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Concentration efficiency of doping in phosphors: Investigation
of the copper- and aluminum-doped zinc sulfide
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We studied the effect of dopant concentration in ZnS:Cu, Al phosphor. Photolumind&tent
intensity of the chemically etched phosphor particles increased up to 140%, which proved the
existence of a dopant concentration gradient. Calculation revealed the quantitative relationship
between the dopant concentration and the luminescent intensity by relating the concentration
gradient to the PL intensity. The result showed that the most efficient concentration is 100 ppm
copper and the concentration quenching starts at 152 ppr20@3 American Institute of Physics.
[DOI: 10.1063/1.1633335

ZnS:Cu, Al has widely been used as a green phosphatient in a commercial SSR-ZnS:Cu, Al particl@?22-GN4,
since its first application ifCRT) mass production in 1973. Kasei Optonix, Ltd. Japan The phosphor particles were
The copper concentration is one of the key factors that dietched by hydrochloric acid. The diameter of the etched par-
rectly influence the luminescent emission intensity. The luicles could be controlled from 7.2m to 100 nm, as shown
minescent intensity normally increases with increasing copin Fig. 1. Similar etching treatment has been reported by
per concentration up to a certain value and then decreas@zawa’ Considering the incomplete penetration of electrons
with further doping. This is a common phenomenon for mosiin cathodoluminescencd photoluminescencéL) measure-
doped phosphors? called concentration quenching, which ment (excitation wavelength, 375 nnwas adopted to char-
relates to the nonemissive cross relaxation between dopantsacterize those etched particles. The average copper concen-

In the literature, the reported optimum copper concentratration was measured by the inductively coupled plasma
tion varies from 50 to 200 pprit.” This discrepancy is un- spectroscopy(ICP). The surface copper concentration was
derstandable, because it is difficult to separate the concentrastimated by the x-ray photoelectron spectroscOgps).
tion effect from other influencing factors, i.e., purity, The concentration effect of copper on the luminescent inten-
crystallinity, particle morphology, contamination, etc. So far, sity was specified by a coefficient, defined as coefficient of
reports of focused investigation of the concentration effectoncentration efficiencyCCBE.
on luminescent intensity are rare. And in most cases, the |n the course of this work, four assumptions were made.
average doping concentration was used, assuming a hompirst, phosphor particles are spherical in shape. Second, the
geneous distribution of the dopant. However, we found it isetching happened mainly at the particle surface and affected
not so in the ZnS:Cu, Al we studied. only a few atomic layers below the etched surface. Thus, the

Up to now, the most effective and industrially adoptedetched particles keep the same characteristics as they had
synthesis route for ZnS:Cu, Al is called solid-state-reactiorbefore etching, i.e., the same structure, chemical composi-
(SSR.2 In this process, ZnS particles are prepared first andion, and density, etc. X-ray diffractiofKRD), as shown in
then mixed with solution of the activator salts and flux. TheFig. 2, confirmed no significant structure change after etch-
activator cations deposited on the ZnS particle surface difing. The missing of the peak at 27.5°, which relates to the
fuse into the particle matrix during the subsequent annealingtacking fault of thg111) plane, indicated that etching hap-
treatment. The dopants will actually form concentration gra-
dients, rather than uniform distributions. Any variation of the
annealing conditions, i.e., temperature or time, will change?
the gradient shape and thus change the luminescent intensite4®
while the average concentration may remain the same ’
Therefore, average concentration may not truly relate to thef
luminescent properties.

In this work, we calculated the copper concentration gra-
FIG. 1. Scanning electron micrographs @ the as-received(b) 60 s
etched, andc) 14-min—etched particles. The scale bars represeain55
dElectronic mail: burt.lee@ces.clemson.edu pm, and 100 nm, respectively.
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FIG. 2. X-ray diffraction patterns ofa) the 8.5 min etched, anth) as- Z 2] (e)
received particles. Insets: enlarged views of 27°—28°. The vertical lines on g 0 i
the X axis are the standard cubic ZnS diffraction patted@PDS 05-0566 E o] i CoptmE 100ppm
g 4] Y=C'r]c |
pened mainly at the grain boundary and particle surface. The E el , , i . , ,
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third assumption is that the particles are basically free of
surface defects due to the surface cleaning treatment in com-
mercial production. The fourth e_lssumptlon 'S_ _that accor_dlng}HG. 3. Plot of functiongabscissa: particle radius, from particle surface to
to the XPS data and the experimental conditions, the influthe center. (a) the calculated copper concentration gradi@yyencnis the

ence of CI' on the PL emission of etched particles is not quenching concentratiof,c4iS the mean concentratioth) the calculated
NS mean concentration of etched particles based on the gradient in &gufwe
significant. ) : ; e
. . . . . . the measured relative PL intensity and the polynomially fitted cudjethe
The diffusion of copper in a spherical particle is gov- caiculated relative CCE curveg) the theoretical output intensity curve,

concentration (ppm)

erned by the Fick’s second latt!? Coptm iS the optimized concentration.
aC #?C 2 4C _ o .
e DX 7z + T XW , Equation (2) was solved by iterative calculation,

giving B=4.2um?. The calculated gradient curve€,
whereC and D are concentration and the diffusion coeffi- =179expp—(3.6—r)?/4.2] is shown as curva in Fig. 3.
cient, respectively. The diffusion coefficient could be treatedCurve b is the calculated average concentration of etched
as a constant for the low copper concentratitihre average particles, based on the gradient in cutae The measured
concentration is below 200 ppm by ICRA general solution values agree with the calculation. Curwés the polynomial
to the above equation is: simulation of the measured PL relative intensities. A 140%
5 increase of the PL intensity was observed for the particles
C. .= @ exr{ _ r_) with 1 um top surface etched away.
nt 2\/7(Dt)3 4Dt)’ The observed luminescent intensity should be a function
) _ ) of a number of factorst,,,=f(lex,M,Xtal,P,C, ), where
wherea is the mass of copper deposned_on the particle SurIemaIeva Xtal,P,C, are the emission intensity, excitation
face before anngalmg, artdis thg annealing t|.me. For the intensity, sample mass, crystallinity, purity, and doping con-
samples we studied; andt have fixed values since they are .o aiion respectively. For differently etched samples, all
already made. Thus, the solution equation can be S|mpl|f|eﬂ1e variables, excei, , were kept the same becauseand

as: M were experimentally set to be constaXtal and P were
C,=Aexd —(R—-r)?/B], (1) supposed to have no change after etching. The only variation
) ) ) ] was the dopants distributio@, . So, the last equation could
whereR is the particle radius before etching;andB are  po rewritten as: l..=H.XC where H
. . . - . em c ro c
constantsI detﬁrmmed by the :jnmgl synthesis C(Lndmgns. =f(l,,M,Xtal,P,C, )IC, is the CCE.
To solve the constan#s andB in Eg. (1), two boundary For a particle with radial concentration gradieit and

conditions.are required. In _this work, they are the S“rfaceradius ofr’, the emission intensity;,. should be the sum of
C_O{l;:gntratmn db?;‘]ore etchind179 pipnt)&ntoherefort_er: contribution from all the dopants within the particle;:
;vera pep(r:rl),nigntrat?or?\/;rige céc;ncecr;rr]a;e derﬁ)\?enzj. a6 ¢ = ['"H.C,4mr2dr. The observed PL intensity of a sample
_ g3 R~ .2 COPPEhm, . ™ should be the sum of contribution from all the particlgs:
=(3/R%) [oC,r°dr. ReplacingC, with Eq. (1) gives o . )
=n,. [ H.C 4mr2dr, wheren,, is the number of particles

3AB|[RJ7m Bm R —R2? with radius ofr’. The product of particle number and single
Cn=3Re /B + SR e B +texpg 5|1 particle volume was constant because of the same sample

weight loading for each PL measurement and the assumption

=140 ppm. (2 of constant density. Therefore,, X V,,=constant, where
Downloaded 25 Mar 2004 to 130.127.199.251. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apT/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 24, 15 December 2003 Qi et al. 4947

V., is the particle volume. The relative PL intensity is  explanation is: as the doping concentration decreases, the
defined as: distance between dopants increases. The chance of nonradi-
=1 3) ative relax_ation betv_vgen dopants decreases, so the CCE goes
reriRe up. The highest efficiency should be at the zero concentra-
wherel,, is the measured PL intensity of an etched sampletion, where the cross relaxation is null. The instrumental er-
Ir is the measured PL intensity of the nonetched samplerors became significant when radius approached zero. A cor-

Therefore, Eq(3) becomes rection of the CCE curve at radius of zero is suggested
o (dotted ling.
ir,=,8r’*3><J’ H.C,4mr2dr, 4 Based on a homogeneous distribution model, another
0 function, the theoretical output intensity is defined asyY
where =CX 7., which is shown as curve in Fig. 3, indicating
R 1 that the optimum doping concentration is about 100 ppm.
B=R3x f HcCr4wr2dr) It was found that although the comprehensive properties
0 had been optimized, the commercial ZnS:Cu, Al particles

still have a 1um overdoped surface layer. Luminescent in-
tensity was significantly improved when this layer was
etched away. This method and equations above could also be
applied to studies of other similar materials.

is a constant.
To separateH., Eq. (4) was differentiated by radius,

giving

1(di,, r’ i

C_E(d_rrrx3cr, é . The authors thank Dr. Sergey Bukesov for the helpful
discussion and the Kasei Optonix, Ltdapan for providing

As defined,H. should give absolute values. However, in the samples and permission of publishing the data.
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