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Organic–inorganic hybrid electroluminescence device fabricated
by conjugated polymer and ZnS:Mn
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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 Physics.@S0003-6951~00!02930-2#
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Since the first polymer electroluminescence dev
~PELD! was reported by the Cambridge group,1 research on
PELD has been developed rapidly due to unique virtues
polymers, namely easy processability, low cost, and the p
sibility of chemical tailoring to realize desired propertie
Light emission in PELD comes from the radiative decay o
singlet exciton formed by the recombination of electron a
hole. Generally, high electric field~about 106 V/cm) is re-
quired for prominent carrier injection and transport.1 Various
methods have been proposed to improve the efficiency
PELD.2,3 The hybridation of organic and inorganic semico
ductors is expected not only to permit a wide range selec
of emitter and carrier transport material, but to provide a n
approach to construct high performance PELD taking adv
tage of both the organic and inorganic semiconductors s
as high photoluminescence efficiency of organic mater
and high carrier density of inorganic semiconductors.4–7 In
fact high quantum efficiency~1%! and long stress life~about
1200 h! have been demonstrated in the organic–inorga
hybrid device utilizing a poly~p-phenylene vinylene! ~PPV!
layer as emission layer and a CdS layer fabricated by
sol–gel method as an electron transport layer.6

It is well known that transition-metal or rare-earth–me
ion doped ZnS film shows electroluminescence~EL!, and the
impact excitation is predominant in ZnS:Mn film.7 The
threshold field strength of EL emission in a single-lay
ZnS:Mn device is about 106 V/cm,8 similar to that in PELD,
so it is possible to integrate these two kinds of luminesce
into one device structure. Our previous results on PPV/Z
hybrid device showed that the emission from the PPV la
was observed with the significant improvement of lumin
cent efficiency where the ZnS layer acted as an elec
transport layer. By doping the ZnS layer with luminesce
activators such as Mn, one can use the electron trans
ability of the ZnS layer on one hand, while on the other ha
hot electrons in the ZnS layer may excite luminescent a
vator centers. In this letter we report the organic–inorga

a!Author to whom correspondence should be addressed; electronic
yangxiaohui@hotmail.com
7970003-6951/2000/77(6)/797/3/$17.00
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hybrid device fabricated by PPV and ZnS:Mn. Emissi
from both PPV and ZnS:Mn layers was observed and
mechanism of luminescence for the device was also
cussed.

The device was built on indium–tin–oxide~ITO! coated
glass slides, which were thoroughly cleaned. PPV film w
deposited on ITO substrates by spin casting an aqueous
lution of PPV precursor and then thermally converting t
precursor film into PPV film at 160 °C in a vacuum oven f
2 h. The thickness of PPV film was measured by a sty
profiler to be 30 nm. The samples were then loaded int
vacuum chamber with a base pressure of 531025 Torr.
Deposition of a 60-nm-thick ZnS:Mn layer was carried o
by electron beam evaporation at a nominal deposition rat
0.1 nm/s as measured by a quartz crystal thickness mon
placed near the substrates. Aluminum electrodes~about 100
nm thick! patterned by a shadow mask, were therma
evaporated onto the ZnS:Mn layer under a vacuum o
31025 Torr. The actual device area was 20 mm2. All the
measurements were carried out at room temperature wit
subsequent processing. EL spectra of the device were m
sured by a Hitachi-F4000 spectrometer, and the brightnes
the device was measured by the radiance.

EL spectra of the PPV/ZnS:Mn device are presented
Fig. 1. Under the positive bias~i.e., the positive bias on ITO
electrode!, the EL spectra show two peaks at 505 and 5
nm. The peak at 586 nm is the characteristic luminescenc
the Mn21 ion in the ZnS:Mn layer, and the peak at 505 nm
attributed to the light emission from the PPV layer. The E
spectrum can be roughly represented by a superpositio
the two individual PPV and ZnS:Mn EL spectra. The ratio
the emission intensity from the PPV layer to that from t
ZnS:Mn layer becomes larger with an increase of the app
voltage, but emission from the ZnS:Mn layer is dominant
the whole applied voltage range. Under the negative bias,
EL spectrum is peaking at 586 nm, indicating that only t
ZnS:Mn layer contributes to light emission.

Figure 2 shows the current–voltage and brightnes
voltage characteristics of the PPV/ZnS:Mn device in a lin
representation. As the applied voltage is increased, the
il:
© 2000 American Institute of Physics
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rent increases in an exponential manner. We note that a s
lar current–voltage characteristic was also reported in
PPV/CdS device.6 Compared with the single-layer PPV co
trol device, the onset voltage for a significant current flo
was higher and in addition the current was significantly
duced owing to the bulk resistance of the ZnS:Mn layer. T
values of electric conductivity for PPV and ZnS:Mn film
have been reported to be 531029 and 10213S/cm,8,9 respec-
tively, moreover in the configuration of the device there w
a thicker ZnS:Mn layer. Therefore we conclude that t
current–voltage characteristic of the device is controlled
the ZnS:Mn layer. Under the negative bias, the onset volt
was higher and the current was lower in comparison with
case under the positive bias.

Under the positive bias, the threshold of EL emission
this structure was 11–12 V, slightly higher than that in t
single-layer ZnS:Mn control device~10 V!, indicating that
the greater part of the voltage drop was across the ZnS

FIG. 1. EL spectra of the PPV/ZnS:Mn device. EL spectra under the p
tive bias: square~14 V!, dots~17 V!, and EL spectra under the negative bia

FIG. 2. Current–brightness–voltage characteristics of the PPV/ZnS:Mn
vice.
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layer. This further confirms that the current–voltage char
teristic of the device is controlled by the ZnS:Mn layer. U
der dc excitation, the emission intensity from the single-la
ZnS:Mn control device was very low, consistent with th
previous observation.10 The incorporation of the PPV laye
improved the emission intensity from the ZnS:Mn layer. T
emission intensity from the ZnS:Mn layer was about
cd/m2 at 17 V. We speculate that the PPV layer may a
partly as an ‘‘insulating layer’’ due to the different carrie
transport characteristics and low carrier mobility. Under t
negative bias, the threshold voltage of EL emission w
about 14 V.

Figure 3 shows the emission intensity from the ZnS:M
layer under the positive bias versus voltage21/2 characteristic
in a semilogarithmic representation. The emission inten
is almost linearly decreased withV21/2, indicating that the
mechanism of luminescence for the ZnS:Mn layer is the
pact excitation~based on the discussion mentioned above
take the approximate value of the applied voltage as tha
the voltage drop across the ZnS:Mn layer!.11 To further in-
vestigate the excitation mechanism for the ZnS:Mn layer
the device, we incorporated a 10-nm-thick ZnS layer b
tween PPV and ZnS:Mn layers, and found the emission
tensity from the ZnS:Mn layer was almost the same as tha
the device without the ZnS layer. If light emission from th
ZnS:Mn layer in our device is generated by the recombi
tion of holes and electrons, we would observe the emiss
intensity of Mn luminescent centers dependent on the p
tion of the ZnS:Mn layer in the device. In addition, the r
sults of the PPV/ZnS device indicated that only the char
teristic emission of PPV, in other words no emission
defective states in the ZnS layer, was observed in contra
the case in the PVK/ZnS device, implying that holes we
blocked in the PPV layer.12 Under the negative bias, ligh
emission only from ZnS:Mn layer was observed, which u
ambiguously demonstrated that reverse-biased EL was
sulted from the impact excitation. Two prerequisite con
tions, namely the primary electron source and high elec
field, are required to make the impact excitation occur. Th
two conditions can be met in our device since in the P

i-

e-

FIG. 3. The emission intensity from the ZnS:Mn layer under the posit
bias vsV21/2 characteristic of the PPV/ZnS:Mn device.
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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layer the distance for electron traveling can exceed 50 nm13

implying that under the negative bias the electrons injec
from the ITO electrode may contribute to the primary ele
tron source. In addition, the interfacial states in the interfa
and the defective states in the ZnS layer may also contrib
to the primary electron source. The device can sustain
electric field for the impact excitation. However, relative
weak emission from the ZnS:Mn layer under the negat
bias may be attributed to the limited primary electron sou
due to high electron injection barrier and low electron m
bility in the PPV layer. According to the above results w
believe that the mechanism of luminescence for the ZnS
layer is the impact excitation. Emission from the PPV lay
can only be observed under the positive bias, indicating
in the PPV layer emission came from the recombination
electrons and holes, consistent with the results on the P
ZnS device.12 In particular we note the quantum efficiency
light emission from the PPV layer~0.05%–0.1%! was higher
than that of the single-layer PPV control device~0.005%–
0.01%!, indicating that the inorganic layer also acted as
electron transport layer/hole blocking layer in this dev
structure.

We propose the mechanism of luminescence for our
vice as follows: electrons and holes are injected from
electrodes, and the values of barrier height for carrier inj
tion in the material/electrode interfaces are 0.4 eV for ho
and 1.2 eV for electrons, respectively. The values of ene
levels for the materials used in the experiment are from R
6 and 14. The greater part of the voltage drop is across
ZnS:Mn layer due to high bulk resistance of the ZnS:M
layer and the redistribution of the applied voltage by t
accumulation of holes in the PPV/ZnS:Mn interface for the

FIG. 4. EL spectrum of the LPPP/ZnS:Mn device.
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is a large barrier~1.6 eV! for the injection of holes into the
ZnS:Mn layer. Electrons are accelerated in the ZnS:Mn la
and become hot electrons to excite Mn21 luminescent cen-
ters. The electrons reaching the PPV/ZnS:Mn interface
tunnel through the barrier~0.4 eV! and recombine with holes
in the PPV layer. At a higher applied voltage, the number
electrons in the PPV layer may be enhanced and as a r
the emission intensity from the PPV layer increases. Un
the negative bias, hot electrons excite Mn21 luminescent
centers and only the ZnS:Mn layer contributes to light em
sion.

By utilizing different organic material and adjusting th
thicknesses of organic and inorganic layers, we can tune
emission intensity from each layer. Figure 4 shows the
spectrum of a ladder~poly-para phenyl! ~LPPP!/ZnS:Mn de-
vice. In the LPPP/ZnS:Mn device emission from the LP
layer is dominant.

As a brief summary for this letter, we have demonstra
the organic–inorganic hybrid device fabricated by PPV a
ZnS:Mn. Emission from both PPV and ZnS:Mn layers w
observed, but the mechanisms of luminescence for the la
were different. Emission from the PPV layer came from t
recombination of holes and electrons, while in the ZnS:M
layer emission was resulted from the impact excitation of M
luminescent centers. We also observed the improved qu
tum efficiency of light emission from the PPV layer. Ou
primary results show the possibility of integrating differe
types of luminescence into one device structure.

The authors would like to thank Professor Cao Yong a
Dr. Wu Suizhu for revising the letter. This letter was su
ported by the National Nature Science Foundation of Chi
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