamond- emission does not change appreciably with pressure, it can
anvil cell (DAC), tunable in the pressure/temperature rangede used as a reference for the PL intensity of the ZnSe.
0—300 kbar/7-300 K, with liquid helium as the pressureBased on this comparison, we conclude that the DAP PL is
transmitting medium. A detailed account of the experimentakssentially quenched above 25 kbar. It is important to note
system can be found in Ref. 25. Samples,75xX75 that this quenching is reversibl@e., the PL intensity in-
X 30 wm? in size, were prepared by standard cleaving anctreases again on reducing the pressure below 25)kbar
substrate lapping procedures. The PL was excited usingtructural damage to the samples can be excluded.
~5-30 mW UV light from an Af (364 nm or a Kr" (356 It is instructive to contrast these findings with the results
nm) laser, focused into a spot 6f40 um diameter. The of previous high-pressure PL experiments on ZnSe samples
experiments were performed at temperatures of 8—12 K, andith light to moderate nitrogen dopirf§2° For a ZnSe:N
the He pressure medium was annealed intermittently at 108pilayer with[Na-Np]~10® cm 3, Weinsteinet al?® ob-
K to remove strain gradients. served that the line shape of the usual shallow DAP PL be-
The PL spectra observed at 1 atm for the three ZnSe:Mame distorted at pressures above 24 kbar, but no strong
epilayer samples are shown in Fig. 1 and are attributed tdecrease in intensity was found to at least 53 kbar. In another
DAP PL (see, Ref. 24 and references theyeln each case, study on samples witiN,- Np]~10"" cm™ 3, Chenet al?®
the PL intensity scale is normalized to unity at the peakalso found distortions in the shallow DAP PL line shape
maximum. These DAP spectra show the expected behavighere at somewhat lower pressytebut again no strong
for highly doped and compensated ZnSe:N—namelyguenching was apparent. Considered together, these results
samples with higher doping levels exhibit PL peaks that aréndicate that the concentration of the nonradiative defects
shifted more to the re# For pressures below 10—13 kbar responsible for the PL quenching in ZnSe:N increases
(see inset in Fig. Jlthe rates of pressure shift for these DAP sharply with the N content. A very important corollary to
PL peaks are all similar to that for the ZnSe band-Gap these results is that the dominant compensating donor spe-
[dEg/dP~6.5+0.2 meV/kbar(Refs. 25 and 28. However, cies can likewise depend on the range of N concentration.
at higher pressures, the rates of shift for the PL peaks all The most straightforward explanation of the observed
decrease sharply comparedd&; /dP (and acquire some pressure-induced PL quenching is that it is due to a nonradi-
sample dependencerhus, unlike the “usual” shallow DAP  ative defect level, which is resonant with the conduction con-
and exciton PL in ZnSdand most other semiconductprs tinuum at ambient pressure, enters the ZnSe bandgap at
doped at low and medium levels, these deeper DAP Plhigher pressure, and rapidly increases in density for N con-
bands tend not to follow the shift of the bandgap at highcentrations above #® cm™3. To estimate the energy above
pressures. They also broaden significantly, and, as a constite CB edge of théresonantlevel, we make the following
guence, it is hard to make definite conclusions about the pealeasonable assumptior&) the conduction band edge shifts
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with the full gap pressure coefficier(®) the resonant donor the photoluminescence, while at lower doping levels they
level is associated with a localized state and, therefore, imight modify the PL spectra only slightly. These expected
pressure insensitif®? (see, also Ref. 30 (3) the PL at 1  properties of the (NN,)s. defect are in essential agreement
atm involves a donor with a binding energy of 45 mE%®  \ith all of the available data.

and this binding energy does not change appreciably with |n summary, we have observed pressure-induced quench-
pressure. Combining these assumptions with the observgfg of the DAP PL band at threshold pressures of 20—25
threshold pressure for quenching, we es_timate that the ener@har in three heavily doped and compensated ZnSe:N
of the resonant level at ambient pressure iSgamples. This behavior is attributed to a localized double
=120-160 meV above the conduction band edge in heavilyqnqr state that is resonant with the conduction continuum at
doped ZnSe:N. Considering that the{Ni)s. complex is 1 a4yt is driven into the band gap by applied pressure.
calculated to have an energy level 120 meV above the corg oot recombination due to the double donor is suggested as

ductlon’E)Oand edge, and that this defect has a !OW fOI’matIOH,]e PL quenching mechanism. We estimate that the active
energy;"'” we postulate that the (AN,)s, defect is respon- level for this defect should lie-120—160 meV above the

gk?slirlc/%rdtﬂgrg l?r? tﬁéuarcillr;ejggggezggi?ﬁhIng under Ioressur((:aonduction band edge at 1 atm in ZnSe:N. A strong candi-
The next important question is, how does the PL quenchgate for this donor defect in ZnSe:N is the{N;)s com-
ing occur? We suggest the following. After the resonant?l€X. @ split interstitial NTN pair on a Se site. The present
level of the (N-N;)s, complex moves into the band gap, the Pressure results on heawly N-doped Zn_Se, comparc_ad to ear-
complex becomes a highly efficient electron trap. Moreover!ier findings on ZnSe:N with lower doping, emphasize that
since the complex should be a double dofice., localize the dominant donor defect is a function of the N concentra-
two electrony there is a high probability that it will give rise  tion. It is hoped that the ideas raised by these pressure results
to a strong Auger recombination chaniiete, e.g., Ref. 31 will stimulate further experimental and theoretical work on
An Auger process would be quite efficient in quenching thethe nature and energy structure of defect complexes in I1-VI
photoluminescence, particularly if the paired interstitial com-materials.
plexes are present in sufficient concentration. In fact, paired We acknowledge support from DOEEolumbia Univer-
interstitial complexes are expected to be dominant at vergity) under Grants No. DE-FG02-98ER45694 and DE-FG02-
high doping levels, and, therefore, only in heavily doped98ER45695, and from NSECUNY at Buffalo) under Grant
materials should there be enough of these defects to quendto. DMR9624029.
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