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Influence of annealing modes on spectral characteristics of photoluminescence, elec-
troluminescence, and electron spin resonance of ZnS:CuCl and ZnS:CuCl, powders has been
studied. The thermal doping processes and structure properties of ZnS have been shown to
be influenced considerably by the sample heating and cooling rates during the anneal.
Increasing of the above-mentioned rates results in increased concentrations of double-
charged copper and mangenese impurities in zinc sulfide. Moreover, it has been shown
that the blue (A, ,, ~ 450 nm) emission centers are more sensitive to excitation by ac
electric field (U = 250 V, f = 5000 Hz) than to photoexcitation.

HUccnenoBarno BausHMe pexxuMoB orxura nopomkos ZnS:CuCl u ZnS:CuCl, sa cnexTpans-
HbI€ XaPaKTEePUCTUKU UX (POTOJIOMHUHECIIEHIIUN, 3JEKTPOJIOMUHECIEHIINY U 3JIeKTPOHHOTO
nmapaMarHuTHOrO pe3oHaHca. IloKkasaHo, YTO Ha MPOIECCHl TEPMUUYECKOTO JIerMPOBAHUS, a
TaK)Ke Ha CTPYKTYpPHBIE cBoiicTBa ZnS, CyIleCTBEHHOE BIWSHNE OKAa3bIBAeT XapaKTep paso-
rpeBa ¥ OCTHIBaHUs OOpA3I[0OB B IPOIleCCe WX OTIKUTA. ¥YBeJIWdeHHe CKOPOCTH DasorpeBa u
OCTBHIBAHUA O0PA3I0OB B IPOIECCE MX OTMKUTa HPUBOAUT K BO3PACTAHWIO KOHIIEHTPAIUH B
cyabhume MUHKA ABYX3apaAHBIX IIpuMeceill mMeau u Mapraniia. Kpome Toro, B paboTe IIOKa-
3aHO, UTO IEHTPHI CHHEro cBeyeHus ¢ A, . ~ 450 HM Goslee UyBCTBUTENBHEI K BO3OYKIEHUIO
nepeMeHHBIM ajieKTpudyeckuM mnojgem (U = 250 B, f = 5000 I'i), uem K (poTOBO3OYKAEHUIO.
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ZnS type luminophors activated with het-
erovalent impurities contain, besides of ac-
tivator-related emission centers, a complex
system of competitive centers where the
charge carrier recombination may occur in
both emissive and non-radiative manner, de -
pending on the impurity introduction
method. This work is aimed at comparative
study of photoluminescence, electrolumines -
cence, and electron spin resonance spectral
characteristics of ZnS powders doped with
CuCl and CuCl, to elucidate the effect of the
annealing mode on the zinc sulfide doping
process.

The ZnS powders (ETO0.035.295 TU)
mixed with copper salts, CuCl (1.25 %) or
CuCl, (1.25 %) were annealed for 1 h at
T = 800°C. The sample heating-up time to
the anneal temperature was 6.75 h (Rate A)
or 15 min (Rate B). The sample cooling
down to room temperature was slow (420

Functional materials, 11, 2, 2004

and 360 min for A and B Rates, respec-
tively). The samples for electroluminescence
(EL) studies were prepared using a standard
procedure. A transparent electrode depos-
ited onto glass was coated by light-emitting
layer consisting of a mixture of powdered
electroluminophor (ZnS:Cu,Cl) and dielectric
binder based on ER-96 (TU 6-10-763-75)
epoxy varnish. Then opaque metal electrode
was deposited in vacuum. The light-emit-
ting layer was about 50 pm thick. Photolu-
minescence (PL) and electroluminescence
spectra were taken using an SDL-2 unit at
300 K. The PL was excited using a DKSSh-
150 xenon lamp and a LGI-23 nitrogen laser
(A = 337 nm). To excite EL, an ac generator
was used operated at 0 < U < 750 V and 0O
< f <5000 Hz. The electron spin resonance
(ESR) spectra were taken at room tempera-
ture using an RE-1307 ESR spectrometer
operating in 3 cm wavelength range.
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Fig. 1. PL spectra of ZnS:CuCl and ZnS:CuCl,
powders annealed at the Rate A (1) and B (2).

The PL spectra of studied samples con-
tain three bands. For samples annealed at
the Rate A, those are peaked at
Apae ~ 450 nm (2.76 eV) and ~508 nm
(2.44 eV) answering to blue and green emis -
sion centers [1, 2]. In [1], it has been shown
that the formation of blue emission centers
is related to the ZnS—Cu,S system while
that of green ones, to the ZnS-CuS one.
Moreover, a band peaked at A, . ~410 nm
(3.02 eV) is also present in PL spectra of all
the samples studied (Fig. 1). This band is
related to sulfur vacancies, Vg centers [3,
4]. Note that there is no that band in EL
spectra. In PL spectra of samples annealed
at the Rate B, the A,,, ~ 450 nm band is
essentially unobservable. At the same time,
that band (450 nm) is present in all the EL
spectra, although being weaker for samples
treated at the Rate B (Fig. 2a). Thus, the
blue emission centers arising, according to
[1], as a result of physico-chemical transfor -
mation in the ZnS—Cu,S system are formed
at the Rate B in an amount several times
lesser than at the Rate A. In other words,
the quick heating of ZnS powder when
being doped with copper is less favorable
for single-charged copper impurity forma-
tion. The choice of a salt of both single-
charged copper (CuCl) and double-charged
one (CuCl,) as the dopant does not influence
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Fig. 2. (a) EL spectra (U=250V,
f = 5000 Hz) of ZnS powders annealed with
CuCl (1) and CuCl, (2) at the Rate A, CuCl (3)
and CuCl, (4) at the Rate B; (b) energy
scheme of heterojunction between copper and
zinc sulfides.

the blue band intensity. Perhaps this can be
explained as follows. During the annealing,
CuCl and CuCl, are decomposed into their
components still prior to the diffusion into
ZnS. Therefore, the only distinction be-
tween those cases consists in different chlo -
rine concentrations introduced, that, as is
seen from the results, do not effect essen-
tially the shape of both PL and EL spectra.

The results obtained have shown that the
blue emission centers are more sensitive to
the electric field excitation than to photoex -
citation. While the PL spectrum of a sample
annealed at the Rate B is similar to a
Gaussian, the EL one exhibits a shoulder
about 450 nm, thus revealing one more lu-
minescence band. Maybe this is due to what
follows. At the PL, the excitation and re-
combination of non-equilibrium carriers oc-
curs in one and the same point of the crys-
tal. At EL, in contrast, a fraction of the
carriers may leave the excitation region and
recombine in another crystal point. Basing
on the energy scheme proposed for hetero-
junctions between copper and zinc sulfides
in [5] (see Fig. 2b),it can be supposed that
in the ZnS-Cu,S system, the electrons ex-
cited in Cu,S go to the space charge region
or to the main material volume where re-
combine under emission. This situation is
observed more clearly at a low concentra-
tion of the Cu,S phase in ZnS when, accord-
ing to [1], the composition of blue PL lumi-
nophors corresponds to 107 -10"% g Cu
per gram ZnS. In our case, it is just the
samples annealed at Rate B; then, the emis-
sive transition under consideration is still
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Fig. 3. ESR spectra ZnS:CuCl powder annealed at the Rate A (a) and B (b) (Vv = 9365 MHz).

not realized in PL but already observable in
EL. As the Cu,S content in ZnS increases,
the amount of excited carriers in the Cu,S
region becomes sufficient to the carriers
may attain the recombination point inde-
pendent of the field action, due to concen -
tration-induced diffusion. The green emis -
sion of ZnS—Cu,S, unlike the blue one, is
seen to be manifested itself clearly both in
PL and EL spectra. In our opinion, this
seems to be due to a high content of CuS
phase in ZnS eliminating any priority in the
carrier excitation mechanism for the green
emission.

That the ESR spectra of all the samples
(ZnS:CuCl as well as ZnS:CuCl,) contain a
broad intense line evidencing a large
amount of paramagnetic centers (PC), per-
haps due to both surface and volume de-
fects, as well as a pronounced six lines
characterizing the superfine interaction of
manganese ion Mn2* with its nucleus
(Fig.3).

The ESR spectrum of Mn2* is described
by spin Hamiltonian

H _ gBHS + ASI, 1)

where g factor g = 2.002 and the superfine
constant |A| = 65.400% cm™!. The electron
spin S and nuclear spin I are 5/2.

Note that manganese is an uncontrolled
impurity in ZnS due to technological origin.
In the initial samples, prior to heat treat-
ment, ESR studies have revealed no PC as-
sociated with Mn2*. Perhaps this is ex-
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plained to Mn recharging during the anneal.
Considering the ESR spectra, it can be
stated with certainty that the amount of PC
associated with Mn2* is considerably larger
in samples annealed at the Rate B than in
those treated at the Rate A.

Thus, it follows from the above results
that the ZnS thermal doping processes as
well as the structure of the material are
effected substantially not only by the an-
nealing duration and temperature (being
discussed often in literature) but also by
the sample heating and cooling rates. The
higher are the above rates, the more effi-
cient is the manganese impurity recharging
in ZnS, that is, the concentration increase
of paramagnetic Mn2* centers. In ZnS dop-
ing with copper, this annealing rate is also
more efficient in predominating formation
of double-charged copper impurity as com-
pared to the single-charged one.
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Boaus pexumy Bigmaay Ha Baactusocti ZnS—Cu,Cl

I0.10.Bauepikoes, 1.C.I'onosina, H.B.Kiywx,
M.O.Myxnavo, B.€.Podionos, O.A.Cmadnuxk

HocaigxeHo BIIUB pesxkuMiB Bignany mopomkis ZnS:CuCl ra ZnS:CuCl, ma cnexkTpanbHi
XapaKTepucTUKu ixX (OTOJTIOMiHeCIleHIlil, eJeKTPOJIOMiHecIeHIii Ta eJeKTPOHHOTO mapa-
Mar"iTHorro pesoHaHcy. IloxkasaHo, II[0 Ha IIPOIECH TePMIiUHOIO JIETYBaHHSA, a TAKOM Ha
CTPYKTYPHI BiacTHBOCTI ZNS, 3HAYHMWI BIJIMB Ma€ XapaKTep pO3irpiBy Ta OXOJOIKEeHHS
3paskiB y mporeci ix Bigmany. 30iJbIlIeHHSA IIBUAKOCTI PO3irpiBy Ta OXOJOMKEHHS 3pasKiB
y mpoiieci ixX Biamasy Bege OO0 30iJAbIIeHHSA KOHIEHTPAIil y cyab(igi MUHKY ABO3apaIHUX
momimrok mifi Ta maprauiio. Kpim Toro, y po6oTi mokasaso, IO IIEHTPU CUHLOTO CBITiHHA 3
A » ~ 450 BEM 6inem uyTausi mo 30ymKeHHA sMiHHMM enekTpuuHuM moaem (U = 250 B,
f = 5000 I'm), wixk 70 GOTO30YMKEHHA.
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