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Interface controlled conduction in a blue-light emitting SrS:Cu, Cl
electroluminescent phosphor
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The leakage current mechanism of the electron beam evaporated SrS:Cu, Cl films was investigated
as functions of electric field and temperature. The activation energy and interfacial barrier height of
electronic conduction for Al–SrS:Cu, Cl–In2O3:Sn-glass structures were determined by analyzing
direct current–voltage characteristics of these structures. We observed in this study that
postannealing of the SrS:Cu, Cl films in H2S atmosphere leads to a reduction of leakage current as
well as an increase of interfacial barrier height for the leakage current flowing in these films,
regardless of the polarity of applied voltage. On the basis of this observation, we suggest that
surface modification induced by the postannealing in H2S atmosphere may improve the electrical
properties of the SrS:Cu films. ©2000 American Institute of Physics.@S0021-8979~00!01313-X#
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I. INTRODUCTION

Many different kinds of thin film phosphors such a
SrS:Ce, SrS:Cu, SrS:Cu, Ag, ZnS:Tm, ZnS:Te have b
investigated for the application of the blue-light emitting th
film electroluminescent devices~TFELD!. Among these ma-
terials, the SrS:Cu films have been intensively studied for
blue-light emitting devices and full-color devices and t
pure blue chromaticity and high luminance of SrS:Cu a
SrS:Cu, Ag make them promising candidates as active la
in thin film electroluminescent devices.1–6 The light emitting
devices based on these materials have demonstrated a
nous efficiency exceeding 0.15 lm/W, which is ease of p
cessing. Owing to an easy oxidation and occurrence of su
vacancies, the existence of surface defect centers is e
suspected for the SrS-based films prepared by typical d
sition processes.7–10 It is expected that the SrS:Cu-based d
vices are very similar to the SrS:Ce-based devices in ele
cal characteristics. This is a study of the dependence
electronic conduction behaviors through the SrS:Cu films
its deposition processes and film quality. Critical to the d
velopment are the understandings of what mechanisms
trol the current flow at a given operating field, and of ho
those values of current and field are related to the bulk q
ity and interface characteristics of the SrS:Cu films.

In this work, we studied the conduction mechanism
the SrS:Cu, Cl films and postprocess dependent conduc
properties by taking direct current~I!–voltage~V! as func-
tions of electric field and temperature. For the work, we p
pared the electron beam evaporated SrS:Cu1Cl layers which

a!Author to whom correspondence should be addressed; electronic
lyh@kistmail.kist.re.kr
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were subjected to two different postanneal treatme
standard-vacuum annealing and H2S-atmosphere annealing
The dramatic change of interfacial characteristics betw
bottom ~or top! electrodes and SrS:Cu, Cl films with th
postprocess was observed and discussed in detail. In
article, we report the conduction characteristics of the indi
tin oxide ~ITO!/SrS:Cu, Cl/Al structure.

II. EXPERIMENTS

Metal-semiconductor-metal~MSM! structures of glass
substrate/ In2O3 : Sn ~ITO!/SrS:Cu, Cl/Al were prepared
The SrS:Cu, Cl~1 mol %! layer was formed by Edward
electron-beam evaporator~E306A! equipped with a
Telemark high power E-gun on the Corning 7059 glass s
strates coated with ITO with a sheet resistance of abou
V/square. The base pressure in the chamber was belo
31026 Torr and the substrate temperature was maintaine
300 °C and the thickness varied from 300 to 500 nm in or
to examine the bulk effect. During the deposition vacuu
pressure was about 231026 Torr. The phosphor films on
ITO-coated Corning 7059 glass substrate were crystalli
by anin situ annealing without breaking vacuum. In order
examine the effect of the nonstoichiometric composition
oxidation at the surface, some of the as-deposited films w
post-annealed in a H2S atmosphere at 400 °C for 60 min. Th
top Al electrodes of 0.7 mm in diameter were formed on
the SrS:Cu/ITO/glass by thermal evaporation at a vacu
pressure of 431026 Torr and then the electrical propertie
of the capacitors with metal–phosphor film–metal struct
were characterized. The crystallinity of each film was stud
by x-ray diffraction measurement~Rikagu, D/Max-3A!. The
direct current–voltage characteristics were examined wit
il:
© 2000 American Institute of Physics
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fully automated Keithley 237 high-voltage source with t
measuring unit at temperatures ranging from room temp
ture ~RT! to 180 °C.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction~XRD! patterns for
two types of 500-nm-thick SrS:Cu, Cl films deposited
ITO-coated glass as well as an ITO coated glass subst
Sample #1 is the annealed film in vacuum and sample #
the annealed film in H2S atmosphere. The feature of th
XRD patterns represents a rock salt structure of the SrS
tice. The strongest peak around 29° due to~200! planes for
the 2 is stronger than that of the standard vacuum anne
SrS:Cu, Cl~#1! at 400 °C and this observation indicates t
fact that annealing in H2S atmosphere causes the preferen
growth of the~200! planes.

The dc current versus voltage characteristics were ex
ined with the voltage step of 0.5 V/s under the negat
polarity, i.e., the negative potential was applied to the bott
ITO electrode. In Fig. 2, one can distinguish a step-l
structure followed by a high field region of a relatively fa
current increase. This structure of theI–V curve was ob-
served in all SrS:Cu, Cl concerned under this study. At v
low fields, the current density~J! increases linearly with the
voltage, showing the films’ ohmic behavior. The nonline
behavior at the electric fields exceeding 1 MV/cm can
governed by the space-charge-limited-conduction~SCLC!,
the Schottky emission, the Poole–Frenkel~PF! emission, or
tunneling.

FIG. 1. X-ray diffraction patterns of the films #1 and #2.

FIG. 2. The polarity dependentJ vs E1/2 curves for the vacuum anneale
~#1! SrS:Cu,Cl thin films. The linearity of logJ vs E1/2 plot represents the
dominant conduction mechanism is the Schottky emission. The onset
of abrupt increase of leakage current is higher as the Al electrod
grounded. The estimated optical dielectric constant deduced from the s
in these plots is described at the right side of the value of the measu
temperature.
Downloaded 30 Jun 2008 to 163.152.52.85. Redistribution subject to AIP
a-

te.
is

t-

ed

l

-
e

y

r
e

At the field of the order of 1 MV/cm or more, the bulk
limited PF emission and the interface limited Schottky em
sion will be assumed to the most obvious mechanisms in
ring from the linearity of slopes in plotting of Figs. 3~a! and
3~b!. In the former case, which is essentially a thermion
emission from a metal electrode into the conduction band
SrS:Cu, the charge carriers, with the image force correc
taken into account, are thermally excited over an energy b
rier at the ITO-SrS:Cu, Cl interface. This barrier is form
by the equilibrium of the energy of the charge carriers in IT
and SrS:Cu and its magnitude at zero field is modified by
field-dependent lowering of the barrier height due to the i
age forces. Since both the Schottky emission and PF e
sion are thermally activated processes, it is necessary to
vestigate both the field and the temperature dependenc
the leakage current in order to determine which of these p
cesses is the operating conduction mechanism.

At first, to prove whether Schottky conduction is th
operating conduction mechanism or not, the current dep
dence of the electric field upon the film thickness is exa
ined here. At a separate measurement, we confirmed the
that theJ–V behavior is independent of the thickness. Fu
thermore, since there is an asymmetry in theJ–V curves for
both polarities of the applied voltage, it is tentatively a
sumed that the conduction is limited by the interface~or
electrode!. As is well known, in the Schottky conduction th
plot of the log ~J! as a function ofE1/2 and log (J/T2) vs
1000/T should be a straight line11 as shown in Fig. 3 and this
is thereby a piece of evidence for the Schottky conductio

Second, the dielectric constant of the SrS:Cu film is d
termined from the slope of this straight line in the lo
(J) –E1/2 plot, i.e.,b/kBT,12,13 to confirm that Schottky con-
duction in this system is the operating conduction mec
nism. In this second method for the confirmation, we to
the optical transmission spectra of the film, then estima
the optical refractive index using the Manifacier method. T
obtained optical refractive index of the SrS:Cu film is 1
and its dielectric constant is 2.6 in the optical frequency
gion. Of course, the similar magnitude of the dielectric co
stant from the value based on the Schottky plot can exp
the observedJ–V characteristics for the SrS:Cu films. Ther
fore, the two above-mentioned results reveal that
Schottky conduction is the dominant mechanism in o
SrS:Cu, Cl films contacted with ITO and Al electrodes in t
high field region.

The current dominated by the Schottky conduction d
pends on the barrier height between metal~ITO or Al!-
SrS:Cu, Cl and the barrier height (fb) depends on the work

ld
is
es

ng

FIG. 3. Plot of log (J/T2) vs 1000/T at near 1 MV/cm for the film #1.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



ge
og
t

an

th

w
iv
le
b
ti

.7

o
ci
d

w
an
a

ll a
g

n
g
st
th

t
e
f

is

rent

in-
the
er
to

he
was
ra-
rS
on.

of
ng

ch

tem-
rgy
the
is

due
fer-
t

nant
O-
the
ut
eld
aps
w-

ny
re-
-

238 J. Appl. Phys., Vol. 88, No. 1, 1 July 2000 Lee et al.
function of the metal, the barrier lowering by the ima
force, the surface trap densities, and the surface morphol
Figure 4 shows the activation energies, which were estima
from the slopes in log (J/T2) vs 1000/T plot and their values
are 0.225 and 0.338 eV for the ITO and Al side of the st
dard vacuum annealed SrS:Cu~#1! at 40 V ~0.8 MV/cm!,
respectively. The potential barrier (Fb) for the both inter-
faces was determined by extrapolating12 the plots toV50 in
Fig. 3. The values ofFb at Al ~-! and ITO ~-! SrS: Cu
interfaces are about 0.56 and 0.62 eV, respectively. On
other hand, the decrease of leakage current as well as
increase of onset voltage of abrupt increase of current
observed at #2, as shown in Fig. 5. The values of the act
tion energy for the ITO and Al sides of the SrS:Cu annea
in H2S atmosphere in Figs. 6 and 7 are determined to
0.485 and 0.693 eV at 40 V, and the values of the poten
barrier (Fb) for the both interfaces was about 0.67 and 0
eV.

Now let us explain our observations on the reduction
the leakage current level and on the raising of the interfa
barrier height observed in film #2. We suggest here the
crease of the surface roughness after the H2S annealing as
one of the possible origins for the reduction. Figure 8 sho
the images for the top surface of the SrS:Cu films before
after annealing in H2S ambient and we can see clearly
dramatic change of the topology of the top surface as we
the decrease of hillock density. The root-mean-square rou
ness probed by the atomic force microscopy from the 20mm
by 20mm scan was 100.05 and 1.04 nm for the films #1 a
#2, respectively. The variation of the surface morpholo
can be related to the crystallinity of the film and strain exi
ing in the film. The annealing temperature provided to
deposited atoms could increase surface migration and
film with flat surface as well as high crystallinity can b
obtained. The effect of annealing temperature is the same
the both films of #1 and #2. So, the surface morphology

FIG. 4. The polarity dependence of theEa vs E1/2 curve for the #1 SrS:Cu,
Cl film.

FIG. 5. The polarity dependentJ vs E1/2 curves for the #2 SrS:Cu, Cl thin
film.
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determinant parameter for the reduction of leakage cur
level for the films #2. Furthermore, for the H2S annealing
effect such as a suppression of the leakage current and
crease of interfacial barrier height we should consider
possibility that the origin of the leakage current and low
barrier height for electron injection can be also ascribed
sulfur vacancies existing not in the bulk of SrS but in t
surface region near contact areas. When the SrS:Cu film
annealed in H2S atmosphere at over the deposition tempe
ture, the filling of sulfur vacancies in top surface of S
easily occurs, resulting in more stochiometric compositi
On the other hand, the increase of barrier potential after H2S
treatment at the ITO side may be related to the change
oxygen vacancies, which is a well-known factor determini
the conductivity of ITO film. The annealing in H2S results in
the filling of the oxygen vacancies with sulfur atoms, whi
is accompanied by the increase of the potential barrier.

The interfacial barrier height after H2S annealing in-
creased as expected. The activation energies in the high
perature and high voltage region correspond to the ene
barrier that the electron should overcome to transfer to
ITO/SrS:Cu or Al/SrS:Cu. Therefore, we believe that th
increase in the interfacial barrier height at both sides is
to a change in the band alignment, perhaps due to a dif
ence in interface charge states13 or the strain at the contac
interfaces with the postdeposition process.

The observed results suggest that there are two domi
conduction mechanisms for the SrS:Cu, Cl films in the IT
SrS:Cu–Al structure depending on the magnitude of
electric field; namely an ohmic type at low field region, b
at higher fields the conduction is governed not by the fi
enhanced thermal excitation of charge carrier from bulk tr
but by the Schottky emission as a result of the barrier lo
ering due to the applied field and the image force.

Considering that as-deposited SrS:Cu films without a
post-treatment shows Schottky conduction in high field
gime, SrS:Cu films follow an intrinsically interface con

FIG. 6. Plot of log (J/T2) vs 1000/T at near 1 MV/cm for the film #2.

FIG. 7. The polarity dependence of theEa vs E1/2 curve for the #2 SrS:Cu,
Cl film.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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trolled mechanism contrary to bulk limited conduction
ZnS-based films.14 Therefore, the surface modification in
duced by the postannealing in H2S atmosphere seems
work effectively for the reduction of leakage current in th
film.

IV. CONCLUSION

The activation energy and interfacial barrier height
Al/SrS:Cu, Cl/ITO/glass capacitors were determined fro
the analysis of using dc current–voltage characteristics. B
the current–voltage and the current–temperature charact

FIG. 8. The typical view of the surface on 500-nm-thick SrS:Cu, Cl film
~a! sample 1 and~b! sample 2. Note the brightest spikes, i.e., hillocks, in~a!.
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f
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tics of the SrS:Cu films can be fitted well with the Schott
conduction mechanism, which is one of the interface c
trolled mechanisms. The obtained results indicate that p
annealing in H2S atmosphere increases both the activat
energy for electronic conduction and interfacial barrier,
sulting in lower leakage current.

As expected, the annealing in H2S atmosphere results i
more stoichiometric compound resulting a higher crystall
ity as well as a dramatically flattened surface topology. Sin
the high temperature annealing was performed for the b
films, we suggest that H2S annealing contributes to the fillin
of surface sulfur vacancies and therefore, the change of
surface states near the interface was also one of the m
causes for the observed results. Finally, we suggest tha
surface treatment and/or modification process may work
fectively for the control of the leakage current behavior
this film because the leakage current mechanism of
doped SrS followed mainly the interfacial controlled mech
nism.
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