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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. Photoluminescent~PL!
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 ppm. ©2003 American Institute of Physics.
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ZnS:Cu, Al has widely been used as a green phosp
since its first application in~CRT! mass production in 1973.1

The copper concentration is one of the key factors that
rectly influence the luminescent emission intensity. The
minescent intensity normally increases with increasing c
per concentration up to a certain value and then decre
with further doping. This is a common phenomenon for m
doped phosphors,2,3 called concentration quenching, whic
relates to the nonemissive cross relaxation between dopa4

In the literature, the reported optimum copper concen
tion varies from 50 to 200 ppm.5–7 This discrepancy is un
derstandable, because it is difficult to separate the conce
tion effect from other influencing factors, i.e., purit
crystallinity, particle morphology, contamination, etc. So f
reports of focused investigation of the concentration eff
on luminescent intensity are rare. And in most cases,
average doping concentration was used, assuming a ho
geneous distribution of the dopant. However, we found i
not so in the ZnS:Cu, Al we studied.

Up to now, the most effective and industrially adopt
synthesis route for ZnS:Cu, Al is called solid-state-react
~SSR!.8 In this process, ZnS particles are prepared first a
then mixed with solution of the activator salts and flux. T
activator cations deposited on the ZnS particle surface
fuse into the particle matrix during the subsequent annea
treatment. The dopants will actually form concentration g
dients, rather than uniform distributions. Any variation of t
annealing conditions, i.e., temperature or time, will chan
the gradient shape and thus change the luminescent inte
while the average concentration may remain the sa
Therefore, average concentration may not truly relate to
luminescent properties.

In this work, we calculated the copper concentration g

a!Electronic mail: burt.lee@ces.clemson.edu
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dient in a commercial SSR-ZnS:Cu, Al particles~P22-GN4,
Kasei Optonix, Ltd. Japan!. The phosphor particles wer
etched by hydrochloric acid. The diameter of the etched p
ticles could be controlled from 7.2mm to 100 nm, as shown
in Fig. 1. Similar etching treatment has been reported
Ozawa.9 Considering the incomplete penetration of electro
in cathodoluminescence,10 photoluminescence~PL! measure-
ment ~excitation wavelength, 375 nm! was adopted to char
acterize those etched particles. The average copper con
tration was measured by the inductively coupled plas
spectroscopy~ICP!. The surface copper concentration w
estimated by the x-ray photoelectron spectroscopy~XPS!.
The concentration effect of copper on the luminescent int
sity was specified by a coefficient, defined as coefficient
concentration efficiency~CCE!.

In the course of this work, four assumptions were ma
First, phosphor particles are spherical in shape. Second
etching happened mainly at the particle surface and affe
only a few atomic layers below the etched surface. Thus,
etched particles keep the same characteristics as they
before etching, i.e., the same structure, chemical comp
tion, and density, etc. X-ray diffraction~XRD!, as shown in
Fig. 2, confirmed no significant structure change after et
ing. The missing of the peak at 27.5°, which relates to
stacking fault of the~111! plane, indicated that etching hap

FIG. 1. Scanning electron micrographs of~a! the as-received;~b! 60 s
etched, and~c! 14-min–etched particles. The scale bars represent 5mm, 5
mm, and 100 nm, respectively.
5 © 2003 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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pened mainly at the grain boundary and particle surface.
third assumption is that the particles are basically free
surface defects due to the surface cleaning treatment in c
mercial production. The fourth assumption is that accord
to the XPS data and the experimental conditions, the in
ence of Cl2 on the PL emission of etched particles is n
significant.

The diffusion of copper in a spherical particle is go
erned by the Fick’s second law:11,12

]C

]t
5D3S ]2C

]r 2 1
2

r
3

]C

]r D ,

whereC and D are concentration and the diffusion coef
cient, respectively. The diffusion coefficient could be trea
as a constant for the low copper concentration~the average
concentration is below 200 ppm by ICP!. A general solution
to the above equation is:

Cr ,t5
a

2Ap~Dt !3
expS 2

r 2

4Dt D ,

wherea is the mass of copper deposited on the particle s
face before annealing, andt is the annealing time. For th
samples we studied,a andt have fixed values since they a
already made. Thus, the solution equation can be simpli
as:

Cr5A exp@2~R2r !2/B#, ~1!

whereR is the particle radius before etching;A and B are
constants determined by the initial synthesis conditions.

To solve the constantsA andB in Eq. ~1!, two boundary
conditions are required. In this work, they are the surfa
concentration before etching~179 ppm!, therefore A
5179 ppm, and the average concentration~140 ppm!. The
average concentration of copper,Cm , can be derived asCm

5(3/R3)*0
RCrr

2dr. ReplacingCr with Eq. ~1! gives

Cm5
3AB

2R2 F S RAp

AB
1

ABp

2R D erfS R

AB
D 1expS 2R2

B D21G
5140 ppm. ~2!

FIG. 2. X-ray diffraction patterns of~a! the 8.5 min etched, and~b! as-
received particles. Insets: enlarged views of 27° – 28°. The vertical line
the X axis are the standard cubic ZnS diffraction pattern~JCPDS 05-0566!.
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Equation ~2! was solved by iterative calculation
giving B54.2mm2. The calculated gradient curveCr

5179exp@2(3.62r )2/4.2# is shown as curvea in Fig. 3.
Curve b is the calculated average concentration of etch
particles, based on the gradient in curvea. The measured
values agree with the calculation. Curvec is the polynomial
simulation of the measured PL relative intensities. A 140
increase of the PL intensity was observed for the partic
with 1 mm top surface etched away.

The observed luminescent intensity should be a funct
of a number of factors:I em5 f (I ex ,M ,Xtal,P,Cr ...), where
I em,I ex ,M ,Xtal,P,Cr are the emission intensity, excitatio
intensity, sample mass, crystallinity, purity, and doping co
centration, respectively. For differently etched samples,
the variables, exceptCr , were kept the same becauseI ex and
M were experimentally set to be constant.Xtal and P were
supposed to have no change after etching. The only varia
was the dopants distributionCr . So, the last equation coul
be rewritten as: I em5Hc3Cr , where Hc

5 f (I ex ,M ,Xtal,P,Cr ...)/Cr is the CCE.
For a particle with radial concentration gradientCr and

radius ofr 8, the emission intensityI r 8 should be the sum o
contribution from all the dopants within the particle:I r 8
5*0

r 8HcCr4pr 2dr. The observed PL intensity of a samp
should be the sum of contribution from all the particles:I r 8
5nr 8*0

r 8HcCr4pr 2dr, wherenr 8 is the number of particles
with radius ofr 8. The product of particle number and sing
particle volume was constant because of the same sam
weight loading for each PL measurement and the assump
of constant density. Therefore,nr 83Vr 85constant, where

n

FIG. 3. Plot of functions~abscissa: particle radius, from particle surface
the center!. ~a! the calculated copper concentration gradient,Cquench is the
quenching concentration,Cmeanis the mean concentration;~b! the calculated
mean concentration of etched particles based on the gradient in curvea; ~c!
the measured relative PL intensity and the polynomially fitted curve;~d! the
calculated relative CCE curve;~e! the theoretical output intensity curve
Coptm is the optimized concentration.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Vr 8 is the particle volume. The relative PL intensityi r 8 is
defined as:

i r 85I r 8 /I R , ~3!

whereI r 8 is the measured PL intensity of an etched samp
I R is the measured PL intensity of the nonetched sam
Therefore, Eq.~3! becomes

i r 85br 8233E
0

r 8
HcCr4pr 2dr, ~4!

where

b5R33S E
0

R

HcCr4pr 2dr D 21

is a constant.
To separateHc , Eq. ~4! was differentiated by radius

giving

Hc5
1

b S dir 8
dr8

3
r 8

3Cr 8
1

i r 8
Cr 8

D .

As defined,Hc should give absolute values. However,
practical cases, it is impossible to calculate theb. Thus, the
relative CCEhc is defined as:hc5Hc3b .

Therefore,

hc5
dir 8
dr8

3
r 8

3Cr 8
1

i r 8
Cr 8

. ~5!

The derivativedir 8 /dr8 could be derived from the fitting
equation shown in curvec of Fig. 3. Thus, Eq.~5! could be
calculated, which is shown as curved.

In Fig. 3, the concentration, PL intensity, and the dop
efficiency are related to each other through the absciss
radius. The relative CCE becomes zero at the concentra
that gives the highest PL intensity~152 ppm! because of the
fact that any further doping beyond this point decreases
total intensity, which indicates a negative CCE. The conc
tration quenching starts from this point, because increa
cross relaxation will cause more light to be absorbed t
emitted in those overdoped portions. As the concentra
decreases, the efficiency increases gradually to a limit.
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explanation is: as the doping concentration decreases,
distance between dopants increases. The chance of non
ative relaxation between dopants decreases, so the CCE
up. The highest efficiency should be at the zero concen
tion, where the cross relaxation is null. The instrumental
rors became significant when radius approached zero. A
rection of the CCE curve at radius of zero is sugges
~dotted line!.

Based on a homogeneous distribution model, anot
function, the theoretical output intensityY is defined as:Y
5C3hc , which is shown as curvee in Fig. 3, indicating
that the optimum doping concentration is about 100 ppm

It was found that although the comprehensive proper
had been optimized, the commercial ZnS:Cu, Al partic
still have a 1mm overdoped surface layer. Luminescent i
tensity was significantly improved when this layer w
etched away. This method and equations above could als
applied to studies of other similar materials.

The authors thank Dr. Sergey Bukesov for the help
discussion and the Kasei Optonix, Ltd.~Japan! for providing
the samples and permission of publishing the data.
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