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An organic—inorganic hybrid device was fabricated. The architecture of the hybrid device consisted
of two layers sandwiched between two injecting electrodes, one of which was a conjugated polymer
layer and the other was an inorganic material layer. Emission from both the organic and inorganic
layers was observed, but the mechanisms of luminescence for the layers were different. Our primary
results suggest the possibility of integrating different types of luminescence into one device
structure. ©2000 American Institute of Physid$S0003-695(00)02930-2

Since the first polymer electroluminescence devicehybrid device fabricated by PPV and ZnS:Mn. Emission
(PELD) was reported by the Cambridge groupgsearch on  from both PPV and ZnS:Mn layers was observed and the
PELD has been developed rapidly due to unique virtues ofmechanism of luminescence for the device was also dis-
polymers, namely easy processability, low cost, and the possussed.
sibility of chemical tailoring to realize desired properties. The device was built on indium—tin—oxid€rO) coated
Light emission in PELD comes from the radiative decay of aglass slides, which were thoroughly cleaned. PPV film was
singlet exciton formed by the recombination of electron anddeposited on ITO substrates by spin casting an aqueous so-
hole. Generally, high electric fiel(about 16 V/cm) is re-  lution of PPV precursor and then thermally converting the
quired for prominent carrier injection and transpbxtarious  precursor film into PPV film at 160 °C in a vacuum oven for
methods have been proposed to improve the efficiency a2 h. The thickness of PPV film was measured by a stylus
PELD 2?2 The hybridation of organic and inorganic semicon- profiler to be 30 nm. The samples were then loaded into a
ductors is expected not only to permit a wide range selectioracuum chamber with a base pressure of 19 ° Torr.
of emitter and carrier transport material, but to provide a newDeposition of a 60-nm-thick ZnS:Mn layer was carried out
approach to construct high performance PELD taking advanby electron beam evaporation at a nominal deposition rate of
tage of both the organic and inorganic semiconductors sucb.1 nm/s as measured by a quartz crystal thickness monitor
as high photoluminescence efficiency of organic materialplaced near the substrates. Aluminum electra@e®ut 100
and high carrier density of inorganic semiconducforsin  nm thick patterned by a shadow mask, were thermally
fact high quantum efficienc{l%) and long stress lif¢about  evaporated onto the ZnS:Mn layer under a vacuum of 6
1200 b have been demonstrated in the organic—inorganick 10~° Torr. The actual device area was 20 fmll the
hybrid device utilizing a poly(p-phenylene vinylene(PPV)  measurements were carried out at room temperature without
layer as emission layer and a CdS layer fabricated by theubsequent processing. EL spectra of the device were mea-

sol—gel method as an electron transport Idyer. sured by a Hitachi-F4000 spectrometer, and the brightness of
It is well known that transition-metal or rare-earth—metalthe device was measured by the radiance.
ion doped ZnS film shows electroluminescefigg), and the EL spectra of the PPV/ZnS:Mn device are presented in

impact excitation is predominant in ZnS:Mn filnThe  Fig. 1. Under the positive biage., the positive bias on ITO
threshold field strength of EL emission in a single-layerelectrod¢, the EL spectra show two peaks at 505 and 586
ZnS:Mn device is about £0//cm.® similar to that in PELD, nm. The peak at 586 nm is the characteristic luminescence of
so it is possible to integrate these two kinds of luminescencéhe Mr?* ion in the ZnS:Mn layer, and the peak at 505 nm is
into one device structure. Our previous results on PPV/ZnSittributed to the light emission from the PPV layer. The EL
hybrid device showed that the emission from the PPV layegpectrum can be roughly represented by a superposition of
was observed with the significant improvement of lumines-the two individual PPV and ZnS:Mn EL spectra. The ratio of
cent efficiency where the ZnS layer acted as an electrothe emission intensity from the PPV layer to that from the
transport layer. By doping the ZnS layer with luminescentznS:Mn layer becomes larger with an increase of the applied
activators such as Mn, one can use the electron transpoybltage, but emission from the ZnS:Mn layer is dominant in
ability of the ZnS layer on one hand, while on the other handhe whole applied voltage range. Under the negative bias, the
hot electrons in the ZnS layer may excite luminescent actiE spectrum is peaking at 586 nm, indicating that only the
vator centers. In this letter we report the organic—inorganiznS:Mn layer contributes to light emission.

Figure 2 shows the current—voltage and brightness—
9author to whom correspondence should be addressed: electronic maOltage characteristics of the PPV/ZnS:Mn device in a linear
yangxiaohui@hotmail.com representation. As the applied voltage is increased, the cur-

0003-6951/2000/77(6)/797/3/$17.00 797 © 2000 American Institute of Physics

Downloaded 07 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



798 Appl. Phys. Lett., Vol. 77, No. 6, 7 August 2000 X. Yang and X. Xu

1.0 100000
=

0.81 =
_ £ 10000 .
S 061 E
— k=
2 = 1000-
g 0.4 2 .
3 £
[e=
= 021 = 100;

0.04 0.24 0.25 0.26 0.27 0.28 0.29

500 550 600 650
V-I/Z

FIG. 3. The emission intensity from the ZnS:Mn layer under the positive

i \/~ 12 characteristic of the PPV/ZnS:Mn device.
FIG. 1. EL spectra of the PPV/ZnS:Mn device. EL spectra under the posi-blas v charactenistic of the fznS device

tive bias: squarél4 V), dots(17 V), and EL spectra under the negative bias.

Wavelength [nm]

layer. This further confirms that the current—voltage charac-
rent increases in an exponential manner. We note that a simieristic of the device is controlled by the ZnS:Mn layer. Un-
lar current—voltage characteristic was also reported in théler dc excitation, the emission intensity from the single-layer
PPV/CdS devicé.Compared with the single-layer PPV con- ZnS:Mn control device was very low, consistent with the
trol device, the onset voltage for a significant current flowprevious observatiot. The incorporation of the PPV layer
was higher and in addition the current was significantly re-improved the emission intensity from the ZnS:Mn layer. The
duced owing to the bulk resistance of the ZnS:Mn layer. Theemission intensity from the ZnS:Mn layer was about 35
values of electric conductivity for PPV and ZnS:Mn film cd/n? at 17 V. We speculate that the PPV layer may act
have been reported to be®0° and 10 3S/cm®°respec-  partly as an “insulating layer” due to the different carrier
tively, moreover in the configuration of the device there wastransport characteristics and low carrier mobility. Under the
a thicker ZnS:Mn layer. Therefore we conclude that thenegative bias, the threshold voltage of EL emission was
current—voltage characteristic of the device is controlled byabout 14 V.
the ZnS:Mn layer. Under the negative bias, the onset voltage Figure 3 shows the emission intensity from the ZnS:Mn
was higher and the current was lower in comparison with théayer under the positive bias versus voltatfecharacteristic
case under the positive bias. in a semilogarithmic representation. The emission intensity
Under the positive bias, the threshold of EL emission inis almost linearly decreased witv~ Y2, indicating that the
this structure was 11-12 V, slightly higher than that in themechanism of luminescence for the ZnS:Mn layer is the im-
single-layer ZnS:Mn control devicél0 V), indicating that  pact excitation(based on the discussion mentioned above we
the greater part of the voltage drop was across the ZnS:Mtake the approximate value of the applied voltage as that of
the voltage drop across the ZnS:Mn layErTo further in-
2 B 50) vestigate the excitation mechanism for the ZnS:Mn layer in
- the device, we incorporated a 10-nm-thick ZnS layer be-
r tween PPV and ZnS:Mn layers, and found the emission in-
tensity from the ZnS:Mn layer was almost the same as that in
the device without the ZnS layer. If light emission from the
ZnS:Mn layer in our device is generated by the recombina-
tion of holes and electrons, we would observe the emission
intensity of Mn luminescent centers dependent on the posi-
tion of the ZnS:Mn layer in the device. In addition, the re-
sults of the PPV/ZnS device indicated that only the charac-
teristic emission of PPV, in other words no emission of
defective states in the ZnS layer, was observed in contrast to
the case in the PVK/ZnS device, implying that holes were
blocked in the PPV layer* Under the negative bias, light
emission only from ZnS:Mn layer was observed, which un-
ambiguously demonstrated that reverse-biased EL was re-
Voltage [V] s_ulted from the impgct excitation. Two prerequigite condi_—
tions, namely the primary electron source and high electric
FIG. 2. Current—brightness—voltage characteristics of the PPV/zns:Mn deli€ld, are required to make the impact excitation occur. These
vice. two conditions can be met in our device since in the PPV
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is a large barrief1.6 eV) for the injection of holes into the
ZnS:Mn layer. Electrons are accelerated in the ZnS:Mn layer
and become hot electrons to excite Mriuminescent cen-
ters. The electrons reaching the PPV/ZnS:Mn interface can
tunnel through the barrigf.4 eV) and recombine with holes

in the PPV layer. At a higher applied voltage, the number of
electrons in the PPV layer may be enhanced and as a result
the emission intensity from the PPV layer increases. Under
0.4 the negative bias, hot electrons excite Wnuminescent
centers and only the ZnS:Mn layer contributes to light emis-
sion.

: By utilizing different organic material and adjusting the
J thicknesses of organic and inorganic layers, we can tune the
0.0 : , , : emission intensity from each layer. Figure 4 shows the EL

400 450 500 550 600 650 spectrum of a ladddipoly-para phenyl(LPPB/ZnS:Mn de-
vice. In the LPPP/ZnS:Mn device emission from the LPPP
Wavelength [nm] Iayer is dominant.
As a brief summary for this letter, we have demonstrated
FIG. 4. EL spectrum of the LPPP/ZnS:Mn device. the organic—inorganic hybrid device fabricated by PPV and
ZnS:Mn. Emission from both PPV and ZnS:Mn layers was

layer the distance for electron traveling can exceed 5G%hm, observgd, but the r_nephanisms of luminescence for the layers
implying that under the negative bias the electrons injectea\'ere dblf_fergnt. Efl’T;]IS|SIOn frgm lthe PPV Ia%’.(lar gan:]e f;on;.che
from the ITO electrode may contribute to the primary elec-"ecOM |r.1at|.on ot holes Iand fe ec”ﬁ“‘?” while in t €n f'Mn
tron source. In addition, the interfacial states in the interfaceY € €mission was ref/l\jte | rombt N |mgaﬁt e_xcnatlondo n
and the defective states in the ZnS layer may also contributé’m'niﬁcgm cen;elfs.ht € als0 0 fserveth ¢ s;cﬁrove guan—
to the primary electron source. The device can sustain thBJT“ eticiency ol Tignt emission from the _ayer. Jur
electric field for the impact excitation. However, relatively primary resu'lts show the p055|b|I|ty' of integrating different
weak emission from the ZnS:Mn layer under the negativetypes of luminescence into one device structure.

bias may be attributed to the limited primary electron source  The authors would like to thank Professor Cao Yong and
due to high electron injection barrier and low electron mo-pr \wy Suizhu for revising the letter. This letter was sup-
bility in the PPV layer. According to the above results we ported by the National Nature Science Foundation of China.
believe that the mechanism of luminescence for the ZnS:Mn

layer is the impact excitation. Emission from the PPV layer

can only be observed under the positive bias, indicating that
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