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| Time-resolved spectra were measured in single crystals of CuAlS, doped with different concentrations of Mn, as well
. as in an undoped crystal, to elucidate the recombination mechanisms associated with the red photoluminescence band at
- 1.96eV. The 0.0] wt% Mn-doped sample shows a broad emission band around 2.5 eV, 25 ns after the excitation, which
- loses intensity rapidly, transferring energy to an infrared peak. At 10 us both bands are quenched, leaving the red band

at 1.96 eV. On the other hand, the PL spectrum in | wt% Mn-doped samples at 25 ns consisted of a purple peak at 3 eV
and a red peak at 1.96 eV. The purple PL peak relaxed rapidly with a decay time of 50 ns, while the red peak showed a
slow decay with a time constant of 100 us. The possibility of energy transfer between the host impurity/defect states and
the Mn ion js discussed.

KEYWORDS: CuAlS,:Mn, chalcopyrite-type semiconductor, photoluminescence, time-resolved spectroscopy,
energy transfer, donor-acceptor pair emission, ligand-field transition
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) §1. Introduction PHOTOLUMINESCENCE
i We have been working with diverse optical properties CuAlSz2:Mn Ar 4880m
- of various transition atom impurities in [-III-V], semicon- RT
ductors,'™® of which Mn-doped CuAlS, is the only one
case that leads to a visible light emission related to a tran-
sition atom. A ted photoluminescence (PL), as well as a
red electroluminescence (EL), has been observed in single
crystals of CuAlS; doped with manganese.>

The PL spectrum and the EL spectrum of 1.76 wt%
Mn-doped CuAlS, are shown in Figs. 1(a) and 1(b), re-
spectively. They show quite similar spectral sbapes in- o ' . . .
dicating that the same luminescent center is involved. (4 |6 18 20 22 24
The excitation spectra allowed us to assign the PL band : PHOTON ENERGY leV)
to the ligand-field transition from the lowest excited state
*T, to the ground state °A, in the 3d°® manifold of the
Mn?* ion, for which the ligand-field parameters were deter-
mined.” This assignment is rather analogous to the transi-
tion responsible for the orange luminescence in
ZnS:Mn." The latter has been extensively studied as a
material for efficient thin-film EL displays, and a number
of models have been proposed to explain the recombina-
tion mechanisms. For CuAlS,;:Mn, however, no models
have been proposed to date on the recombination
mechanism of the Mn** luminescence following the ex-
citation beyond the gap.

- Time-resolved spectrum (TRS) measurements have
been known to provide a powerful tool for assignment of
the PL center and determination of the PL mechanism:
in Mn-doped ZnS, Busse ef a/. discriminated PL lines as-
sociated with isolated Mn centers from Mn-pairs by
measuring TRS.® Tanaka and Kobayashi compared the ®)
time-resolved EL and PL spectra in a ZnS:Mn EL cell
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Fig. [. Photoluminescence (PL) and electroluminescence (EL) spec-

— tra in CuAlS, doped with 1.76 wt% Mn. (a) PL spectrum measured

*Matsushita Electronics Ltd., Takatsuki, Osaka 569. with the 488-nm line of Ar* ion laser at room temperature.® (b) EL

**Seiko-Epson Ltd., Fujimi, Nagano 399-02. spectrum of a MIM diode measured with an AC voltage of 200 Vpp
***Victor Company of Japan, Yokosuka, Kanagawa 239. at room temperature.®
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_ and goncluded that different mechanisms are involved in
"EL and PL.» -We, therefore, carried out TRS studies in

CuAlS;:Mn to elucidate the recombination mechanism in
this material.

In the preliminary TRS studies on CuAlS, doped with
1.76 wt% Mn described in ref. 6, we found no prominent
variation of spectral shapes of the Mn-origin PL band in
the time interval between 20 ns and 30 ps. However, the
measurement provided little information on the energy
transfer mechanism between the host and the Mn center
because of the lack of the short wavelength spectrum.
This is due to the low-pass filter inserted to remove the
spurious fluorescence from the N, laser, which complete-
ly cut off wavelengths shorter than 500 nm (=2.48 eV).

We, therefore, carefully reexamined the TRS, employ-
ing a monochromator in the excitation beam path to
avoid the spurious fluorescence from the laser, and selec-
ting suitable filters to insert in the detection path to cut
off the scattered N, laser light. In addition, in the present
study, we prepared CuAlS;:Mn crystals with a wide
range of Mn concentration to determine the Mn-concen-
tration dependence of the luminescence. We also
measured TRS in an undoped crystal to elucidate the PL
bands inherent to the host material.

§2. Experimental

2.1 Crystal growth

Single crystals of undoped CuAlS, and those doped
with 0.01, 0.1 and 1 wt% Mn were grown by the chemical
transport technique using iodine as a transporting agent.
The starting materials were the polycrystalline powders
of CuAlS; and MnS synthesized from the constituent
elements by the solid-state reaction. Doping of
manganese was performed by mixing an appropriate
amount of MnS powder to CuAlS, powder. The doping
ratio of Mn in the present paper is expressed as a percen-

" tage of Mn weight to the total amount of CuAlS;:Mn.

The powder (about 4 g) was sealed in vacuo (10~° Torr)
into a fused silica ampoule (13 mm in diameter and 20 cm
in length) with an appropriate amount of iodine (15 mg
per cm? of inner volume of the ampoule). The inner wall
of the silica tube was coated by pyrolytic carbon before
vacuum sealing of the starting materials. The silica tube
was placed in a two-zone furnace with the hot-zone tem-
perature of 850°C and the cold-zone temperature of
700°C for about one week.

The obtained crystals were needlelike with typical
dimensions of 7 mm X2 mm X | mm. Bulky crystals of
undoped CuAlS, were bluish green in color. Crystals
with a low Mn concentration were slightly blue in color,
but further Mn doping bleached the color, increasing the
transparency in the material. Some crystals were slightly
reddish.

The obtained crystals were analyzed by X-rays. The
major surface of the crystals was determined to be one of
the {112} planes of the chalcopyrite structure.

2.2 Measurement of time-resolved spectra

The time-resolved spectra (TRS) were measured by
means of the apparatus illustrated in Fig. 2. We
employed a nitrogen laser (pulse width of 3 ns with peak
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Fig. 2. A schematic illustration of the experimental setup of time-
resolved spectroscopy.

power of S kW) as an excitation light source. To remove
a number of undesirable spurious fluorescence lines other
than the 337 nm line of the N, laser, we inserted a Ritu
MC-10N monochromator as a band-pass filter in the ex-
citation light path.

We also employed a pulsed Xe lamp (pulse width of 5
us) to measure the PL decay characteristics for time inter-
vals longer than 10 us. In this case a glass filter with
band-path characteristics of selecting 400 nm light was
adopted. Measurements were carried out either at room
temperature or at liquid nitrogen temperature. The emit-
ted light was dispersed with a JASCO CT-25C
monochromator with a 1200-grooves/mm grating blazed
at 750 nm, and detected by a photomultiplier with S—20-
type photosensitivity, Appropriate combinations of col-
ored glass filters were used to prevent the excitation light
from entering into the slit of the monochromator as well
as to remove the higher-order light due to the grating
used in the monochromator.

An EG & G-PAR Type 4420 Boxcar Integrator con-
trolled by a NEC PC9801F2 personal computer through
the GPIB was employed to average the photosignal. The
triggering pulse for the averager was provided by a
silicon PIN-photodiode which detects a part of the excita-
tion light pulse lead by the beam splitter. Data processing
was performed with the help of the personal computer.
Spectra were calibrated for the spectral sensitivity of the
system and were plotted against energy as the intensity
per unit energy range.

Absorption spectra in these crystals were measured at
room temperature using a Hitachi U-3410-type spec-
trophotometer which covers the wavelength region from
200 nm to 2000 nm. The absorption coefficient was deduc-
ed from the measured data. Since we paid no attention
on the reflection at the sample surfaces, the absolute
values of the absorption coefficient may be slightly overes-
timated.

§3. Results
3.1 Time-resolved spectra in undoped CuAlS;
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Figures 3(a) angd 3(b) illustrate the TRS in a single
crystal of undoped CuAlS, measured at room tempera-
ture and 77 K, respectively. The undoped sample shows
an orange emission when excited by the N, laser,

At the shortest measurable delay time (25 ns) after ex-
citation, the PL spectrum at room temperature (RT)
shows a broad PL band extending below the band edge
with a peak at 2.3 eV. The orange band.loses intensity
rapidly with a time constant of about 40 ns. A red emis-
sion band with a peak at 1.7 eV grows with a rise time of
100 nis, This red emission peak decays with a much longer
time constant (nearly equal to 2 us).

The time-resolved spectra measured at 77 K shown in
Fig. 4(b) are somewhat different from those at room tem-
perature. In addition to the low-energy PL peak as ob-
served at room temperature, a small peak at 3eV and a
shoulderlike PL structure around 2.2 ¢V which shows a
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Fig. 3. Time-resolved spectra in an undoped CuAlS, crystal measured

at (2) room temperature and (b) 77 K.

red shift to 1.9 eV surviving until the longest time delay
of our measurement, were observed. A tentative inter-
pretation on the origin of this 1.9 eV peak will be dis-
cussed in §4.3 in terms of a donor-acceptor pair emis-
sion. Here we only point out that the PL peak is related
to some impurity/defect states in the host crystal.

3.2 Time-resolved spectra in a 0.01 wt% Mn-doped
crystal

The spectrum in a sample with 0.01 wt% Mn concentra-
tion at room temperature shows a striking resemblance to
that of the undoped sample, as seen in Fig. 4(a). The
different spectral behavior starts around 10 us when a
1.96-eV peak becomes clearly discriminated. The 1.96-¢V
peak in Mn-doped samples has been assigned to the
ligand field transition in Mn?* from our previous meas-
urements of the excitation spectrum.
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Fig. 4. Time-resolved spectra in a 0.0l wt% Mn-doped -CuAlS,
crystal measured at (a) room temperature and (b) 77 K.
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Fig. 5. Decay curve of 1.96 eV luminescence in 0.01 wt% Mn-doped
CuAlS, measured at room temperature.

It should be noted that the energy position of the 1.96
eV peak is very close to that of the peak observed around
1.9 eV in the undoped sample at 77 K. The Mn-origin
1.96-eV band has a somewhat narrower bandwidth than
the peak in the undoped sample.

Using a pulsed Xe lamp excitation, the decay character-
istics of luminescence for the Mn?* emission were
measured. The result is shown in Fig. 5. As shown in Fig.
S, the decay curve consists of three decay constants. Only
the longest decay component with 7=1.33 ms can be asso-
ciated with the Mn-origin emission, since the ligand-field
transition “T;—%A, in Mn?* is a spinforbidden transition.
The faster decay components with decay constants of 30
ps and 570 ps may be interpreted as due to the superposi-
- tion of the low-energy luminescence bands just after the
excitation.

3.3 Time-resolved spectra in a 0.1 wt% Mn-doped
crystal

As shown in Figs. 6(a) and 6(b), the 25-ns spectrum for
the 0.1 wt% Mn-doped sample consists of a broad band
with a peak at 3 eV and a band at 1.7 eV. The 3-eV band
decreases in less than SO ns and the 1.7-eV peak decays
with a time constant of about 500 ns. The Mn**-origin
peak around 2 eV becomes distinct from 2 us, with the
decay time of 1.4 ms. The low-temperature TRS shown
in Fig. 6(b) demonstrates that the decay of the 1.7-eV
band becomes so slow that the Mn?* emission becomes
resolved from as late as 10 pus.

3.4 Time-resolved spectra in 1 wt% Mn-doped crystal

Figures 7(a) and 7(b) illustrate the TRS in a 1 wt% Mn-
doped crystal. In this sample, the purple luminescence at
3 eV becomes more distinct than in the 0.1 wt% Mn-
doped crystal. This emission peak can be observed at
both RT and 77 K. The decay time constant of this emis-
sion is'less than S0 ns.

At the delay time of 25 ns the low-energy peak is seen
at 1.7 eV, just as it is in less concentrated crystals. A well-
defined Mn-related red peak at 1.96 eV becomes clear at
the delay time of as early as 30 ns. The peak intensity
does not change between 30 and 50 ns. The red peak
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Fig. 6. Time-resolved spectra in a 0.1 wt% Mn-doped CuAlS, crystal *
measured at (a) room temperature and (b) 77 K.

decays more rapidly than that observed in crystals with .
lower Mn concentrations. At 77 K, the Mn-origin PL
band rises considerably later than that at RT. The higher- -
energy-side slope of the red band becomes quite steep at
77 K in the 1 wt% sample.

As shown in Fig. 8, the decay of the Mn emission in the
1 wt% Mn-doped crystal becomes much more rapid than
the decay in the lower concentration samples. The decay
time constant 7 is determined as 133 us. The faster decay
components with 7=53 us and 22 us may be caused by
the superposition of luminescence bands with peaks at
different energies which appear only in the early stages of
recombination.

3.5 Absorption spectrum of undoped and Mn-doped
CuA lSz

To elucidate the origin of the 3-eV peak, we measured

the absorption spectrum in samples with different concen-

trations of Mn ion, as well as in the undoped sample. The

results are plotted in Fig. 9. The absorption edge of the
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. undoped sample is located around 3.4eV. The edge
£ shifts towards lower energies as the concentration of Mo 1.
increases. The energy difference of the absorption edge Y
between the 1 wt% Mn-doped and the undoped crystals
amounts to as large as 0.3 eV,

In addition to the edge shift, we should also note that
the below-gap absorption which is observed in the un-
doped crystal (curve 1) becomes dramatically reduced by |
the slightest doping of manganese, as shown by curve 2,
This corresponds to the change in the color of the crystal -
after Mn doping.
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Summary of experimental results : -

) , . , We summarize our experimental results as follows:

1.0 13 20 25 30 35 (1) The broad structure (shoulder) around 2.5eV

PHOTON ENERGY (eV) with a decay time of less than 50 ns is observed in both
®) the undoped and the 0.01 wt% Mn-doped crystals at

: room temperature. Some kinds of impurity/defect-

) Fig. 7. Time-resolved spectra in a 1 wt% Mn-doped CuAlS, crystal  Origin deep levels in the host lattice seem to be involved

] measured at (a) room temperature and (b) 77 K. * in this structure.

b ’ {2) The 1.7-1.8 eV peak showing a slight red shift
with the decay time of 1-10 us is observed in 0.01 and 0.1
wt% Mn-doped samples at both room temperature and

10° T T T T 77 K. In the 1 wt% Mn-doped sample, this peak is obser- ° )

PL-DECAY (1.96eV) vable only at 77 K with a decay time constant of 100 ns. v

+ g on g‘(’)ﬁi‘ Mntoows (3) The purple luminescence peak with a maximum at ’

3 eV is prominent in samples with higher Mn concentra-
tions. The decay time constant of the purple emission is :

approximately 50 ns. We suspect that there exists some o

relationship between this emission peak and the apparent

shift of the absorption edge in heavily doped samples.

(4) The red PL band ascribed to the ligand-field tran-

sition “T;—°A, in Mn*" ions survives in the spectra at

long delay times. The spectral shape is identical to that of

o 100 200 300 400 500 the CW PL spectrum. The decay time constant is about

1.3-1.4 ms in less concentrated samples, while it is about .

100 ps in the 1 wt%-doped sample. The emission band

Fig. 8. Decay curve of 1.96 eV luminescence in 1 wt% Mn-doped ~ Shows no change in line shape or peak energy throughout

CuAlS, measured at room temperature. the time interval of the measurement. The linewidth of

INTENSITY (a.u
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‘the emission band remajns constant regardless of the Mn
¢oncentration. The linewidth decreases at low tempera-
ture,

(5) In the undoped crystal at 77 K, a shoulderlike
structure is seen at 2.2 eV, which shifts towards lower
energies as time proceeds. The decay time of the latter is
approximately 50 us. The peak position of this band at
the delay time of longer than 20 ns is 1.9 eV, which is
very close to the peak position, 1.96 eV, of the Mn?*
emission band. This seems to mean that energy transfer
occurs between the band state of the host and the local-
ized state of the Mn center through resonance with the
1.9 eV impurity/defect state.

4.2  Purple luminescence and the apparent band edge
" shift

It is very important to elucidate the origin of the pur-
ple luminescence seen in the sample with higher Mn con-
centrations. The purple emission seems to be related to
an apparent low-energy shift of the absorption edge, as
observed in the absorption spectrum shown in Fig. 9. We
consider that this shift is not due to the variation of the
band gap of the host crystal. This consideration is sup-
ported by the result of a preliminary experiment of phase
shift difference spectroscopy on undoped and Mn-doped
samples, in which we found a peak shift of as small as
0.04 eV corresponding to the difference in the band gap
for the undoped and the 1 wt% Mn-doped samples.'®
This value is much smaller than the observed shift of 0.3
eV between the two crystals. We therefore attribute the
apparent shift to the presence of an intense absorption
band below the band gap. We note a presence of a
shoulderlike structure around 3.2eV in the 0.01 wt%
Mn-doped sample. When Mn concentration is increased,
the intensity of the shoulderlike structure becomes so
strong that the absorption edge is subject to an apparent
shift towards the low-energy side. The existence of the ad-
ditional peak is only an assumption at the present stage
and should be verified experimentally using thin-film
samples. Such studjes are planned for our future pro-
jects.

In the following, we give a possible interpretation of
the additional absorption: Mn ions doped in CuAlS; oc-
cupyboth Cu and Al sites satisfying the charge neutrality
requirement. The [Mn]c, (Mn occupying the Cu site)
forms a donor level, while the [Mn] 4 (Mn occupying the
Al site) forms an acceptor level. Provided that the Fermi
level is in the middle of the band gap, both the donor and
the acceptor are ionized. A strong optical absorption is
expected for the transition from the valence band to the
donor state because it is a charge transfer transition from
the ligand 3p orbitals of sulfur to the 3d orbitals in
manganese, changing Mn?* into Mn*. On the other
hand, a strong absorption cannot be expected for the
transition from the acceptor state to the conduction
band, since the transition from 3d orbitals to the conduc-
tion band consisting of 3s-orbitals of Cu and Al is parity-
forbidden. We therefore assign the additional absorption
to the transition from the valence band to the [Mn]c,
donor level located at about 0.3 eV below the bottom of
the conduction band.

The existence of the [Mn],, acceptor accounts for the R

dramatic bleaching of the bluish color of undoped
CuAlS; by Mn doping, as follows. The bluish color has
been associated with an unintentional incorporation ef
Fe’* impurities.? Existence of Fe'* in ‘‘undoped”
CuAlS; crystals can easily be confirmed by measuring the
infrared PL spectrum, since one of the present authors
(K.S.) elucidated that the Fe** ion shows a sharp PL line
at 0.72 eV in CuAlS,.” Our recent infrared PL studies in

the CuAl,Ga;-,S; system revealed that the unintentional- '

ly incorporated Fe in CuAlS, occupies the Cu site and
becomes trivalent.® In the present studies we have con-

firmed the existence of the Fe**-related PL also in slight- -

ly Mn-doped CuAlS;. [Mn?*]4 supplies an electron to
the [Fe]c, center reducing Fe** to Fe**, which causes no
absorption bands in the visible region and reduces the col-
or.

As for the mechanism of the purple luminescence, we
propose the following model. The N, laser irradiation
produces electron-hole pairs in the material since the
photon energy, 3.7 eV, of the laser is large enough for a
transition across the gap to occur. The electron may be
captured by the [Mn]c, donor making a neutral donor
state, i.e., [Mn*]c,, while the hole is captured by the
[Mn]a acceptor making a neutral acceptor, i.e.,
[Mn3*]4. We tentatively assign the purple luminescence
at 3 eV to an electron transition from the donor to the ac-
ceptor. This transition ionizes both the [Mn*]c, donor
and the [Mn>**]a, acceptor accompanying the formation
of two Mn?* centers. Since our previous excitation spec-
trum measurement verified that there is a weak absorp-
tion band due to the ligand-field transition in Mn**
around 2.9-3eV,” we can postulate that the purple
Juminescence energy may be rapidly (less than 50 ns)
transferred to the ligand-field multiplets in the Mn2*
center, which in turn relaxes to the ground state, emitting
the characteristic red emission.

It is widely accepted that the donor-acceptor pair emis-
sion suffers a red shift of the peak as time proceeds.
However, our observation showed no shift at all between
25 and 50 ns. Concerning the peak shift, one should
remember that there is a type of D-A pair emission show-
ing no peak shift, for which no Coulomb term is involv-
ed.'"" We believe this is the case in our purple
luminescence spectrum.

The fact that such a high-energy PL peak has never
been observed in undoped samples but is found only in
Mn-doped samples suggests a possibility of obtaining a
blue-light-emitting material by doping some other kind
of divalent element which does not transfer the energy to
the localized multiplets as in the case of Mn. We would
like to point out that divalent alkalineearth ions which
play the same role as Mn and have no d-electrons to be ex-
cited are candidates. .

4.3  Mechanism of the Mn** luminescence

As for the red luminescence with a peak at 1.96 eV,
the experimental results that no prominent difference in
the spectral shape or the peak position is observed be-
tween slightly doped and heavily doped samples suggests
that the luminescence is associated with the ligand-field
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transition in the 3d® manifold of a single Mn2* center,

The decay time shows a marked decrease in the heavily
doped material, which may be interpreted in terms of the
increased probability of the dipoledipole or the
multipole-multipole interaction between Mn centers.
There is a possibility the shortening of the decay time is
caused by the formation of the Mn pair, as we pointed
out in the previous paper,® although no prominent
change of the PL lineshape corresponding to the change
in the concentration of manganese has been observed.
The broad structureless feature of the PL spectrum
makes it difficult to carry out a detailed analysis of the
pair luminescence. Studies at liquid helium temperature
may help us to resolve the fine structures in the broad
emission band.

Several mechanisms can be postulated for the red
(1.96 eV) luminescence associated with the Mn** center.
One is the direct excitation mechanism. The higher-lying
excited state in the 3d* manifolds of the Mn?* center may
be mixed with the continuum of the empty band states.
The across-the-gap excitation partly excites the electrons
to the higher-lying excited states directly. They relax with
phonon cmission to the lowest excited multiplets, *T),
from which a radiative recombination occurs to the
ground multiplets ¢A,. The PL intensity through this
mechanism should be weak since no strong hybridization
between the Mn 3d orbitals and the conduction band
state is expected.

On the-other hand, we can postulate another recom-
bination model. As pointed out in §3.2, the impu-
rity/defect-origin photoluminescence peak was observed
at 77 K showing a considerable energy shift from 2.2 eV
to 1.9 eV in the undoped crystal. Such a shift is character-
istic of a D-A pair emission. Since no corresponding emis-
sion is observed at room temperature some kind of
shallow state is suspected to be involved in addition to a
deep level. Both the shallow and the deep states observed
in the host crystal will also be found in crystals doped
with an extrinsic impurity, provided that the concentra-
tion of the impurity is very low. By comparing Figs. 3(b)
and 4(a), we come to the conclusion that the D-A pair in-

herent in the host crystal transfers energy to the Mn2* -

center through a kind of resonance between the centers,
because of the closeness of their energies.

A third model involves the Mn-related D-A pair recom-
bination, as introduced in the preceding subsection. Ex-
cited carriers are trapped by the [Mn]¢, donor and the
[Mn]a acceptor. A D-A pair recombination produces
two Mn** centers which are excited by absorbing the D-A
pair energy and then relax to the lowest excited state emit-
ting the red PL. This mechanism requires pairs of Mn-
related centers and is important in the heavily doped
case.

Further studies such as high resolution excitation spec-
trum measurements may be necessary to determine which
of the above mechanisms is responsible for the Mn-origin
PL peak.

§5. Conclusions

Time-resolved spectra were measured in single crystals
of CuAlS; doped with different Mn concentrations, as

well as in undoped crystals. The time-resolved spectrum

in a 0.01 wt% Mn-doped sample at the delay time of 25
ns showed a broad-band emission peak around 2.5eV,
just as did the 25 ns spectrum of an undoped crystal. The
intensity of the broad band rapidly decreased and an in-
frared peak developed. At the delay time of 10 us after
excitation, only the red emission band at 1.96 eV was
observed. The decay time of the red band was approx-
imately equal to 1 ms. No clear evidence for the energy
transfer between the impurity/defect center associated
with the host and the Mn center was obtained for slightly
Mup-doped samples. However, the 77 K time-resolved PL
spectrum in the undoped crystal suggests an evolution of
the 1.9-eV impurity/defect level, which is suspected to

act as a resonant energy transfer center between the host .

and the Mn** center.

On the other hand, the PL spectrum in the heavily
doped samples showed a purple peak at 3 eV just after
the excitation and a red Mn-origin peak at 1.96 ¢V devel-
oped after a slight delay. The purple PL peak relaxes rap-
idly with a decay time of 50 ns, while the red peak shows
a slow decay with a time constant of 100 us. The origin of
the purple band was attributed to the recombination in
the donor-acceptor pair jntroduced by Mn doping. The
possibility of an energy transfer between the host impu-
rity/ defect states and the Mn center was also suggested.
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