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Blue a.c. electroluminescence of
Zn,_,Mg,S:Cu,Br powder phosphors

R. REVATHI, T. R. N. KUTTY"*
Materials Research Laboratory, Indian Institute of Science, Bangalore 560 012, India

Blue a.c. electroluminescent (EL) powder phosphors with brightness of ~ 300 Cd/m? and half
life of over 10°h can be prepared from Zn,_,Mg,S:Cu,Br. Replacement of zinc by the more
electropositive magnesium increases the percentage ionicity of metal-sulphur bonds leading to
the stabilization of the 2H structure. Incorpaoration of 15 mol % Mg shifts the EL emission peak
from 525 to 436 nm. The green side band is completely absent when the copper concentration
is ~0.3mol%. When copper is ~10"*mol %, both the green and blue bands are observed in
the photoluminescence (PL) emission spectrum. It is proposed that hexagonal Zn,_, Mg, S
with 0.3 mol % copper contains predominantly (Cuz,Cu; ) pairs due to increased electrostatic

energy. The recombination involving this isoelectronic hole centre and an isolated donor
produces the blue emission. Since a large fraction of the acceptor is present as independent
Cuz, at low copper concentrations, the green band persists, which originates from distant

donor (Brg)-acceptor (Cuz,) pairs.

1. Introduction

It has been found that a.c. electroluminescent ZnS
powder phosphors emitting green light have longer
life times [1-5], whereas stable blue EL phosphors are
difficult to prepare. Short living ZnS:Cu,Cl has blue
EL when the chlorine concentration is low and
copper/chlorine > 1 are maintained; the blue emis-
sion is always accompanied by a green side band [6].
ZnS:Cu,I and ZnS:Cu,Al also show blue EL; the
former has a short half-life, while the latter does not
emit saturated blue due to the weak orange side band
{7, 8]. ZnS:Ag,Cu,Al phosphor shows low intensity
blue EL [9]. It is, therefore, necessary to look for
modified ZnS or other lattices for preparing stable
blue EL powder phosphors. Jaffe [10] reported blue
EL in Zn,_ Mg, S:Cuhalogen phosphors. After this
early work, there are no reports on this system till
Fischer [11] observed that blue EL phosphors of better
stability can be prepared from Zn,_, Mg, S.

The ZnS-MgS system has been worked out by
many authors [12-18], mostly using single crystals.
ZnS has a generally accepted phase transformation
around 1020°C, from 3C to 2H structure, whereas
MgS has a rock salt structure. The limit of MgS
solubility in ZnS 1s ~49mol % for single crystals
grown from the melt [12-16]. The powder material
formed by the reaction of ZnS and MgO with CS,
vapour at 1050°C has the solubility limit of
22mol % MgS [17]. Zn,_,Mg.S prepared from
molten ZnCl, + MgCl, in H,S at 800°C showed
higher solubility of ~30mol % MgS [18]. In these
powder materials, the presence of > 10mol % MgS
inhibits the formation of the 3C phase, down to room
temperature. In the range of 0 < x < 0.11,

Zn, Mg S crystals have the 3C structure with
hexagonal stacking faults [16]. Regarding the stability
range of the cubic and hexagonal phases with com-
position, it is possible that most of the authors [12-18]
may be dealing with non-equilibrium materials.
Cathodoluminescence of copper-activated Zn,_,-
Mg, S phosphors showed limited shift in emission

~maximum with increasing magnesium content [19].

This seemed peculiar since the band gap energy (E,) of
MgS (~4.8¢eV) is much larger than that of ZnS
(~3.7¢V). Kroeger [20] reported that the incorpor-
ation of MgS in ZnS does not introduce any new levels
in the forbidden gap and hence there are no observ-
able changes in the luminescence of ZnS with mag-
nesium incorporation. The present work revealed that
the EL emission maximum shifts from 525nm for
ZnS:Cu,Br to 436 nm for Zny, Mg, ,sS:Cu,Br. We
also observed that the variations in EL spectra can
be correlated to the crystallochemical changes in
Zn,_,Mg.S.

2. Experimental details

The molten salt technique, as in [18], could not be
adopted for controlled addition of halogen in the
phosphors; hence the solid state reaction was used.
ZnS was of luminescence grade from General Electric,
Schenectady, New York, USA. MgS was prepared by
firing MgCO, at 800°C in H,S for 2h. The solid
solubility limit was determined chemically by hydroly-
sis, whereupon the H,S liberated was quantitatively
estimated. Only free MgS, if present, gave rise to H,S,
whereas Zn,_,Mg.S remained unreacted [10, 19, 21].
X-ray powder diffraction patterns confirmed the
chemical tests.
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Zn,_ Mg, S:Cu,Br phosphors were prepared by
slurrying ZnS with copper-acetate and NH,Br in
water, drying at 120° C and mixing with the required
amount of MgS and 1% wt elemental sulphur. ZnS
and Mg(OH),MgCO, could also be used as the start-
ing materials. Magnesium content was varied from 0
to 25mol %, whereas copper and bromine ranges
from 0.5 to 3 and 0.2 to 4mol % respectively, in the
starting material. After drying, the powder was heated
to 800°C in H,S for'1h and then in pure N, for 2h.
The samples were fired in silica tubes capped with
silica wool and were contained in a larger silica tube
closed at one end and having a gas inlet and outlet at
the other end. The phosphor was quenched to room
temperature. Excess Cu,_;S (6 = 0.002 to 0.2) was
dissolved away by washing in 10% KCN + KOH
solution. The phosphor was reheated at 700°C for 1 h
and cooled fast by dipping the outer tube in water.
Copper and bromine in the KCN-washed samples
were determined by atomic adsorption spectro-
photometry and colorimetry respectively.

EL panels (35-50 um thick) were prepared by
spreading the powder (5-12um grain size) on ITO
(indium oxide doped with tin oxide, In,0,:Sn0,)
glass plates carrying cyanoethyl starch + cyanoethyl
sucrose (dielectric constant ¢ ~ 20) or polyvinylidene
fluoride (¢ ~ 9) coatings. The back electrodes were
evaporated aluminium. EL a.c. measurements were
carried out in dry atmosphere using a brightness spot-
meter (Photo Research, Burbank, California). EL
emission spectra were recorded with a Schoeffel
monochromator coupled with a photodetector.
An Hitachi 650-40 fluorescence spectrophotometer
recorded the photoluminescence (PL) emission and
excitation spectra. A Shimadzu spectrophotometer
was used for optical reflectance spectra. X-ray powder
patterns were obtained with a Philips PW 1700 diffrac-
tometer. Proper care was taken to ecliminate the
moisture during the diffraction experiments. Lattice
parameters were measured for the cubic phase in the
range of 20 = 87.9-88.5° ((422) reflection), with
CuKu radiation (0 = Bragg angle), using silicon as
the internal standard. For the hexagonal phase (203)
and (21 3) reflections (20 = 72.95 and 91.91°, respect-
tively) were used for lattice parameter determinations.

3. Results

3.1. Solubility limits

Hydrolysis experiments showed that free MgS is
present when x > 0.24 for Zn,_, Mg, S fired at
800°C. At 950°C, this limit increases to 0.26, indi-
cating the enhanced solubility of MgS in ZnS with
temperature. This observed solubility limit is nearly in
agreement with the earlier reports on powder materials
[10, 17-19]. Zn,_,Mg,S prepared by the solid state
method has lower solubility limits than that from the
fused salt method [18]. However the lower solubility is
not due to the formation of MgO as evident from the
chemical analysis and the absence of MgO reflections
in the X-ray diffractograms. MgCO; at 800°C will
decompose rapidly to MgO which is normally unreac-
tive to H,S and elemental sulphur. If the reactants are
initially completely free of moisture, we found that the

nascent oxide produced in situ by the decomposition
of MgCO, converts to the sulphide phase.

3.2. Crystallographic changes
X-ray powder diffractograms of Zn,_ Mg.S, within
the homogeneity range, showed that ZnS gradually
transforms from 3C to 2H as magnesium content is
increased (Fig. 1). X-ray reflections at 26 = 26.9, 31.5
and 39.5° (CuKu radiation) arise only from the 2H
phase, while reflection at 260 = 33.05° is from the 3C
phase only. The intensity ratios, lys/l;0s and Ly s/
L, s are proportional to the hexagonal phase content.
X-ray reflections due to the 3C phase disappear when
x =~ 0.13. Calibration curves for hexagonality against
intensity ratio are obtained from the mechanical mix-
tures of 100% 3C and 2H forms prepared by indepen-
dent methods, in known proportions. Since the 3C to
2H transformation is around 1020° C and is reversible
for pure ZnS, the above changes are due to mag-
nesium substitution. Extended annealing in a vacuum
(10~%atm) for 6 to 8 days at 800° C has not changed
the phase content of Znyg; Mg, ;S. Apparently,
the 2H phase is thermodynamically stable, though
extended kinetic stability cannot be ruled out. Copper
and bromine, within the concentration ranges men-
tioned later, are found to have only a marginal
influence on Fig. 1. Although Cu,_;S has the tendency
to stabilize the cubic form of ZnS [22, 23], it does not
seem to influence the phase content in Zn,_ Mg, S.
For both 3C and 2H phases, the unit cell parameters
increase with magnesium content. ZnS fired at 800° C
in H,S has a§"® = 0.54095nm which agrees with the
reported value [24]. af*° increases to 0.54125 nm when
x =~ 0.06. For the 2H phase, ai™ and i increase
non-linearly with magnesium content (Fig. 2). ai*
values are closer to those reported for Zn,_ Mg, S
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Figure 1 Percentage hexagonality of Zn,_ Mg.S solid solutions as
a function of x-values. (@) represents hexagonality calculated from
Leo/l;, whereas (a) represents those calculated from Igs/h;
ratios.

2101



s
06290 e
- S
£ S
506200 P /
[ ///; 7
06270 s /;
0.6260F——"" [
it P
0.3850 A
€ //
= —
§_0.3840 L2
o /’
0.38301- A
*;’///'%’
0380
1 I I
T
T —
Eos5u21
Kal
2o L
o
0.5410 1 t
|
0.05 0.10 0.15 0.20
xin Znq_, Mg, S —

Figure 2 The variation in lattice parameters of cubic and hexagonal
phases of Zn,_, Mg S with composition. The full lines represent the
observed values from this work. Dashed lines are obtained by the
interpolation of 2H ZnS {25] and 2H MgS [26] lattice parameters.
The dotted lines are those reported for single crystals [12].

single crystals [12], whereas ci™ values are somewhat
lower, particularly at higher x-values. Similar trends
have been noticed for Zn,_,Mg,S powder prepared
from molten salts [18]. Fig. 2 indicates that the incor-
poration of magnesium expands the ZnS lattice.
Assuming linear dependence of @i and ci values on
composition, straight lines are drawn in Fig. 2, using
the cell parameters of 2H ZnS [25] and of the wurtzite
form of MgS [26]. The observed cell parameters
deviate from the linear compositional curves indicat-
ing the non-ideal nature of the solid solutions. Again,
copper and bromine, within the concentration ranges
mentioned subsequently, do not alter the cell par-
ameters (within 1%).

3.3. Electroluminescence characteristics

Fig. 3 shows the EL spectrum of Zn, s, Mg, 35:0.3 Cu,
0.35Br (composition of the dopants in the KCN-
washed phosphors) at room temperature. The emission
maximum is around 436 nm. For 3C ZnS, with the
same concentrations of dopants, the EL emission
maximum i8 at 525nm. On increasing the copper/
bromine ratio, the EL spectrum of Zn§ shifts to blue
(Aenax =~ 460 nm). However, there is a green side band
for this spectrum (Fig. 3b). For Zn,_ Mg, S:Cu,Br,
with x > 0.13, the green band is not observed for a
range of copper/bromine ratio (0.4-3.0). However the
green band appears when the copper concentration is
less than 10~?mol %. The EL intensities of phosphors
with lower copper contents are considerably low. Both
the green and blue bands are present in the EL spec-
trum of Zn,_,Mg, S:Cu,Br with 0.05 < x < 0.13.
The variations in EL emission maxima of these two
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Figure 3 Electroluminescence spectra of (a) ZnS:0.3Cu,0.35Br,
(b) ZnS:0.3Cu,0.2Br, (¢) Znye, Mg, 5S:0.3Cu,0.35Br and (d)
Zny 5, Mg S :0.3Cu,0.3Br (2.5kHz).

bands with magnesium content are shown in Fig. 4.
The corresponding changes in their relative intensities
are also shown in the same figure. While the intensity
of the green band goes down to zero for x > 0.13,
that of the blue band is maximum at x > 0.18.

N
o)
T
\
\
R

EL maximum (eV)—=
N
¢

Relative infensity —

0.20

Figure 4 EL characteristics as a function of composition for
Zn,_,Mg,S:0.3Cu,0.3Br. Variation in (a) EL emission maximum
and (b) the intensity for the green and blue bands.
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Figure 5 Brightness (B)—Voltage (V) relation for Zng Mg, sS:
0.3Cu,0.3Br for different frequencies of operation.

Brightness (B)-voltage (V) curves for blue EL of
Zny s Mg, 5S:0.3Cu,0.3Br indicate no apparent satu-
ration with frequency of operation (Fig. 5). The EL
intensity increases with frequency without a shift in
the emission maximum. Brightness also increases with
voltage, at fixed frequency. A plot of (d/V)'? against
log B, where d is the thickness of the EL layer, gives
straight lines (Fig. 6). The combined EL brightness (of
the green and blue bands together) decreases with x
values till ~0.1 and further increases, reaching the
upper limit at x =~ 0.18. It is reported that
Zn, Mg S has considerable hexagonal stacking
faults when x < 0.11 [16]. There may be other types
of stacking faults when Zn,_,Mg,S approaches the
solubility limits (x = 0.24). Radiationless recombi-
nations involving these defects decrease the lumi-
nescence efficiency. This explains the variations in EL
intensity with x-values (Figs 4 and 6).

The relationship between brightness B and time, ¢,
at constant operational voltage and frequency, is
given by [5]:

B = Byl + (1/7)] (H

where B is the brightness at any time ¢z, B, is the initial
brightness and # is a number greater than unity. The
intersection of (B,/B — 1) = 1 indicates the half-life,
(t). Phosphors annealed under special conditions at
700°C have t = 1.2 x 10°h whereas those without
the annealing have half-life around 150 h (Fig. 7).

3.4. Optical reflectance spectrum

Optical reflectance spectra of Zn, _ Mg, S are recorded
in the range of 250 to 850 nin at liquid N, temperature
(—196° C). Since the spectra are somewhat broad, we
resorted to the McClean [27] equation to derive the
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Figure 6 A plot of (d/V)'? as a function of brightness, where d is
expressed in um and ¥V in volts, for Zn,_,MgS:0.3Cu,0.3Br
phosphors of varying x values. Brightness corresponds to the com-
bined intensities of the green and the blue bands. (@) x = 0.02, (a)
x = 0.15, (0) x = 0.05, (x) x = 0.06, (o) x = 0.10.

band gap energy, E,:

ahv = K(v — E, + E,)'" )

where E, is the energy of the associated phonon, K is
the proportionality constant, / is Planck’s constant
and v is the frequency; n = 2 for direct allowed tran-
sition. Alternatively, transformation of the McClean
equation to the Kubelka—Munk function [28] is
carried out:
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Figure 7 Time dependence of brightness for Zn, 4, Mg, ;S :0.3Cu,
0.35Br as per Equation 1:(a) for the annealed and (b) for the
unannealed phosphor (1 kHz, 110V).
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where o is the absorption coefficient, F is a functional
constant and R is the reflectivity at the angle of
incidence 8 or oo; this yields

SF(Ry)hv = K(hv — E, £ E,)) 3)

where s, the scattering function, is assumed to be
independent of wavelength. Fig. 8 shows the variation
in E, values with magnesium content, within the solu-
bility limits of MgS in ZnS. For samples with mixed
3C + 2H phases (0.06 < x < 0.12), the reflectance
spectra are so broad that the E, values are not accu-
rately measurable. The large width of the spectra may
arise from the high stacking fault concentration
[13-16]. For the hexagonal form of MgS, E, is esti-
mated around 4.8eV [16], whereas for 2H ZnS it is
around 3.91eV [29]. The observed E, values for
Zn,_, Mg, S deviate from the linear curve. They fall as
a parabolic curve represented by:

E, = E, + [E, — E, — blx + bx* (4

g

where the calculated bowing parameter, b, is
~0.40eV. When x < 0.06, the observed band gap
energy values follow another parabolic curve where
E,, ~ 3.83¢V, corresponding to that of 3C ZnS [29].
Reflectance spectra around room temperature indi-
cate that the temperature coefficient of E, value is
~6 x 107*eV°C~! for the hexagonal Zn, Mg S.

Investigations of Fedorov et al. [16] on the reflec-
tance spectra of Zn,_,Mg, S single crystal at liquid
helium temperature revealed the existence of three
exciton transitions. We could not observe the exciton
lines with the powder samples at liquid N, tem-
perature. This may be due to the surface effects in
polycrystalline samples. However, PL excitation spec-
tra of copper-doped Zn,_,Mg S phosphors showed
some exciton structures.

3.5. Photoluminescence spectra

Incorporation of magnesium may not basically
change the EL excitation mechanism prevailing in
ZnS:Cu,Br whereas the emission process may be
altered. PL studies yield definite information regard-
ing the emission mechanism, particularly since the PL
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emission spectra of Zn,_ Mg, S:Cu,Br have good
resemblance to those of EL emission (compare Figs. 4
and 9).

Fig. 9 shows the emission and excitation spectra for
ZnygsMgg15S5:0.3Cu,0.35Br at — 196° C. The emission
spectrum consists of only one band, with A, =
432nm. It has lower half-band width than that of
copper-blue emission band in ZnS. The emission
maximum shifts to lower energy with temperture, as in
the case of copper-blue and copper-green in ZnS.
However, the half-band width decreases with tem-
perature, a trend opposite to that observed for copper-
blue in ZnS [30]. The emission spectrum does not
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Figure 9 Emission and excitation spectra for Znygs Mg, 55:0.3Cu,
0.35Br at —196°C. A, represents the monitored wavelength for
excitation spectrum and 1., indicates the exciting wavelength for the
emission spectrum.
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change when the excitation wavelength is varied from
320 to 410nm. The excitation spectrum of
Znggs Mg, 1:S:0.3Cu,0.35Br, with the monitored
wavelength at 432am shows two bands, a com-
paratively broad band with maximum at 352 nm and
another intense band with peak maximum at 319 nm.
The latter is also observed in the excitation spectra of
self-activated Zn,_ Mg, S [31]. In the lattice absorp-
tion band region of the excitation spectra, there are
three dips of low intensity corresponding to the exci-
tation absorption. These dips appear around 314, 312
and 304 nm at low temperatures. They correspond to
A,, B, and C, exciton lines observed for 2ZH ZnS, with
appropriate blue shift due to solid solution formation
[32]. When the monitored wavelength is increased to
475nm, the exciton band region of the excitation
spectrum has higher intensity of absorption with the
absence of the exciton dips. The absence of exciton
absorption at higher monitoring wavelengths is a fea-
ture contrary to what is reported for 2H ZnS [32].
However, the spectra reported in [32] are with very
low copper contents.

Hence, the PL spectra of ZnggsMg,,5S:107*Cu,-
10 *Br were investigated. These studies have no
relevance to EL phosphors since they are poorly elec-
troluminescent. Fig. 10 shows the emission and exci-
tation spectra at — 196°C. The emission spectrum,
with the excitation wavelength at 325 nm, has three
bands. The maximum at 510 nm is the copper-green
band [33-35]; the peak around 439 nm corresponds to
the copper-blue {36-38], whereas the band around

Figure 10 Emission and excitation spectra for
Znygs Mg 15sS:107*Cu,107*Br at —196° C. The top most
curves are at room temperature.

362nm is known to be due to the self-activated
(SA) emission [39]. The wavelength maximum of the
emission spectrum is a function of the excitation
wavelength. The intensities of the emission spectra in
Fig. 10 are one to two orders of magnitude lower than
those in Fig. 9. As the excitation wavelength is
increased from 325 to 350 nm, the intensity of the
copper-blue emission decreases whereas that of the
copper-green band increases; the SA emission band
disappears. With further increase in excitation
wavelength to 370nm, the copper-blue becomes
weaker and when 4., = 400 nm, only the green band
persists. The copper-blue PL emission maximum
shifts from 432 to 439 nm when copper concentration
is lowered from 0.3 to 10~* mol %. The possibility that
the 439 nm emission band of Zn, e, Mg, sS:107*Cu,-
10~*Br may be associated with the SA emission is
ruled out as we studied the SA emission behaviour of
Zn,_,Mg. S and found no emission band around
439 nm with or without intentional addition of bro-
mine, aluminium or gallium [32]. Incorporation of
copper alone gives rise to the 439 nm band. Addition
of cationic donors like aluminium or gallium does not
shift the 439 nm band whereas the SA emission shifts
to longer wavelength under this treatment [31]. On
cooling to liquid N, temperature, the 439 nm band is
shifted to shorter wavelength with the half-band width
remaining unchanged. Again, this trend is opposite to
that for SA emission [31]. The disappearence of the SA
emission peak at 362 nm, on increasing the excitation
wavelength from 325 to 350nm, is also noticed in
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hexagonal ZnS:107°Cu by Hoshina and Kawai [32]
which they explained to indicate the transfer of
energy from the SA centre to the copper-blue centre.

The excitation spectrum of Zng Mg, sS:107*Cu,-
107*Br changes with the monitoring wavelength.
When 4, = 510nm, the characteristic broad band
appears with a maximum around 360 nm, accompanied
by the higher energy band around 326 nm. When the
monitoring wavelength is changed to 440nm, the
326 nm band acquires higher intensity, accompanied
by the appearance of the exciton absorption dips (of
higher intensity than in Fig. 9), whose positions
remain unchanged as in high copper-containing
phosphor. With 4, = 370nm, only the high energy
band persists, with peak maximum at 320 nm, together
with the less defined exciton absorption dips.

Variation in bromine concentration in the range of
107 (intentionally added concentration which is over
and above the background impurity content) to
0.35mol %, at fixed copper contents showed no effect
on the PL spectra.

4. Discussion

Luminescence characteristics of the crystallophosphors
have to be viewed in the light of the crystal structure
changes. Smith [19] has reported a contraction of ZnS
unit cells by the incorporation of magnesium. The
present results as well as those of previous authors [12,
18] show that the lattice parameters increase with
magnesium content in Zn,_,Mg_S. The ion sizes of
Zn** and Mg’ are 0.06 and 0.058 nm respectively for
4-coordination [40]. Accordingly, a reverse trend
should be expected on the basis of an ionic model.
However, ZnS can be better described on the basis of
a covalent model, in which the percentage ionicity of
the metal-sulphur band is increased by the replace-
ment of zinc by the more electropositive alkaline earth
metal, magnesium. Thereby, the wurtzite, rather than
zinc blende, structure is stabilized. Dehesa et al. [41]
have shown that the difference in stabilization energy
between these two type-structures, for a given com-
pound, is mainly electrostatic in character. Sub-
stitutional impurities which contribute to electrostatic
energy stabilize the wurtzite form. The transformation
is continuous with impurity concentration, as evident
from Fig. 1.

Expansion of the lattice will decrease the energy
gap, accompanied by a red shift in the emission as well
as in the absorption spectrum [19, 20]. This statement
does not hold good for Zn,_ Mg, S where the lattice
expansion is accompanied by increased E, values
(Fig. 8). The dependence of unit cell parameters
(Fig. 2) as well as the E, values on composition indi-
cates that Zn;, Mg S are non-ideal solid solutions.
The emission spectral characteristics of copper-doped
Zn,_,Mg S (Fig. 4) are also indicative of their non-
ideal nature.

Luminescence spectra (both EL and PL) show that
the copper-blue emission of ZnS:0.35Cu,0.3Br is
always accompanied by the green emission band.
Whereas for Zn, _, Mg, S:0.3Cu,0.3Br, the green band
is absent when x > 0.13 and has the 2H structure. A
few alternative explanations are possible for the disap-

2106

pearance of the green band:

(i) The fact that the change in luminescence spec-
trum is accompanied by the phase change to 100%
hexagonal may indicate a change in symmetry of the
copper-centre, as proposed by Birman [42]. Accord-
ingly, copper-green and copper-blue emissions result
from different states of the same centre which acquires
the symmetry elements of the valence band of the
corresponding host lattice.

(if) The emission of the copper-centre may show a
blue shift which follows the blue shift in the absorp-
tion edge due to magnesium incorporation. Such a
situation has been recently reported for Zn,_ Mg, Te:
Li which also shows lattice expansion upon solid solu-
tion formation [43].

(iif) Magnesium may function as an isoelectronic
cation impurity centre [44]. The ionization energy of
magnesium is smaller than that of zinc. Therefore, the
effective charge on sulphide ions adjacent to Mg,,
becomes more negative than that on normal lattice
sites. Hence the energy of the valence electron around
Mg, tends to be higher than that of the normal
valence electron. This generates a short-range poten-
tial attractive to holes near magnesium. The intrinsic
exciton produced around Mg, relaxes to a bound
exciton, the recombination of which may transfer
energy resonantly to the copper-centre thus modifying
the emission spectrum of the latter. Modification of
the hole binding energy of the SA centre, (V,, — Brs),
by magnesium has been reported earlier [31].

(iv) Coupling between SA and copper-centres [45]
can be modified by the presence of magnesium so that
the resonance energy transfer to the blue centre is
favoured.

(v) The increased electrostatic contribution to lat-
tice stabilization energy accompanied by the lattice
expansion may alter the chemical character of the
copper-centre thereby changing the position of the
corresponding energy levels.

Only explanation (v) above can account for the
presence of both the green and the blue bands in the
emission spectrum of Znyg Mg, ,5S:107*Cu, Br and
for the fact that, at larger excitation wavelength, only
the green emission persists (Fig. 10). For this phos-
phor, the copper-blue and SA emissions accompany-
ing the copper-green emission are indicative of the
energy transfer from copper-blue and SA centres to
the copper-green centre. Energy transfer also takes
place from the SA centre to the copper-blue centre.
These are the same characteristics reported for 2H
ZnS containing 10" *mol % Cu [32]. Whereas, with
0.3mol % Cu, the blue emission is observed without
the appearance of the SA band. This is indicative of
the changing nature of the copper-centres with con-
centration. The widely accepted view is that the copper-
green band originates from the electron-hole recom-
bination at a distant donor (Brg )—acceptor (Cu,,)
pair (DA pair) {32—-35]. Although there are many
models for the copper-blue centre, the one in better
agreement with the experimental results is the electron-
hole recombination at a (Cug,Cu;'") pair and an iso-
lated donor (DI pair) [36-38, 45]. The nearest



neighbour pair of Cug, and an interstitial Cu™ ion is
tightly bound to form a neutral isoelectronic centre,
which can act as a hole trap, as mentioned earlier. The
donor involved in such DI pair transition is Brg
whose actual concentration (relative to that of copper)
does not affect the peak position of the copper-blue
band in Zn,_, Mg, S. However, the emission spectrum
is affected by the variation in copper-concentration,
supporting the contention that the changing nature of
the copper-centre causes the disappearance of the
green band. It is possible that at higher copper concen-
trations, more Cu* ions go into the interstitial posi-
tions so that more (Cuz,Cu') associated pairs are
produced. We propose that in hexagonal Zn,_ Mg, S,
the interstitial Cu™ is more prevalent than in ZnS
particularly at higher copper contents. Therefore, the
number of isolated Cugz, is low, causing the diminution
in intensity of the green band. The predominance of
Cu;” may arise from the changed crystallochemical
characteristics of the host lattice as discussed earlier. It
is known that an increased copper/bromine ratio in
ZnS leads to the predominance of the blue band [46],
possibly due to the presence of more (Cuz,Cu;") associ-
ated pairs. The persistance of the green side band indi-
cates that isolated Cuz, cannot be minimized in ZnS.

The exciton structures in the excitation spectra are
related to the optical excitation mechanism of the
corresponding centre. They will appear as peaks in the
energy region near the band gap, depending upon
whether the recombination energy of the bound exciton
is transferred to the centre or as dips if the optically
produced intrinsic excitons are non-radiatively
annihilated at the recombination centre [47]. The
excitons by the donor (Brg )—acceptor (Cuz,) pairs are
of shorter distances [32]. Lower intensity of these
exciton dips at higher copper concentration may
suggest lower number of isolated Cuz, acceptors. The
characteristic excitation band around 350 to 360 nm
may be due to the ionization of electron from
(Cuz, Cu") or Cugz, to the conduction band. Photo-
conduction is reported following excitation into these
bands [48]. The band around 320 nm in the excitation
spectra may involve the excitation of a valence band
electron into the donor levels of isolated Brg . This is
supported by the presence of the 320nm band in
Br-doped Zn,_,MgS [31]. Although the 320nm
band, characteristic of SA luminescence, is present in
the excitation band of Zngg Mg, sS:0.3Cu,0.3Br,
the emission spectra do not show the SA band
(~370nm). This may be due to the absence of coupl-
ing between the SA centre and (CuzCy') in
Zn,_,Mg.S with higher copper contents.

The frequency and voltage dependence of EL inten-
sity of Zn,_,Mg,S:Cu,Br is similar to that of ZnS
phosphors. Therefore, it can be concluded that the
excitation mechanism, under the electrical field,
remains unaffected. However, our results do not yield
any information as to whether impact ionization or
carrier injection is the cause for excitation in EL pow-
der phosphors.
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