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The results of photoluminescence and magneto-luminescence studies
of chromium doped ZnSe crystals are presented for blue colour shallow
donor-shallow acceptor pair photoluminescence, with a zero phonon line
at 2.692 eV. This donor-acceptor pair photoluminescence is observed un-
der photo-excitation with photon energies smaller than the emission energy
(anti-Stokes luminescence) and dominates in the photoluminescence spec-
trum of ZnSe: Cr at the excitation energy about 2.41 eV and for temperature
T <20 K. A quantum efficiency of this anti-Stokes luminescence is relatively
large. It is of about 10™> at 0 T and increases with increasing magnetic field
up to 7 T at temperature T = 2 K. We relate the intensity of the anti-Stokes
luminescence to a non-equilibrium concentration of photo-excited Crt ions
and propose that the rate of spin-dependent recombination of Crt ions with
free holes (decreases with increasing magnetic field) is responsible for the ob-
served increase in the anti-Stokes luminescence intensity at higher magnetic
fields.

. PACS numbers: 71.55.Gs, 78.55.Et, 76.30.Fc

1. Introduction
' We have reported recently the observation of the anti-Stokes luminescence
(ASL) emission in chromium doped ZnSe crystals [1]. By the ASL emission we
mean here photoluminescence (PL) emission observed at photon energies larger or
much larger than excitation energy. A blue colour shallow donor-shallow acceptor
pair (DAP) PL with zero phonon line at 2.692 eV was observed under 2.41 eV ex-
citation. This ASL process has a relatively high quantum efficiency of about 103,
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We have tentatively explained the appearance of this ASL emission by a two-step
excitation process involving two complementary ionization transitions of Cr ion
in ZnSe [1]. In this communication we positively verify our model based on new
results of the PL and magneto-luminescence investigations performed for a series
of ZnSe : Cr samples with different Cr concentrations.

2. Experimental

ZnSe crystals studied, grown from melt by Bridgman-Stockbarger method,
were treated in zinc melt, to reduce concentration of zinc vacancies, and were
purified by a zone melting. These samples were intentionally doped to the melt with
chromium and chromium concentration varied between 1016 and 5 x 10*° cm—3.

PL and magneto-luminescence measurements were performed on conven-
tional setups described elsewhere [2].

3. Results and discussion

In Fig. 1 we present the PL spectrum of chromium doped ZnSe observed
for two excitation energies: (a) for the photon energy close to the band-to-band
transition of ZnSe and (b) for the photon energy within 2+ to 14 ionization
band of Cr in ZnSe. The detailed analysis of the observed PL spectrum was given
previously [1,2]. Here we concentrate our attention on the shallow DAP PL, with
a zero phonon line at 2.692 eV, observed upon excitation with photon enecrgies
below the emission energy. We will further call this PL the ASL emission.

The excitation spectrum of the ASL emission was measured and was shown
to be similar to the ionization absorption of Cr (Cr?* to Cr!t), which was a basis
of our model relating the ASL emission to the two-step ionization (2+ to 1+,
14 to 2+) transitions of Cr in ZnSe [1,2]. Holes (then partly trapped by shallow
acceptors) are created in the valence band (VB) in the Cr?t — Cr't + hyp
ionization transition. The photo-excited Crl* states can be metastably occupied
at low temperatures, which allows for excitation of free electrons in the conduction
band (CB) (then partly trapped by shallow donors) in the complementary Crl+ —
Cr?t 4 ecp ionization process.

Formally, for the two-step ionization mechanism of the ASL excitation, a
quadratic dependence of the ASL intensity on excitation intensity should be ob-
served. ITowever, such dependence was only observed (Fig. 2) for relatively low
excitation intensities. For increased excitation intensities a linear dependence was
found. Such linear dependence can still be explained assuming the two-step ex-
citation mechanism of the ASL excitation under assumptions that holes are pre-
dominantly trapped by shallow acceptors (and less efliciently by Cr* centers) or
that Crl*-acceptors tunneling processes are efficient in our samples [2]. Ilowever,
such linear dependence can also mean that Cr-DAP co-operative transitions are
efficient and are responsible for the ASL excitation. We have recently pointed out
that one such process can be efficient in ZnSe : Cr [2]. We mean here an Auger-type
energy transfer process, in which recombination energy of Cr!++hyg — Cr?* cap-
ture process is transferred to a nearby deep acceptor of ZnSe and is used for its
ionization. In such case, free holes are excited in the VB in the 2+ to 1+ ioniza-
tion transition of Cr and free electrons in the CB in the ionization transition of
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Fig. 1. Photoluminescence spectrum of ZnSe:Cr crystal (chromium concentration
4 % 10'® ¢cm™®) measured at 4.2 K under two excitation energies: 2.807 eV (a) and
2.41 eV (b). In the inset we show PL emission for 2.41 eV excitation energy and for ex-
ternal magnetic field equal to 0 T, 2.15 T and 5.95 T. DBE (donor bound exciton), ABE
(acceptor bound exciton), DAP and FB (free-to-bound) denote different recombination
transitions observed.
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Fig. 2. Dependence of the ASL intensity on the intensity of excitation (for 2.41 eV
photon energy). Up and down stands for the results obtained with increasing (up) and
decrc.asing (down) light intensities. In the inset we show the dependence of the ASL
intensity on chromium concentration in the sample.

a deep acceptor. This Auger-type ASL excitation process can be efficient only if
retrapping of holes by Crlt ions is efficient.

The above mechanism of the ASL excitation may be efficient since for ZnSe
2+ to 1+ ionization transition of Cr partly overlaps with ionization transitions of
two deep acceptors of ZnSe — Cu-related 0.4 eV acceptor [3,4] and zinc vacancy
and Cu-related 0.7 eV acceptor [3,4]. However, such an overlap of ionization en-
ergies opens a question if the ASL excitation is really Cr-related. To verify this
point we have performed the PL, photo-conductivity and electron spin resonance
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(ESR) experiments on a series of ZnSe : Cr samples with a varying Cr concentra-
tion but with similar concentrations of lattice contaminants, such as e.g. copper.
The results of the latter two experiments are not discussed here since they are
fully consistent with those reported previously [1,2].

The dependence of the ASL emission on Cr concentration is shown in the
inset of Fig. 2. The ASL intensity increases with increasing Cr concentration in
our samples up to relatively high concentrations. Then a decrease in the intensity
of the ASL and of green and red deep DAP PLs is observed, which is consistent
with an increased efficiency of nonradiative recombination processes in heavily Cr
doped samples [5].

The observed dependence on Cr concentration confirms that the ASL ex-
citation is in fact Cr-related. Unfortunately, a similar linear dependence on Cr
concentration is expected for both discussed above the ASL excitation mecha-
nisms. We have noticed, however, that these two mechanisms require distinctly
different efficiency of Crl* 4+ hyp trapping process. This process should be rela-
tively inefficient if the two-step ionization process dominates (Cr'* state must be
metastably occupied for the efficient complementary ionization process) but must
be efficient for the Auger-type transfer process. Otherwise, free electrons will not
be generated in the CB in a sufficient concentration. The efficiency of trapping
process can be changed by applying an external magnetic field. It is decreased at
increased magnetic fields due to the spin selection rules. Once magnetic moments of
free holes and spins of chromium ions become polarised, the Cr'* (s = 5/2) +hyp
(j = 3/2) — Cr?* (s = 2) process becomes a spin forbidden transition.

' In the inset of Fig. 1 we show the ASL emission measured for two different
magnetic fields (2.15 T and 5.95 T) as compared to that measured without exter-
nal magnetic field. The ASL emission clearly increases with an applied external
magnetic field, which means that the two-step ionization mechanism is a domi-
nant process and is responsible for the ASL excitation. One should be however
cautious in making this statement general. The results of experiments shown in
Fig. 2 can be interpreted in the way that different ASL excitation mechanisms
may be important at different excitation intensities.

Concluding, the present results prove that the two-step ionization transitions
of Cr ion result in appearance of the blue colour ASL DAP emission in chromium
doped or contaminated ZnSe crystals.
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