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Abstract  

Single-layer SrS:Ce and multilayer SrS-SrS:Ce-SrS thin films have been grown by multi-source deposition 
method. The X-ray diffraction patterns of the films showed the typical diffraction patterns of the cubic SrS powder. 
Single-layer SrS:Ce thin films exhibited sulfur deficiency and their fluorescence spectra showed a broad red 
emission peak. The multilayer SrS-SrS:Ce-SrS electroluminescent device showed nearly stoichiometric composi- 
tion and an electroluminescent device made of these layers displayed a green-emission intensified spectrum with 
peaks located at 493 and 523 nm. A distinct S-shaped pinching effect in the transferred charge versus applied voltage 
characteristics, similar to a hysteretic electroluminescent device, was observed in multilayer device. We interpret that 
the separation of the light-emitting SrS : Ce layer from the two interfacial SrS layers and the resulting nonuniform 
space charge in the middle SrS : Ce layer are responsible for the observed enhancement of luminance through the 
intensified hysteretic effect in the multilayer structure. 

1. I n t r o d u c t i o n  

Since S r S : C e F  3 films were found to emit a 
bright greenish blue emission by Barrow et al., 
alkaline-earth sulfide phosphor  films have been  
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investigated intensively [1-4]. In recent  studies, 
the development  of  an efficient blue phosphor  is 
concent ra ted  on the implementa t ion of  the effi- 
ciency improvement  through mult i layered phos- 
phor  structure.  The  basic concepts  in this re- 
search are summarized as follows: (1) the crys- 
talliny improvement  of  the main phosphor  layer 
by assistance of  good crystalline under layer  and 
(2) a large amount  of  carrier genera t ion for the 
electroluminescence (EL) process. As previously 
shown by Mauch  et al., the introduct ion of  Z n S /  
SrS : Ce mult i layered phosphors  f rom 3 to 9 layers 
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in a thin film electroluminescent device (TFELD) 
led to a remarkable improvement of luminance 
and efficiency [3,4]. The pure blue component 
luminance was found to exceed 10 c d / m  2 at 60 
Hz. They suggest that the mechanisms leading to 
an improved performance are related to the en- 
hancement of the trailing edge emission due to 
the additional interfaces in the multilayer case. 
On the other hand, Tsujiyama et al. [5] have 
reported a hysteretic effect in the blue-light emit- 
ting e lec t ro luminescent  device with Z n S -  
S r S : C e - Z n S  structure. Hysteresis in the lumi- 
nance (L)  versus applied voltage (V) curve has 
also been reported in other studies [6,7]. 

In this paper, we prepared TFELDs consisting 
of a multilayered S rS -S rS :Ce -S rS  phosphor 
structure using a multi-source deposition (MSD) 
system with a load-lock chamber. Crystallinity, 
composition profile, doping of emission centers, 
and type of the defect centers were examined by 
X-ray diffraction, Auger electron spectroscopy 
(AES), secondary ion mass spectrometry (SIMS), 
fluorescence spectroscopy, and electron paramag- 
netic resonance (EPR) to study the effect of 
separation of the carrier-generation layer from 
the light-emitting layer on the TFELD perfor- 
mance. Transferred charge versus applied voltage 
and conduction current versus applied voltage 
were also measured to evaluate the influence of 
the multilayer phosphors on the EL process. 

2. Experiment 

The samples were fabricated using a multi- 
source deposition system with a load-lock cham- 
ber, as shown in Fig. 1. The system was equipped 
with Sr, S, and CeC13 sources in pyrolytic boron 
nitride (PBN) crucibles heated by tantalum 
heaters. The process chamber was evacuated by a 
cryo-pump and a turbo-molecular pump down to 
the order of 10 -8 Torr. After one processing 
cycle the base pressure was fixed by the out- 
gassing of sulfur from the chamber walls. Evapo- 
ration rates of the sources were controlled by the 
temperature of the PBN crucibles. Sulfur powder 
was evaporated at about 110-120°C and the 
source temperatures of Sr and CeCI 3 were fixed 
at 590 and 650°C, respectively. The deposition 
rate of sulfur was difficult to control and the 
vacuum was about 5 X 10 -5 Torr  during the 
evaporation. Both single layer SrS:Ce films (#1) 
and multilayer S rS -S rS :Ce -S rS  films (#2) were 
deposited on ITO-coated Corning 7059 glass sub- 
strates heated at 350°C. The shutter for CeC13 
was controlled to grow the multilayer structures. 
A light-emitting SrS:Ce layer was formed after 
the deposition of a 70 nm thick SrS layer. After 
SrS:Ce layer formation, additional 70 nm thick 
SrS layer was deposited. The insulating SixNy 
layer of 300 nm thickness was RF magnetron 
sputtered on top of the multilayer in the load-lock 
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Fig. 1. Schematic diagram of the multi-source deposition system with load-lock chamber. 
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chamber without breaking the vacuum. We could, 
in this way, avoid any possible contamination 
from exposing to the air. 

No post-deposition annealing was performed 
because annealing right after the deposition of 
the SrS-SrS:Ce-SrS film in the main chamber 
resulted in the appearance of bubbles in the film. 
This is probably due to the boiling of sulfur in 
our slightly sulfur-excess films. If this is the case, 
a high temperature annealing of any sulfur-excess 
SrS films may degrade the film quality due to the 
low boiling point of sulfur (440°C). 

The fluorescence spectra of the sample #1 
were measured at room temperature using a 150 
W xenon-arc lamp (Osram XBO) for emission 
and excitation source. The stoichiometry of the 
specimens was determined by AES spectrometer 
(Perkin-Elmer ~b 670). EPR experiments were 
performed to study the nature of the defect cen- 
ters in the films. Bruker X-band EPR spectrome- 
ter (ESP 300) with TEl02 rectangular cavity was 
used. The operating characteristics of the EL 
devices were measured using a Sawyer-Tower 
circuit and a modified Chen-Krupka circuit. 

3. Results 

X-ray diffraction patterns for the single (#1) 
and multilayer films (#2) showed that both films 

were well crystallized in the (200) orientation of 
NaC1 structure as shown in Fig. 2. However, the 
full width at half maximum (FWHM) of the (200) 
peak of the SrS-SrS : Ce-SrS multilayer film was 
narrower than that of sample #1. 

AES spectra after removing the surface layers 
by Ar sputtering are shown in Fig. 3a for sample 
#1 and in Fig. 3b for sample #2. Sample #1 
shows sulfur deficiency, but sample #2 shows 
slight sulfur excess across the whole depth pro- 
file. It can be seen clearly that the oxygen con- 
tamination was suppressed by our MSD method 
even in the sulfur deficient sample #1. The acti- 
vator element Ce was not followed during the 
depth profiles in order to reduce the measuring 
time. Instead, SIMS experiment was performed 
to ascertain the location of the Ce activators in 
#2. The result is shown in Fig. 3b. It is clear that 
Ce ions are positioned in the middle of the multi- 
layer structure. Also note that the concentration 
of Ce is less than 1% of the Sr concentration. 

We measured the fluoresence spectra of a 
sulfur-deficient SrS thin film. A strong and broad 
red fluorescence emission peak was observed in 
addition to the weak greenish blue peak. This red 
peak probably originates from defect centers [8]. 
The AES results indicate that these defects could 
be color centers associated with the sulfur vacan- 
cies. 

In order to improve the stoichiometry of the 
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Fig. 2. X-ray diffraction patterns of (a) f i l ra#1 and (b) f i lm#2  prepared by MSDwith  separate Sr, S, and CeCl 3 sources. 
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Fig. 3. (a) In-depth profiles of the composing ion concentra- 
tion of structures #1 and #2 measured by AES. (b) Depth 
profile of Sr and Ce ions in SrS-SrS:Ce-SrS layered struc- 
ture measured by SIMS using oxygen as primary ion source. 

multilayer film, sufficient sulfur was intentionally 
evaporated. The EL spectrum of sulfur-excess 
SrS-SrS :Ce-SrS (#2) is blue-green, as shown in 
Fig. 4. Generally, two emission bands [9] have 
been observed in the luminescent spectrum of 
SrS:Ce. The 4f ground state of the Ce 3+ ion 
splits into 2F7/2 and 2Fs/2 states in the Russel- 
Saunders coupling approximation. The crystal 
field removes the degeneracy of these states only 
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Fig. 4. Electroluminescence emission spectra of SrS-SrS : Ce-  
SrS TFELD. 

very slightly, since the 4f orbital is well screened 
in the Ce 3+ ion. On the other hand, the 5d 
orbital is strongly influenced by the O h crystal 
field, so that it is split into widely separated eg 
and t2g states. The observed emission peaks are 
due to the transition from the lowest excited state 
t2g(5d) t o  2F7/2 and  2F5/2 levels .  

In the EPR experiment, as shown in Fig. 5, a 
symmetric resonance peak from F-centers was 
found in the sulfur-excess film #2. In our previ- 
ous study [10], an F-center resonance peak was 
observed in sulfur deficient ZnS:Tb,F  films [4]. 
However, the F-center was not detected by EPR 
in #1, although AES in-depth profiling in Fig. 3a 
showed overall sulfur deficiency. There are two 
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Fig. 5. Electron paramagnetic resonance spectra of film #2. 
One symmetric resonance signal observed. 



330 YH. Lee et al. /Journal of  Crystal Growth 147 (1995) 326-332 

1 0 r  

Half period 1 

.m 2 
I-- 

o 
40 60 80 100 120 

Applied Voltage(Volts) 

Fig. 6. (a) Current  response versus applied voltage waveform. (b) Corresponding transferred charge versus applied voltage diagram. 

well-known models of the F-center [11,12]. The 
vacancy model views that the F-center consists of 
an electron trapped in the field of a negative ion 
vacancy. The interstitial model, on the other hand, 
assumes that the F-center consists of an electron 
trapped in the field of an interstitial ion; it is thus 
an interstitial atom. In this study, we propose that 
the F-center in our sulfur excess film (#2)  would 
be one electron trapped interstitially. The line 
width of the F-center signal was about 22.3 gauss 
broader than that of the F-center in a Z n S / Z n S e  
crystal [12] and ZnS :Tb ,F  film. The obtained g 
value was 2.012. 

Fig. 6 shows the current waveforms and corre- 
sponding transfered charge versus applied voltage 
(Q-V) curves of device #2. The current wave- 
form shows the two peaks with a step due to 
dissipative current. The Q-V characteristics show 
the distinct S-shaped diagram, which has a larger 
operating-voltage margin above the threshold 
voltage compared to that of a normal single 
SrS : Ce layer device. 

4. Discussion 

It has been known that the EL spectrum of 
conventional SrS:Ce  shows two peaks around 
475 and 515 nm. In our sulfur excess TFELD, the 
emission peaks were found to lie within the spec- 
tral region of the typical SrS:Ce  emission, but 

the intensity of the longer wavelength is larger 
than that of the shorter one as shown in Fig. 4. 
This observation is an opposite trend to that 
found with the conventional SrS:Ce  layer. In 
sulfur excess films, polysulfur ions such as S z- 
are created or the Ce 3+ emission center is oxi- 
dized to Ce 4+. The partial existence of Ce 4+ and 
polysulfur can drastically increase the Sr 2 + lattice 
vacancy concentration, and thus the resultant lat- 
tice distortion can give rise to a pronounced 
influence on the crystal field. A modification of 
the inner shell transitions of Ce, due to such a 
distortion of the crystal field, can be a source of 
the unusual EL spectrum. On the other hand, the 
quantum optical effect can modify the EL spec- 
trum [13]. Since the total thickness of the phos- 
phor and the insulating layer is of the order of 
the wavelength of the emitted light and the thick- 
ness of each component is a fraction of that 
wavelength, the quantum optical effect can be an 
important factor. 

The observation of the F-centers with a 
nearly-free unpaired electron in the sulfur-excess 
films suggests that the major bulk defects are of 
this type. The F-centers will then be an extra 
source of the conduction electrons in addition to 
the tunnel injection from the insulator-SrS inter- 
face. The good crystallinity of the SrS layer also 
helps to increase the carrier density via creation 
of the electron-hole  pairs by enhancing the effi- 
ciency of the impact ionization of the SrS host. 
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The created holes are swept to the interface by 
the electric field with or without filling the de- 
fects, but the created electrons easily become 
conduction electrons. 

When the carriers are accelerated, the good 
crystallinity now helps to reduce the chance of 
collision for the carriers with the imperfections 
until reaching the SrS:Ce layer. The multi-slope 
characteristics of the Q-V curves (see Fig. 6b) 
are considered to be related to the effective ion- 
ization [14] of the middle SrS:Ce luminescent 
layer by the accelerated carriers under very high 
electric field (> 2 MV/cm), which is higher than 
the turn-on field (0.5-0.7 MV/cm). Both high 
carrier density and a nearly loss-free acceleration 
are supposed to be among the reasons for the 
high brightness of our device #2. 

We next discuss the effect of the middle-posi- 
tioned SrS : Ce layer on device operation in terms 
of hysteretic effect due to significantly nonuni- 
form space-charge distribution. Hysteretic behav- 
ior was found in Q-V and L-V characteristics as 
shown in Figs. 6b and 7a, respectively. From the 
non-linear pinching at short side of the parallelo- 
gram of the Q-V diagram, it is suspected that the 
hysteretic mechanism for the device #2 would be 
similar to that of the hysteretic ZnS:Mn device 
[15,16]. A recent analytical model [17] for the 
typical hysteretic ZnS:Mn ELD that shows high 
luminance under low voltage driving strongly as- 
serted that there exists a nonuniform distribution 
of space charge along the whole phosphor layer. 

The consequent electric field distribution, i.e. en- 
hancement of the slope of the band bending, was 
necessary to explain the S-shaped Q-V (so-called 
hysteresis) properties. 

The above analysis can be extended to our 
multilayer ELD. When an electric field is ap- 
plied, shallow and deep traps in the front SrS 
layer release electrons. Those released electrons 
undergo a field assisted tunneling to the empty 
excited states of the Ce or Ce-related trap com- 
plexes [18] in the middle SrS : Ce layer, and ionize 
them. Under the same electric field, the electrons 
from the ionized Ce centers will be promoted to 
the conduction band due to the strong electric 
field originating from the band offset between the 
front, highly resistive undoped SrS and much less 
resistive Ce-doped SrS:Ce layer. Meanwhile 
electrons from the trap complexes will recombine 
with some of the holes created in the SrS:Ce 
layer by the impact ionization. Those instaneously 
trapped holes are now spatially frozen at the 
location of their creation, thereby inducing a 
space charge and subsequent distortion of the 
electric field distribution. While the applied field 
is sustained, the space-charge induced distortion 
of the electric field will persist. 

The intentional separation of the SrS : Ce layer 
from undoped interracial SrS layers in SrS- 
SrS:Ce-SrS structure encourages the develop- 
ment of a nonuniform space charge, thus induc- 
ing a large hysteresis in Q-V curves. According 
to Neyts [17], the large hysteresis is closely re- 
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lated to the high brightness. If we assume the 
presence of the concentrated space charge near 
the center of the whole phosphor structure, our 
Q-V characteristics and the high brightness of 
our device, in spite of very thin phosphor layer, 
are well matched to Neyts's simulation result. 
Also, the weakning of the distinct S-shaped Q-V 
diagram with the increase of the applied fre- 
quency as shown in Fig. 7b is a strong indication 
that the loss of the deeply trapped holes occurs 
predominantly through the recombination with 
the injected electrons. 

5. Conclusion 

Stoichiometric SrS films with good crystallinity 
can be grown by multi-source deposition method 
with a high level of control over the dopant 
concentration. A TFEL device with the unique 
multilayered SrS-SrS:Ce-SrS structure showed 
bright green-blue emission peaks corresponding 
to the typical transitions of Ce in SrS crystal field. 
It was suggested that the high luminance, in spite 
of very thin phosphor layer, resulted from (1) the 
effective excitation and/or  ionization of SrS:Ce 
luminescent layer by the almost low loss accelera- 
tion of the hot carriers, due to the good crys- 
tallinity of the SrS layer, and (2) the distorted 
electric field in the SrS:Ce layer due to space 
charge formation by the trapped hole in the deep 
trap states associated with Ce emission center 
and consequent intensified hysteretic effect. The 
separation of the light-emitting SrS : Ce layer from 
the two interfacial SrS layers encourages the for- 
mation of nonuniform space charge in the middle 
SrS : Ce layer. 
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