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Abstract—Zinc sulfide powders that have been doped thermally with gallium are studied. The mechanisms of
Ga diffusion in the ZnS powders are considered in relation to the packing density of the powders' particles.
To this end, some of the ZnS powders under study have been pressed into pellets. It is established that the dop-
ing of ZnS powders with Ga proceeds more efficiently if the powders have been compressed. The el ectrolumi-
nescence of ZnS doped with Gais observed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The high emissivity and wide band gap of zinc sul-
fide (ZnS) make thismaterial promising for the fabrica-
tion of optical devices that emit in a wide range of
wavelengths[1]. Theintroduction of variousimpurities
into ZnS makes it possible to obtain luminophors with
specified properties [2]. However, in spite of numerous
studies, the issues concerning effective methods of
introducing these impuritiesinto the ZnS matrix remain
open [3]. The devel opment of new technological meth-
ods of doping ZnS can, to a great extent, be conducive
to arealization of the promising properties of this mate-
rial. Theintroduction of impuritiesthat act as coactiva
tors (for example, gallium [4]) into ZnS is of special
interest. This circumstance is al the more important
since, at present, it is still not clear what the origin of
the emitting centers significantly affected by Ga is or
which structure involves Ga.

The purpose of thisstudy wasto gaininsight into the
diffusion mechanisms that are active during the doping
of ZnS powders with Ga and to study the effect of Ga
on the luminescent properties of ZnSin relation to the
method used to introduce Gainto ZnS. The final objec-
tive of this study was a minimization of the concentra-
tion of extraneous impurities in powderlike ZnS after
the thermal introduction of Ga.

2. EXPERIMENTAL

We studied powderlike ZnS (ET0O.035.295 TY) in
which the sizes of the particles were on the order of
15 um (80% of the composition), and the sizes of the
largest particles of the powder did not exceed 20 pm.
The ZnS powder was pressed into pellets and annealed
in the presence of metallic Gafor 1 h at atemperature
of 800°C with a limited access to air. This limited
accessto air was attained using a gas seal made of acti-
vated carbon. After the annealing, the pellets were

crushed. The obtained powder was then separated into
two portions: the first portion contained the powder in
which the sizes of the particles were no larger than
40 pm, and the second portion contained the powder in
which the sizes of the particles exceeded 40 um.

The photoluminescence (PL) and e ectrolumines-
cence (EL) spectra were measured using a KSVU-23
system. The PL was excited by radiation from an LGI-
23 nitrogen laser (A = 337.1 nm). We used an alternat-
ing-voltage generator that operated at U = 250V andf =
5 kHz. All the measurements were performed at room
temperature.

The samples used for studying the EL were, in fact,
electroluminescent indicators. They were fabricated
using the conventional technology for powder lumino-
phors. the structure included a transparent 1n,05:Sn
electrode deposited onto glass, a second electrode
formed of metallic Al, and a light-emitting layer that
was formed between the electrodes and consisted of a
mixture of a powderlike ZnS:Ga luminophor and an
insulating binder (an epoxy varnish). The thickness of
the light-emitting layer was ~50 pm.

3. RESULTS

Studies of the fractional composition of the powder
with respect to the sizes of the particles showed that the
annealing of ZnS powder pressed into pellets at 800°C
led to an increase in the sizes d of separate particles to
values that exceeded 40 pum, irrespective of the pres-
ence of the Gadoping impurity. The volume fraction of
the powder with d = 40 um amounted to ~40% after
annealing.

Since the PL studies showed that pressing did not
affect the luminescent properties of the as-prepared
(unannealed) ZnS powder, Fig. 1 shows the PL spec-
trum of only the pressed ZnS powder (curve 1). As can
be seen from Fig. 1, the PL spectrum of this powder is

1063-7826/05/3903-0296$26.00 © 2005 Pleiades Publishing, Inc.



THE EFFECT OF PRESSING ON THE LUMINESCENT PROPERTIES

represented by a complex broad band with an emission
peak at 500 nm and a half-width of 84 nm. The separa-
tion of the ZnS powder pressed and annealed at 800°C
into two fractions (in which the size of the particleswas
larger and smaller than 40 um) also showed that there
were no differences (exceeding the measurement error)
between the PL spectra of these two fractions. The
annealing of the ZnS powder at 800°C (Fig. 1, curve 2)
led to adecrease in the band half-width to 67 nm and to
a shift of the PL peak to a longer wavelength (A, =
515 nm) than the PL spectrum of the initia (unan-
nealed) ZnS powder.

Interpretation of the luminescence band with its
peak in the vicinity of 515 nm is ambiguous. For exam-
ple, in [2, 5], this band was related to the O and Cu
impurities in ZnS, while it was related to the emission
of self-activated ZnS and also to the formation of
anionic vacancies in [6, 7]. It is worth noting that the
annealing-induced change in the spectral shape of the
PL band occurs owing to aredistribution of the PL lines
that form the band under consideration (Fig. 1). Bach-
erikov et al. [4] related this change in the spectral char-
acteristics of ZnS powdersto an increasein the concen-
tration of sulfur vacancies (Vg) at the surface and aso
to the surface being relieved of radicals; as aresult, the
intensity of the band with A, = 520 um increases and
the nonradiative losses at the surface are reduced.

The presence of metallic Gain the course of anneal-
ing does not lead to any changes in the PL spectrum for
the powder in which the sizesd the particles are smaller
than 40 um (Fig. 1, curve 3). The PL spectra of the
annealed samples are nearly identical. It has previously
been shown [4] that, if there are no extraneous atoms
that can affect the diffusion rate and the rate of replace-
ment of Zn by Gain ZnS, the introduction of Ga atoms
into the ZnS bulk is almost absent.

The behavior of the ZnS-powder fraction in which
the sizes of the particles are larger than 40 um is radi-
caly different. For the powder particles agglomerated
into clustersin which the sizes exceed 40 um, the pres-
ence of metallic Gain the course of annealing leads to
significant changesin the PL spectrum (Fig. 2, curve 3).
This spectrum consists of a complex band in the blue-
green spectral region whose peak is located at A =
505 nm. In addition, the shape of the short-wavelength
wing of the PL spectrum indicates that there is at least
one other single band in the region of ~470 nm. It was
previoudly shown in [1, 8-10] that the band with A, =
470 nm could be attributed to the presence of Gain ZnS.

In addition, efficient electroluminescence is a char-
acteristic of ZnS powder, annealed in the presence of
metallic Ga, in which the sizes of the particles are
=40 um. The EL spectrum of this powder (Fig. 2, curve 3)
consists of a band with apeak at A, = 500 nm and a
half-width of 75 nm.
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Fig. 1. Photoluminescence spectra of (1) the initia (unan-
nealed) ZnS powder, (2) the annealed ZnS powder, and
(3) the ZnS powder annealed in the presence of Ga (the
powder in which the sizes of the particles were no larger
than 40 um). The curves are normalized to the maximum.
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Fig. 2. Luminescence spectra of the ZnS powder annealed
in the presence of Gafor the powders in which the sizes of
the particleswere (1) no larger and (2, 3) larger than 40 um.
Curves 1 and 2 represent the photoluminescence spectrum
and curve 3 represents the electroluminescence spectrum.
The curves are normalized to the maximum.

4. DISCUSSION

Analysis of the obtained results showed that the
fractions of the ZnS powder doped thermally with Ga
inwhich d = 40 um and d < 40 pm exhibited consider-
ably different luminescent properties. For example, the
PL spectrum of the ZnS powder with d = 40 um
included aband peaked at A .., = 470 pm, caused by the
presence of Gain ZnS; the peak of this spectrum shifted
by 10 nm to shorter wavel engths with respect to the PL
spectrum of the powder with d < 40 um. In addition,
el ectroluminescence emission was not observed for the
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Fig. 3. A model of two agglomerating spheres (the possible
diffusion directions are indicated).

ZnS powder that was doped thermally with Ga.and had
d < 40 um, whereas the fraction of this powder that had
d = 40 um exhibited el ectroluminescence with an inten-
sity sufficient for reliable detection (Fig. 2, curve 3). We
were unableto find any datain previous publications on
the EL of zinc sulfide where Ga acted as a coactivator.
In this case, Ga probably acts as a coactivator for the
uncontrolled impurities (Cu, Mn, Al) or intrinsic ZnS
defects that are responsible for self-activated emission.

Thus, the above reasoning makes it possible to con-
clude that the agglomeration of separate particles of the
ZnS powder in the course of the annealing of this pow-
der at 800°C in the presence of Ga gives rise to condi-
tions under which Ga atoms penetrate into the ZnS
bulk, where some of these atoms then occupy the Zn
sites (Gay,y).

As was mentioned above, the pressing of the ZnS
powder into pellets and their subsequent annealing at a
temperature of 800°C leads to the agglomeration of
~40% of the ZnS volume into particleswith d = 40 um.
The fact that some of the powder’s particles agglomer-
ate into larger clusters at a temperature that is several
times lower than the melting point is well known and
has been described in anumber of publications[11, 12].
In the case under consideration, agglomeration occurs
at a temperature that is lower than the ZnS melting
point (T,,= 1850°C) [13] by afactor of 2.3.

The main driving force for the process of agglomer-
ation (agglomeration in the solid phase is also referred
to as densification) consists in a decrease in the free
energy of the system, mainly of the system’s surface
energy. The surface tension (capillary forces) givesrise
to stresses in a solid. These stresses depend on the sur-
face curvature according to the Laplace equation; i.e.,

o = y(-1/p+1/x), D

where g isthe stressin the contact neck, yisthe surface
tension, p is the curvature radius in the vicinity of the
neck, and x isthe neck radius. Equation (1) can be used
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to describe the process of agglomeration in a two-
sphere moddl (Fig. 3). The material shifts to the neck
region viathe volume, grain-boundary, and surface dif-
fusion that corresponds to either the Herring—Nabarro
or Coble creep. This mechanism becomes the most
important in the agglomeration of the powder’s parti-
clesin the absence of an external pressure[12]. Theini-
tial stage of agglomeration, which is due to the volume
diffusion, can be described by the equation

x*/a® = (40yQD,/RT)t, (xX°/d) = Kt,  (2)

where d is the radius of the sphere, D, is the volume-
diffusion coefficient, Q isthe atomic volume, T istem-
perature, and t istime. Equation (2) makesit possibleto
draw an important conclusion: the agglomeration rate
increases as temperature increases and the particle size
decreases. In the first approximation, we may assume
that, in the case of zinc sulfide, the particles with a
diameter smaller than 20 um are actively agglomerated
in the solid phase at T = 850°C if the effect of pressing
is disregarded.

In addition, the annealing gives rise to a thermal
deformation of the surface of the powder’s particles,
which leads to surface destruction and is accompanied
by the generation of an excess concentration of vacan-
cies and interstitial atoms and to appearance of their
clusters; as aresult, a thin surface layer becomes pref-
erentially thermally disordered [14].

All the aforementioned phenomena stimulate the
agglomeration of separate particles, athough these
phenomena do not lead to the agglomeration of the
entire mass of the materia into a combined “porous’
conglomerate. In our opinion, this behavior is caused
by the fact that the crystallographic axes of the contact-
ing faces of the crystalites in the powder are misori-
ented with respect to each other. Therefore, a good
match between the lattices of the crystallites is not
attained. Consequently, the agglomeration of crystal-
lites over the entire volume of the powder subjected to
annealing proceeds differently, and most of the pow-
der’s crystallites are not agglomerated. It is worth not-
ing that this circumstance leads to a defect-rich
agglomeration boundary.

Thus, taking into account both the data [4] that are
indicative of the physical adsorption of Ga at the sur-
face of powder’s particles, but without any subsequent
active penetration of Gainto the particle's volume dur-
ing ZnS annealing in the presence of Ga, and the pro-
cesses accompanying the agglomeration of the parti-
cles, we can suggest the main factors that allow the Ga
atoms to penetrate easily into the ZnS bulk when the
powder is pressed into pellets.

The first factor is related to the fact that Ga atoms,
after being trapped at the surface, are found within
newly formed (larger) 40-um particles in the course of
the agglomeration of the powder's particles. This
behavior is caused by the surface diffusion of the main
material into the neck region; asaresult, Gaisfound to
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be under the corresponding layer (see Fig. 3). The sec-
ond factor isrelated to the fact that the diffusion coeffi-
cient of theimpurity increases asthe size of the crystal-
litesincreases, as was shown in[15]. Thethird factor is
related to the fact that the diffusion over the grain
boundaries occurs at a higher rate than that in the crys-
tals bulk since the proper crystal structure is disrupted
in the regions that include structural defects in the
vicinity of the grain boundaries (disl ocations and stack-
ing faults).

Thus, the results reported in this paper indicate that
annealing at temperatures corresponding to the
agglomeration of ZnS particlesin the solid phase, after
ZnS has been pressed into pelletsin the presence of Ga,
isconduciveto the active penetration of GaintotheZnS
bulk. Wewould like to emphasize that, in the case under
consideration, we used a minimal number of materials
in the course of introducing Ga into the ZnS matrix; as
aresult, we minimized the amount of extraneousimpu-
rities (such as S, Ga, and Zn; uncontrolled impurities;
and impurities coming from the residual atmosphere)
that accompanied the technological process of doping.
In other thermal methods for doping ZnS with Ga,
either Gasalts or Gain combination with materials that
increase the diffusion rate of Ga from the surface into
the ZnS matrix were used; i.e., these materials acted as
catalysts[1, 4, 8-10].
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