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We have investigated light-emission characteristics of a white-light-emitting electroluminescent
device with a doubly doped ZnS:Pr,Ce,F phosphor layer. We found that optimum codoping of Ce
enhances the emission characteristics compared to the electroluminescent device with a singly
doped ZnS:Pr,F layer. We also found that introducing an additional thin-insulating SixNy interlayer
between the lower insulating layer and the phosphor layer significantly stabilizes the aging
characteristics and improves the luminous efficiency. ©1996 American Institute of Physics.
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I. INTRODUCTION

The ultimate goal of present color thin film electrolumi
nescent~TFEL! devices is to realize bright blue emission. A
is well known, one approach to achieve a full color electrol
minescent~EL! device is to use a filter in front of a white-
light-emitting device. Accordingly, it is desirable to prepar
white-light-emitting TFEL devices with high intensity, espe
cially with an intense enough blue component.

The luminescence of rare earth ions~Ce, Tb, Eu, Pr, Tm,
etc.! embedded in the different host materials has been int
sively investigated because of the important applications
these materials in lasers and display materials.1 Pr ions are
often used as white-light-emitting luminescent centers
ZnS and SrS host layers. However, the spectral compone
of singlely Pr-doped SrS or ZnS could not satisfy the r
quired level needed for application to color EL devices.

In many works, the stacked insulating layers have be
adopted in order to achieve reliable device performance w
a long lifetime, but without significant changes in luminanc
or threshold voltages, etc. The insulating layer must satis
all of the following requirements: it must have high charg
storage capacity, self-healing breakdown, good adhesion
the phosphor layer, high photoetching resistivity, high moi
ture resistivity, and no pinhole defects. The insulating laye
of commercialized EL devices consist of typical lower an
upper dielectric layers with one or two interlayers inserted
a role for ion barriers or charge accelerating layer. Desp
intensive studies on the stacked structure with interlayers,
role of the interlayer on the performance of an EL device h
not yet been clarified.2

In this study, as an extension of our previous work on
SrS:Pr EL device,3 we first report the optical, structural, and
electrical characteristics of a newly developed Pr and
doubly doped ZnS EL device with improved luminance cha
acteristics and chromaticity for white emission. Second, t
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transferred charge and light-emission characteristics with a
without an interlayer between the lower insulating layer an
the phosphor layer will be reported. The latter is important
order to clarify the role of an interlayer~or stacked insula-
tors! in the EL emission process and degradation pheno
ena.

II. SPECIMEN PREPARATION

The schematic structure of our TFELD device fabricate
in this study is shown in Fig. 1. A BaTa2O6 insulating layer,
ZnS:Pr,Ce light-emitting layer, SixNy insulating layer, and
Al back electrode were sequentially deposited on Sn-dop
In2O3~ITO! coated Corning 7059 glass substrate. The EL d
vice with an additional interlayer consists of an extra th
layer of SixNy between the lower BaTa2O6 layer and the
phosphor layer.

The CeF3 and PrF3 powder for the light-emitting centers
were purchased from Cerac Co. to prepare doubly dop

FIG. 1. The schematic structure of our thin film electroluminescent devi
87177/8/$10.00 © 1996 American Institute of Physics
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ZnS:Pr~0.1 and 0.3 mol %! and Ce~0.1 and 0.3 mol %!. A
normal sequence of phosphor processes was employed
the firing was carried out in a N2:H2 ~9:1! atmosphere. The
ZnS:Pr,Ce,F layer was formed by electron-beam~EB! evapo-
ration at approximately 231025 Torr. After deposition of the
phosphor layer, the sample was annealed at 400 °C for h
an hour under the vacuum of 531026 Torr. The BaTa2O6
insulating layer was deposited by rf magnetron sputtering
a working pressure of 531023 Torr in a mixture of Ar and
20% of O2 with a deposition rate of 2–3 nm/min using 4 in
hot-pressed ceramic targets. The SixNy interlayer and the up-
per insulating layer were deposited at a substrate tempera
of 120 °C in a mixture of Ar and 20% of N2. The thickness
of BaTa2O6, Si3N4 insulators and phosphor layers are 30
150, and 1000 nm, respectively. The thickness of the int
layer was about 50 nm.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Dependence of the optical characteristics of an EL
device on emission centers

Figures 2~a! and 2~b! show the x-ray diffraction~XRD!
results of ZnS:Pr,Ce,F powder and thin film for two differen

FIG. 2. X-ray diffraction patterns of~a! ZnS:Pr,Ce,F powder and~b! thin
film for the two different Pr and Ce concentrations.
8718 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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Pr and Ce concentrations, respectively. The cubic phas
dominant regardless of the dopant concentrations within
doping level. The chemical states of Pr, Ce, and F w
studied by x-ray photoelectron spectroscopy. Figures 3~a!
and 3~b! show the spectra of the PrF3 and CeF3 powders for
reference. Figures 4~a! and 4~b! show a 2P3/2 spectrum of
S22 ions in ZnS layers doped with two different concentr

FIG. 3. X-ray photoelectron spectra~XPS! of ~a! PrF3 and ~b! CeF3.

FIG. 4. XPS spectra ofS2P
22 of ions in an electron-beam evaporated ZnS th

layer doped with~a! Pr~0.1 mol %!/Ce~0.1 mol %! and ~b! Pr~0.3 mol %!
and Ce~0.3mol %!.
Lee et al.
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tions of Pr and Ce. When the ZnS thin films are doped w
0.1 mol % of Pr and Ce, two peaks ofS2p ~at about 157 eV!
andS2p ~at about 159 eV! are combined. These arise from
the S ion being bound to Zn to form the ZnS compound. O
the other hand, Fig. 4~a! shows two peaks ofS2p at 166 and
167 eV, which arise from other states of S in 0.3 mol %
Pr- and Ce-doped ZnS and we attribute them to sulfa4

SO4
22 and/or SO3

22 .
Figures 5~a! and 5~b! show the photoluminescence~PL!

of the ZnS:Pr,Ce,F powder and thin film, respectively, f
two different Pr and Ce concentrations. Unlike the typic
narrow emission line of rare earth ions, the PL emissi
spectrum of ZnS:Pr,Ce,F exhibits a broad peak. The
vanced analysis of the line shape of the powder phospho
into four components at about 495, 535, 550, and 607 n
The 495 nm peak can be attributed to the transition
3P0→3H4 . The 535 and 550 nm peaks can be attributed
the transition of3P1→3H5 , and the 550 nm peak to the
transition of3P0→3H5 . The assignment of the 607 nm pea
is not easy at the present time. The doping concentrat
dependence of the ZnS:Pr, Ce powder is observed for a p
position having a short wavelength.

Here, we present the PL spectra of Pr31 in pure Pr6O11
and PrF3 powder in Fig. 6 in order to understand the possib
origin of line broadening. The emission peaks of Pr6O11 are

FIG. 5. Photoluminescence spectra of~a! ZnS:Pr, Ce, F powder and~b! a
thin film layer.
J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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different from those of PrF3 considerably in linewidths. We
can understand that those differences are due to the str
effect of the local crystal field on the energy level of Pr31.
Figure 6 indicates that the Pr31 ions in Pr6O11 are all located
at the same crystal field, thus exhibiting a narrowband fe
ture, while the Pr31 ions in PrF3 occupy different positions.

The presence of concentration effects and the line broa
ening in the PL emission spectrum of ZnS:Pr,Ce,F powd
can be seen as a consequence of the interaction between31

ions and Ce31 occupying different sites in this host lattice, a
shown in XRD results. The spectrum of the ZnS:Pr,Ce,F th
layer, in contrast to the powder results, which suggests th
Pr and Ce ions in cubic phase dominant the ZnS layer eas
occupied at more preferable sites, thus showing the disti
emission structure of Pr and Ce ions.

The EL spectra of ZnS:Pr,Ce,F TFEL devices at roo
temperature and 168 K, respectively, are shown in Figs. 7~a!

FIG. 6. Photoluminescence spectra of Pr6O11 and PrF3 powder.
8719Lee et al.
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and 7~b!. Figure 7~b! shows the EL emission spectrum o
ZnS thin films doped with 0.1 mol % of Pr and Ce alon
with three distinct main peaks: one peak around 490 n
~blue–green! is due to3P0–

3H4 transition of Pr31 and the
broad intense peaks of Ce and~or Pr! around 525–550 nm,
and the 580 nm peak overlapped with the second peak
possibly due to a typical transition of unintentionally dope
Mn21 ions. The peak around 580 nm is higher by a relative
large extent when the phosphor layer is doped with 0
mol % of Pr and Ce as compared to the case of 0.3 mo
doping. This fact can be explained by assuming the nonra
ative energy transfer from the 5d(2D) –4f (2F5/2) transition
of Ce31 ions to unidentified defects which are no longe
present below 0.3 mol % of Ce and Pr. If the excess dop
of Ce above 0.3 mol % is performed, a nonradiative ener
transfer to the various defects with a large resonant abso
tion for the 5d(2D) –4f (2F5/2) emission of Ce

31 is possible
due to lattice distortion mostly induced by the excess dopi
with two different valence ions~Pr31 and Ce31! substituting
for the Zn21. In this case, it seems that the unintentional
incorporated Mn21 ions,5 which are detected by electron
paramegetic resonance~EPR! experiments in the
ZnS:Pr,Ce,F layer, may reduce the native defect dens
leading to a better stoichiometry as well as better char
compensation as previously shown in crystallinity and lum
nescence results. The obtained EL emission spectrum

FIG. 7. Electroluminescence spectra of our ZnS:Pr, Ce, F electrolumin
cent devices.
8720 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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ZnS:Pr~0.1!, Ce~0.1!,F satisfy approximately the comple-
mentary color relationship, resulting in a nearly paperlik
white emission. On the other hand, the effect of Mn ions o
the emission characteristics of the ZnS:Pr,Ce,F phosphor w
be discussed in another article.

The x-ray photoelectron spectroscopy results sugge
that the decrease of intensity in the region of 525–550 nm
which appears in the ZnS:Pr~0.3!, Ce~0.3!,F, is thought be a
phenomena related to oxygen since the layer has partial S4
and SO3 bonds. Since the excited states of Ce

31 ions are not
shielded by the 5S25P6 closed shells, the states are easil
affected by the crystal field distortion of the Pr~0.3! and
Ce~0.3! doubly doped ZnS host6 and therefore the transition
was changed.

In order to investigate the mechanism of electrolumine
cence of our ZnS:Pr,Ce,F device, we measured the lig
emission wave form and conduction current wave form usin
the modified Chen–Krupka circuits under the excitation o
triangular wave form. Figure 8 shows the temporal respons
of EL emission and the current of our EL device under hig
voltage excitation. Only one emission peak is observed at t
peak of the excitation voltage despite containing two diffe
ent emission centers.

In conduction current wave form a steplike form is ob
served, as shown in Fig. 8. This form indicates that the co
ductive current flows in addition to the capacitive curren
The decay curves for selected emissions of ZnS:Pr~0.8
mol %!,F, ZnS:Pr~0.1!,Ce~0.1!,F, and ZnS:Pr~0.3!,Ce~0.3!,F
films are plotted from the top, respectively, in Figs. 9~a!,
9~b!, and 9~c!. The decay time constantt corresponding to
each emission is estimated by the time at which the ma
mum intensity has decreased by a factor ofe21. The time

es-

FIG. 8. The temporal response of current (I ) and emission of EL devices
(L) under high voltage excitation (V).
Lee et al.
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constant of 540 nm emission,t540 ZnS:Pr~0.8!,F EL device,
is shorter thant485. In the case of the ZnS:Pr~0.1!,Ce~0.1!,F
EL device, t540 is larger than t485. However, the
ZnS:Pr~0.3!,Ce~0.3!,F EL device shows thatt540 is nearly
equal tot485. This fact implies that 540 nm emission decay
more rapidly in ZnS:Pr~0.8!, F via an unknown nonradiative
defect, than 485 nm emission. Since the decay time depe
on the surrounding nonradiative defects, these results in
cate that an appropriate Ce~and Mn! codoping can reduce
the nonradiative energy transfer via unidentified defects
both emissions, particularly in the 540 nm emission to
large extent. The results also imply that new types of non
diative defects are created when the total doping concen
tion of Pr and Ce reaches 0.3 mol % or higher. Therefore
is certain that the codoping of Ce with optimum concentr
tion results in a decreased concentration of the unidentifi
defects as compared to single Pr~0.8 mol %! high doping.
Here, we suggest that the possible defects are Pr–Pr pair
clusters in a singlely Pr-doped ZnS layer and Pr–Ce pairs
defects due to uncompensated valency in the ZnS:Pr,C
lattice, since the decrease of concentration of Pr ions fro
0.8 mol % to 0.1–0.3 mol % results in an increase of dec
time and excess Ce codoping beyond 0.3mol % resulted i
similar decrease of decay time as observed in t
ZnS:Pr~0.8mol %!,F EL device.

Similar to the results of the ZnS:Pr,F EL device,3 the
occurrence of the maximum emission nearly coincides w
the peak of the conductive current in th
ZnS:Pr~0.1!,Ce~0.1!,F EL device. It implies that the domi-
nant emission process of the latter is the impact excitation
Pr. On the other hand, the ZnS:Pr~0.3!,Ce~0.3!,F EL device
shows very different phenomena such that the maximu
emission occurs after the peak of the applied voltage. T
fact suggests that the EL mechanism of th
ZnS:Pr~0.3!,Ce~0.3!,F EL device is different from the other
two types of EL device.

B. Role of the interlayer on the operating
characteristics of the EL device
1. Breakdown characteristics of the EL device with
and without an interlayer

Many works have been reported on the method of im
proving the luminous efficiency and the aging characterist

FIG. 9. The decay wave forms of light emissions of EL devices correspon
ing to ~a! 660 nm emission,~b! 540 nm emission, and~c! 485 nm emission
of ZnS:Pr~0.8mol %!, F, ZnS:Pr~0.1mol %!, Ce~0.1mol %!, F, and
ZnS:Pr~0.3mol %!, Ce~0.3mol %!, F from top to bottom, respectively.
J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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of the EL device, but most of them have been concern
with improving device fabrication techniques to enhance
excitation efficiency by increasing the electron mean-fr
path within the phosphor layer. Alternatively, an increase
the internal electric field would provide an enhancement
efficiency, but is limited to a very small range, since th
clamping field of a typical thin film device is just slightly
above the threshold field of the EL device operation, i.
2–33106 V/cm.7 In essence, it has been concluded that a
improvements in efficiency are restricted by the optimizati
of fabrication techniques, and are therefore limited due
this field clamping effect.8 In this section we present an
discuss results which were obtained from a study of a sim
method of improving efficiency and degradation characte
tics of a ZnS:Pr~0.1!,Ce~0.1!,F EL device, by controlling the
electron conduction process.

Transferred charge versus applied voltage (Q–V) dia-
grams of the devices with and without an interlayer are a
shown in Fig. 10~a!, and the transferred charge versus lum
nance (L–V) loops of both devices are shown in Fig. 10~b!.

FIG. 10. ~a! Transferred charge (Q) vs applied voltage loops and~b! lumi-
nance vs transferred charge loops of EL devices.

d-
8721Lee et al.
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The threshold voltageVth , the required voltage to obtain
brightness of 1 cd/m2, was approximately 115 and 125 V fo
EL devices with and without an interlayer, respectively. T
L–V curves commonly show steep slopes and the fail
breakdown voltage of the TFEL device was found to
greater than 360 V. TheQ–V diagrams of Fig. 10~a! were
measured with 320 V excitation, when the EL device exh
its strong emission. From theQ–V analysis, it was clarified
that the maximum charge storage capacity of both device
determined by the BaTa2O6 insulating layer. If the thin inter-
layer determines the maximum charge storage capacity
the device, the device must break down in the region aro
0.5–1mC/cm2 of the charge storage capacity of our inte
layer. Result indicates that the thin interlayer does not
hibit destructive breakdown but experiences dielectric a
lanche breakdown in the region above its own breakdo
field under current condition. Therefore, the breakdown vo
age related to the stability of the EL device is not determin
by the thin interlayer but by the BaTa2O6 insulator which has
the highestQmaxamong the device components and the va
is equal to the applied voltage at which the electric field
the BaTa2O6 layer reaches its own breakdown field~Fig. 11!.

2. Influence of the thin interlayer on the luminous
efficiency

In order to investigate the effect of doping concentrati
on efficiency as a function of emission wavelength, we ha
measured the luminance versus transferred charge (L–Q)
loops. The efficiency in this study is defined as the slope
the L–Q loop, that isdL/dQ,9 and the obtained results ar
shown in Figs. 10~b!, 12, and 13. For the device with th
ZnS:Pr,F phosphor layer, the efficiency is highest at 660 n
is lower at 540 nm, and is lowest at 485 nm. Th
ZnS:Pr~0.1!, Ce~0.1!, F device without an interlayer showe
a similar trend to the ZnS:Pr, F device, but the efficiency
the interlayered ZnS:Pr~0.1!, Ce~0.1!,F device is at a maxi-

FIG. 11. Luminance vs applied voltage characteristics of an EL device w
an interlayer~rectangular symbol! and without an interlayer~circle symbol!.
8722 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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mum at 485 nm, is lower at 540 nm, and is lowest at 660 n
as shown in Fig. 12~a!. Thus, we can conclude that the en
ergy distribution of the transported electrons is shifted to th
higher energy in the interlayered EL device, and such
stronger excitation at a short wavelength is preferable for t
color EL devices.

ith

FIG. 12. Luminance vs transferred charge (Q) loops as a function of emis-
sion wavelength of an EL device~a! with an interlayer and~b! without an
interlayer.
Lee et al.
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The emission symmetry as a function of the polarity
the applied voltage measured with a sine wave form of 1 k
is shown in Fig. 13. The luminance versus transferred cha
(L–Q) loop of the EL device, without an interlayer showe
nearly the same emission intensities when changing the
larity, although the efficiency was slightly higher when t
negative voltage was applied to the ITO side. But for the
device with a thin SixNy interlayer between the lower insu
lator and the phosphor layer, the asymmetry of lumino
efficiency was further increased and the intensity ratio of
emission at different polarities was in the range from;0.6 to
0.9. The luminous efficiency and the emission intensity
der the same transferred charge were larger when elec
flowed through the upper BaTa2O6 to the ZnS:Pr,Ce/SixNy/
lower BaTa2O6 interface by applying negative voltage to th
ITO side. The aging characteristics of EL devices with a
without an interlayer were very different from each oth
The initial luminous efficiency of the EL device without a
interlayer was superior to that with an interlayer, but t
efficiency was rapidly decreased. The better stability of
minous efficiency of the interlayered interface implies
change in the properties of the BaTa2O6/ZnS:Pr, Ce, F inter-
face with the insertion of 50-nm-thick SixNy interlayer. Thus
the insertion of an interlayer not only enhances the asymm
ric luminous characteristics of the lower interface, but a
simultaneously maintains excellent charge storage capa
during EL emission.

We next discuss the various characteristics of our dev
in order to understand the effect of an interlayer on the
minous efficiency. The increase of luminous efficiency in t
interlayered device was always accompanied by a reduc

FIG. 13. Light output vs transferred charge loops of the direct view lu
nous efficiency as a function of the applied polarity of the voltage:~a! an EL
device with an interlayer,~b! EL device without an interlayer.
J. Appl. Phys., Vol. 79, No. 11, 1 June 1996

Downloaded¬07¬Jan¬2007¬to¬163.152.27.27.¬Redistribution¬subjec
of
Hz
rge
d
po-
he
EL
-
us
the

un-
trons

e
nd
er.
n
he
lu-
a

et-
lso
city

ice
lu-
he
tion

in the transferred charge, which was confirmed by the prev
ousQ–V andL–Q measurements.

In a separate experiment,10 we found that the transferred
charge of EL devices with an interlayer was nearly indepe
dent of temperature, which is supposedly some evidence o
typical tunneling process. But in the case of an EL devic
without an interlayer, the transferred charge increased exp
nentially with temperature. Therefore, we suggest that one
the conduction process in an EL device without an interlay
is Poole–Frenkel conduction, in which electrons are emitte
from the bulk traps. This suggestion was supported by th
observation shown in Fig. 14. In case of an EL device with
out an interlayer, increasing the applied voltage resulted
decreasing emission, while the interlayered EL devic
showed increasing emission with voltage.

There are two possible roles of a thin insulating inter
layer; it generates additional interface states contributing
the primary electrons available for the excitation of light
emitting centers or it acts as a tunneling layer in such
manner that electrons that tunnel through the thin interlay
acquire sufficient energy, thereby increasing the excitatio
efficiency of light-emitting centers. In the present case, th
analysis of the transferred charge characteristics confirm
that the dominant role of the interlayer is as a tunnelin
barrier since there is a decrease in the transferred charge a
insertion and the magnitude of the transferred charge
found to be temperature independent. Therefore, it is po
sible to modify the electron emission characteristics and th
conduction process by inserting an interlayer of 50-nm-thic

mi-

FIG. 14. Light emission wave forms at several different excitation voltag
levels: ~a! an EL device with an interlayer,~b! an EL device without an
interlayer.
8723Lee et al.
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silicon nitride in such a way that both the tunneling ef
ciency of electrons and the excitation efficiency of ligh
emitting centers are enhanced.

IV. CONCLUSION

In this work we fabricated bright white-light-emitting
EL devices with a Pr and Ce doubly doped ZnS phosp
layer. Filtered red, green, and blue spectral components
sufficient luminance for applications to the color EL device
In order to improve the efficiency and the degradation ch
acteristics of the ZnS:Pr,Ce,F EL device, we fabricated
devices with and without an interlayer. From the analysis
the transferred charge characteristics as a function of app
voltage and the luminous efficiency characteristics, we c
firmed that the dominant role of an interlayer is as a tunn
ing barrier that enhances the electron conduction proc
and thus the excitation efficiency of light-emitting cente
8724 J. Appl. Phys., Vol. 79, No. 11, 1 June 1996
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