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Interface controlled conduction in a blue-light emitting SrS:Cu, CI
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-l@;: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,&l 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 4% ldtmosphere may improve the electrical
properties of the SrS:Cu films. @000 American Institute of Physid$0021-89780)01313-X]

I. INTRODUCTION were subjected to two different postanneal treatments:
standard-vacuum annealing andS4atmosphere annealing.

Many different kinds of thin film phosphors such as The dramatic change of interfacial characteristics between

SrS:Ce, SrS:Cu, SrS:Cu, Ag, ZnS:Tm, ZnS:Te have beebottom (or top electrodes and SrS:Cu, Cl films with the

investigated for the application of the blue-light emitting thin postprocess was observed and discussed in detail. In this

film electroluminescent devicé$ FELD). Among these ma- article, we report the conduction characteristics of the indium

terials, the SrS:Cu films have been intensively studied for théin oxide (ITO)/SrS:Cu, CI/Al structure.

blue-light emitting devices and full-color devices and the

pure blue chromaticity and high luminance of SrS:Cu and

SrS:Cu, Ag make them promising candidates as active layels EXPERIMENTS

. . . . . 6 . e
in thin film electroluminescent devicés® The light emitting Metal-semiconductor-metalMSM) structures of glass

devices based on these materials have demonstrated a Iur@bbstrate/ IpO5: Sn (ITO)/SrS:Cu, CUAI were prepared
nous efficiency exceeding 0.15 Im/W, which is ease of PrOThe srs:Cu, CI(1 mol%) layer W:’:lS formed by Edwards

cessing. Owing to an easy oxidation and occurrence of Su”“électron-beam evaporatoE306A) equipped with a
vacancies, the existence of surface defect centers is eas%lemark high power E-gun on the Corning 7059 glass sub-
suspected for the SrS-based films prepared by typical depQyrates coated with ITO with a sheet resistance of about 20
sition processe&: X1t is expected that the SrS:Cu-based de'Q/square The base pressure in the chamber was below 2
vices are very similar to the SrS:Ce-based devices in electris 1 o-6 Tdrr and the substrate temperature was maintained at
cal characteristics. This is a study of the dependence 0fpgeC and the thickness varied from 300 to 500 nm in order
electronic conduction behaviors through the SrS:Cu films 0Qg examine the bulk effect. During the deposition vacuum
its deposition processes and film quality. Critical to the deqyressure was about>210 6 Torr. The phosphor films on
velopment are the understandings of what mechanisms cofro-coated Corning 7059 glass substrate were crystallized
trol the current flow at a given operating field, and of how by anin situ annealing without breaking vacuum. In order to
those values of current and field are related to the bulk qualexamine the effect of the nonstoichiometric composition or
ity and interface characteristics of the SrS:Cu films. oxidation at the surface, some of the as-deposited films were
In this work, we studied the conduction mechanism inpost_annea|ed in ad—$ atmosphere at 400 °C for 60 min. The
the SrS:Cu, ClI films and postprocess dependent conductiagp Al electrodes of 0.7 mm in diameter were formed onto
properties by taking direct curreiit)—voltage(V) as func-  the SrS:Cu/ITO/glass by thermal evaporation at a vacuum
tions of electric field and temperature. For the work, we prepressure of & 10°% Torr and then the electrical properties
pared the electron beam evaporated SrS:Clilayers which  of the capacitors with metal—phosphor film—metal structure
were characterized. The crystallinity of each film was studied

dAuthor to whom correspondence should be addressed; electronic maip_y x-ray diffraction measuremel(l[Rilfagu, D/Max-3A. The'
lyh@kistmail kist.re.kr direct current—voltage characteristics were examined with a
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FIG. 1. X-ray diffraction patterns of the films #1 and #2.

At the field of the order of 1 MV/cm or more, the bulk-
limited PF emission and the interface limited Schottky emis-
sion will be assumed to the most obvious mechanisms infer-
ar"mg from the linearity of slopes in plotting of Figs(83 and

3(b). In the former case, which is essentially a thermionic

emission from a metal electrode into the conduction band of

lIl. RESULTS AND DISCUSSION SrS:Cu, the charge carriers, with the image force correction
taken into account, are thermally excited over an energy bar-

Figure 1 shows the x-ray diffractiofXRD) patterns for rier at the ITO-SrS:Cu, Cl interface. This barrier is formed
two types of 500-nm-thick SrS:Cu, CI films deposited onby the equilibrium of the energy of the charge carriers in ITO
ITO-coated glass as well as an ITO coated glass substratend SrS:Cu and its magnitude at zero field is modified by the
Sample #1 is the annealed film in vacuum and sample #2 iield-dependent lowering of the barrier height due to the im-
the annealed film in kB atmosphere. The feature of the age forces. Since both the Schottky emission and PF emis-
XRD patterns represents a rock salt structure of the SrS lakion are thermally activated processes, it is necessary to in-
tice. The strongest peak around 29° dug200) planes for vestigate both the field and the temperature dependence of
the 2 is stronger than that of the standard vacuum annealede leakage current in order to determine which of these pro-
SrS:Cu, Cl(#1) at 400 °C and this observation indicates thecesses is the operating conduction mechanism.
fact that annealing in 6 atmosphere causes the preferential At first, to prove whether Schottky conduction is the
growth of the(200 planes. operating conduction mechanism or not, the current depen-

The dc current versus voltage characteristics were exangtence of the electric field upon the film thickness is exam-
ined with the voltage step of 0.5 V/s under the negativeined here. At a separate measurement, we confirmed the fact
polarity, i.e., the negative potential was applied to the bottonthat theJ—V behavior is independent of the thickness. Fur-
ITO electrode. In Fig. 2, one can distinguish a step-likethermore, since there is an asymmetry in 3a& curves for
structure followed by a high field region of a relatively fast both polarities of the applied voltage, it is tentatively as-
current increase. This structure of theV curve was ob- sumed that the conduction is limited by the interface
served in all SrS:Cu, Cl concerned under this study. At veryelectrode. As is well known, in the Schottky conduction the
low fields, the current densitfd) increases linearly with the plot of the log(J) as a function ofE¥? and log (/T?) vs
voltage, showing the films’ ohmic behavior. The nonlinear10007 should be a straight liféas shown in Fig. 3 and this
behavior at the electric fields exceeding 1 MV/cm can bes thereby a piece of evidence for the Schottky conduction.

fully automated Keithley 237 high-voltage source with the
measuring unit at temperatures ranging from room temper
ture (RT) to 180 °C.

governed by the space-charge-limited-conducti&CLC), Second, the dielectric constant of the SrS:Cu film is de-
the Schottky emission, the Poole—FrenkeF) emission, or  termined from the slope of this straight line in the log
tunneling. (J)—EY2plot, i.e., B/kgT,**>*3to confirm that Schottky con-

duction in this system is the operating conduction mecha-
nism. In this second method for the confirmation, we took

o~

:gw.a AT yma— £ 10 F by AT groundsd il the opt_ical transmis;ion spec;tra of the fjlm,_ then estimated
<10* < 10 the optical refractive index using the Manifacier method. The
210° 2107 obtained optical refractive index of the SrS:Cu film is 1.6
g10° £ 10° and its dielectric constant is 2.6 in the optical frequency re-
z 107 o sooraasl D g7 —e— 50er215 gion. Of course, the similar magnitude of the dielectric con-
8 A 8 & " —— BgeC/ 1.95 )
§1°.9 G £ 10 —Aedorise stant from the value basepl on the Schottky plqt can explain
O — 255 800 i200C O 400 800 1200 the observed-V characteristics for the SrS:Cu films. There-
E1/2(v1/2/cm1lz) E1I2(v1/2/cm1l2)

fore, the two above-mentioned results reveal that the
FIG. 2. The polarity dependertvs EY2 curves for the vacuum annealed Schottky andUCt|0n IS the_ dominant mechanism in-our
(#1) SrS:Cu,Cl thin films. The linearity of lod vs E¥2 plot represents the  SrS:Cu, Cl films contacted with ITO and Al electrodes in the
dominant conduction mechanism is the Schottky emission. The onset fielf},igh field region.

of abrupt increase of leakage current is higher as the Al electrode is ; ; _
grounded. The estimated optical dielectric constant deduced from the slopes The current dominated by the SChOttky conduction de

in these plots is described at the right side of the value of the measuring€Nds on the barrier hEight_ between meldlO or Al)-
temperature. SrS:Cu, Cl and the barrier heigh#{) depends on the work
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FIG. 4. The polarity dependence of thg vs E¥? curve for the #1 SrS:Cu, FIG. 6. Plot of log (/T?) vs 1000T at near 1 MV/cm for the film #2.
ClI film.

determinant parameter for the reduction of leakage current
function of the metal, the barrier lowering by the image |evel for the films #2. Furthermore, for the,8 annealing
force, the surface trap densities, and the surface morphologysfect such as a suppression of the leakage current and in-
Figure 4 shows the activation energies, which were estimateglease of interfacial barrier height we should consider the
from the slopes in logJ/T?) vs 10007 plot and their values  ossibility that the origin of the leakage current and lower
are 0.225 and 0.338 eV for the ITO and Al side of the stanyarier height for electron injection can be also ascribed to
dard vacuum annealed SrS:C#1) at 40 V (0.8 MV/cm),

' ) . ! sulfur vacancies existing not in the bulk of SrS but in the
respectively. The potential barrierbg) for the both inter-

. 0 ¢ surface region near contact areas. When the SrS:Cu film was
faces was determined by extrapolatifithe plots toV=01in  annealed in KS atmosphere at over the deposition tempera-
Fig. 3. The values ofb,, at Al (-) and ITO () SrS: Cu e, the filling of sulfur vacancies in top surface of SrS
interfaces are about 0.56 and 0.62 eV, respectively. On thgasily occurs, resulting in more stochiometric composition.
other hand, the decrease of leakage current as well as t§, the other hand, the increase of barrier potential aft& H
increase of onset voltage _of gbrupt increase of current Wageatment at the ITO side may be related to the change of
observed at #2, as shown in Fig. 5. The values of the activésyygen vacancies, which is a well-known factor determining
tion energy for the ITO and Al sides of the SrS:Cu annealédne conductivity of ITO film. The annealing inJS results in

in H,S atmosphere in Figs. 6 and 7 are determined to bgye filling of the oxygen vacancies with sulfur atoms, which

0.485 and 0.693 eV at 40 V, and the values of the potentigls accompanied by the increase of the potential barrier.
barrier (@) for the both interfaces was about 0.67 and 0.77  The interfacial barrier height after 48 annealing in-

ev. _ . . creased as expected. The activation energies in the high tem-
Now let us explain our observations on the reduction ofperatyre and high voltage region correspond to the energy
the leakage current level and on the raising of the interfaciahayrier that the electron should overcome to transfer to the
barrier height observed in film #2. We suggest here the deTo/srS:Cu or AlSIS:Cu. Therefore, we believe that this
crease of the surface roughness after th& ldnnealing as jycrease in the interfacial barrier height at both sides is due
one of the possible origins for the reduction. Figure 8 showgg g change in the band alignment, perhaps due to a differ-
the images for the top surface of the SrS:Cu films before andce in interface charge statésr the strain at the contact
after annealing in KIS ambient and we can see clearly ajnterfaces with the postdeposition process.
dramatic change of the topology of the top surface as well as  The ghserved results suggest that there are two dominant
the decrease of hillock density. The root-mean-square roughsonduction mechanisms for the SrS:Cu, Cl films in the ITO-
ness probed by the atomic force microscopy from th.#0  grs:cu—Al structure depending on the magnitude of the
by 20 #m scan was 100.05 and 1.04 nm for the films #1 ancjectric field; namely an ohmic type at low field region, but
#2, respectively. The variation of the surface morphologyy; higher fields the conduction is governed not by the field
can be related to the crystallinity of the film and strain exist-gnnanced thermal excitation of charge carrier from bulk traps
ing in the film. The annealing temperature provided to theyt py the Schottky emission as a result of the barrier low-
deposited atoms could increase surface migration and ”‘@ring due to the applied field and the image force.
film with flat surface as well as high crystallinity can be Considering that as-deposited SrS:Cu films without any
obtained._The effect of annealing temperature is the same fost-treatment shows Schottky conduction in high field re-
the both films of #1 and #2. So, the surface morphology is gime, SrS:Cu films follow an intrinsically interface con-
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FIG. 5. The polarity dependedtvs E? curves for the #2 SrS:Cu, Cl thin  FIG. 7. The polarity dependence of thg vs EY? curve for the #2 SrS:Cu,
film. Cl film.
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tics of the SrS:Cu films can be fitted well with the Schottky

conduction mechanism, which is one of the interface con-
trolled mechanisms. The obtained results indicate that post-
annealing in HS atmosphere increases both the activation
energy for electronic conduction and interfacial barrier, re-

sulting in lower leakage current.

As expected, the annealing in, & atmosphere results in
more stoichiometric compound resulting a higher crystallin-
ity as well as a dramatically flattened surface topology. Since
the high temperature annealing was performed for the both
films, we suggest that 4% annealing contributes to the filling
of surface sulfur vacancies and therefore, the change of the
surface states near the interface was also one of the main
causes for the observed results. Finally, we suggest that the
surface treatment and/or modification process may work ef-
fectively for the control of the leakage current behavior in
this film because the leakage current mechanism of Cu-
doped SrS followed mainly the interfacial controlled mecha-
nism.
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