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Tandem organic light-emitting diode with a molybdenum
tri-oxide thin film interconnector layer*
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A 10-nm-thick molybdenum tri-oxide (MoO3) thin film was used as the interconnector layer in tandem organic light-
emitting devices (OLEDs). The tandem OLEDs with two identical emissive units consisting of N,N’-bis(naphthalen-1-yl)-
N,N’-bis(phenyl)-benzidine (NPB) / tris(8-hydroxyquinoline) aluminum (Alqs3 ) exhibited current efficiency—current density
characteristics superior to the conventional single-unit devices. At 20 mA/cm?, the current efficiency of the tandem OLEDs
using the interconnector layers of MoO3 thin film was about 4.0 cd/A, which is about twice that of the corresponding
conventional single-unit device (1.8 cd/A). The tandem OLED showed a higher power efficiency than the conventional
single-unit device for luminance over 1200 cd/m?. The experimental results demonstrated that a MoO3 thin film with a
proper thickness can be used as an effective interconnector layer in tandem OLEDs. Such an interconnector layer can
be easily fabricated by simple thermal evaporation, greatly simplifying the device processing and fabrication processes
required by previously reported interconnector layers. A possible explanation was proposed for the carrier generation of

the MoO3 interconnector layer.
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1. Introduction

Organic light emitting diodes (OLEDs) have attracted a
lot of research interest due to their wide applications for flat-
panel displays and solid state lighting!"81 A long operat-
ing lifetime must be ensured before the mass-production of
OLEDs for use in daily life. Tandem OLEDs having two
or more electroluminescence (EL) units vertically stacked in
series through interconnector layers can meet this require-
ment because of their advantages of enhanced current effi-
ciency and luminance at low current densities, as well as their
prolonged lifetime as compared to the conventional single-
unit devices.[°161 In a tandem OLED, the interconnector layer
plays an important role, serving as the charge generation layer,
and it is critical for the performance of tandem OLEDs. Upon
the application of an applied voltage, the interconnector layer
will generate electrons and holes. The generated electrons and
holes will be injected into the neighboring electron- and hole-
transporting layers (ETL and HTL) of the light-emitting units,
and recombine with holes injected from the anode side or elec-
trons injected from the cathode side for light emission.

Up to now, many interconnector layers have been used
in tandem OLEDs. Usually the interconnector layers used in
tandem OLEDs have a bilayer structure, which can be formed

by a metal-metal (or metal oxide) bilayer,!7!8]

an organic—
metal (or metal oxide) bilayer,*!'=13] an organic—organic
bilayer,|*1°-22] a bulk heterojunction,”*! or a hybrid intercon-

nector layer.”* In the interconnector layer formed with an
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organic—metal oxide bilayer, transition metal oxides (TMOs)
are widely incorporated neighboring the HTL of the neigh-
boring EL unit due to their high work function and high opti-
cal transparency in the visible region for photon output. Ex-
amples include vanadium oxide (V,0s),l'?l molybdenum tri-
oxide (MoQ3),l131425:26] and tungsten trioxide (WO3).[13:27:28]
While the organic layer adjacent to the ETL of another neigh-
boring EL unit is commonly n-type doped by alkaline met-
als or metal compounds (Li, Cs, Ca, Cs,COj).>13:26.27.291 1¢
can be noted that the fabrication of these interconnector layers
typically requires sputtering or co-evaporation processes, and
delicate handling care is necessary, somewhat inevitably com-
plicating the fabrication process. In addition, there will be a
strong micro-cavity effect when using the metal interconnec-
tor layers. Therefore, it is very important to develop intercon-
nector layers with high transmittance and simple processing.

MoOs thin film has high transmittance in the wavelength
range from 400 nm to 800 nm.'3! In general, MoOj3 thin
films are used along with an n-type ETL in tandem OLEDs
as the interconnector layer. In this case, tandem OLEDs can
have double current efficiency compared with the conven-
tional single-unit devices. However, a device using only the
MoO3 thin film as the interconnector layer will not have dou-
ble current efficiency compared with the conventional single-
unit device 1423261

In this paper, we demonstrate an interconnector layer
which consists of only 10 nm MoOj3. The current efficiency
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of a two-unit tandem OLED is enhanced in comparison to that
of the conventional single-unit device. The tandem OLED has
a higher power efficiency than the conventional single-unit de-
vice for luminance over 1200 cd/m?. A possible explanation
is proposed for the carrier generation of the MoO3 intercon-
nector layer.

2. Experiment

Table 1 shows the structures of the OLEDs used in this
study, all devices have an active area of 0.30 cm?. All mate-
rials were commercially purchased and used as received. In
tandem OLEDs, the two emissive units used were identical
and consisted of N,N’-bis(naphthalen-1-y1)-N,N’-bis (phenyl)-
be- nzidine (NPB)/tris(8-hydroxyquinoline) aluminum (Algs).
All devices were fabricated on pre-cleaned and oxygen-plasma
treated ITO-coated glass with sheet resistance of 10 Q/[1 and
thickness of 80 nm. A thermally deposited Al film was used
as the cathode. ITO substrates were ultrasonically cleaned
in acetone, ethanol, and deionized water successively, then
treated by O, plasma at the pressure of 42 Pa for 10 min.
Finally, the treated ITO substrates were directly transferred,

without exposure to air, into a vacuum chamber. All the films
were thermally evaporated in an ultra high vacuum (UHV)
growth chamber without breaking the vacuum. The organic,
Al, MoO3;, and LiF thin films were thermally evaporated in
the UHV growth chamber at base pressures of around 3—
5x 107 Torr, 2-6 x 107 Torr, 4-7 x 10~® Torr, and 4
7 x 1078 Torr, respectively. The evaporation rates were con-
trolled with a quartz thickness monitor, and were 0.8 Als,
5 A/s, 0.3 A/s, and 0.3 A/s for organic, Al, MoO3, and LiF ma-
terials, respectively. The glass substrates were rotated during
the deposition process by means of a rotary working holder
at a speed of 12 rev/min so as to obtain uniform thickness
thin films. The current density—forward direction luminance—
voltage characteristics of the devices were measured using a
Keithley SMU 236 source measure unit and a commercial lu-
minance meter equipped with a calibrated silicon photodiode
(ST-86LA, from the Photoelectric Instrument Factory of Bei-
jing Normal University, China) at room temperature in air im-
mediately after device fabrication. The EL spectra of the de-
vices were recorded using a fiber spectrometer (Ocean Optics
USB 2000), the capacitance—voltage (C—V) curves were mea-
sured with an Agilent 4284A LCR meter (Santa Clara, CA).

Table 1. Structures of devices, here EL represents NPB(40 nm)/Alq3(80 nm).

Device Structure
Device A ITO/EL/LiF(2 nm)/Al(100 nm)
Device B ITO/EL/EL/LiF(2 nm)/Al(100 nm)
Device C  ITO/ EL/MoO3(10 nm)/EL/LiF(2 nm)/Al(100 nm)
Device D ITO/LiF(100 nm)/Alq3(80 nm)/NPB(40 nm)/LiF(2 nm)/Al(100 nm)
Device E ITO/LiF(100 nm)/ Alq3(80 nm)/MoO3(10 nm)/NPB(40 nm)/LiF(100 nm)/Al(100 nm)
Device F ITO/Alq3(80 nm)/NPB(40 nm)/LiF(2 nm)/Al(100 nm)
Device G ITO/Alq3(80 nm)/MoO3(10 nm)/NPB(40 nm)/LiF(2 nm)/A1(100 nm)

3. Results and discussion

Figures 1 and 2 show the current density—voltage (J-V)
and the voltage—luminance (V-L) characteristics of devices A,
B, and C. One can see that the driving voltage of device C
is about twice that of the conventional single-unit device at
the same luminance, but device B has an even higher driv-
ing voltage than device C. For example, at the luminance of
100 cd/m?, the driving voltages are 3.1 V, 13.8 V, and 6.1 V for
devices A, B, and C, respectively. This demonstrates that the
10 nm thick MoO3 film used in device C can greatly improve
both the J-V and the V—L characteristics of tandem OLEDs.

Figures 3 and 4 show the luminance versus current den-
sity and the current efficiency versus current density curves for
devices A, B, and C, respectively. One can see from Figs. 3
and 4 that for a given current density, the luminance and the
efficiency of device C are about twice of those of the conven-
tional single-unit device. For example, at the current density

of 20 mA/cm?, the luminance reaches 780 cd/m? for device
C, which is much higher than 416 cd/m? and 386 cd/m? for
device B and the conventional single-unit device A. Also one
can see that device B has a current efficiency similar to that
of device A. The results show that upon the application of an
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Fig. 1. (color online) The J-V characteristics of devices A, B, and C.
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Fig. 2. (color online) The L-V characteristics of devices A, B, and C.
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Fig. 3. (color online) The L—J characteristics of devices A, B, and C.
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Fig. 4. (color online) Current efficiency—current density characteristics
of devices A, B, and C.

applied voltage, the MoOs thin film between two emissive
units will generate electrons and holes. The generated elec-
trons and holes will be injected into the neighboring ETL and
HTL of the individual EL unit, and recombine with holes in-
jected from the anode side and electrons injected from the
cathode side for light emission.

In general, the driving voltage will be multiplied as the
number of the light emitting units in tandem OLEDs increases,
so the tandem OLEDs have a power efficiency similar with that
of the conventional single-unit devices. Researchers have done
much work to improve the power efficiency of tandem OLEDs,
such as inserting a very thin ReO3 film into the p—n junction
interconnector,*°! or using CsCO3 and MoOj3 to modify the

interface of the organic heterojunction interconnector layer.13!]

Those methods can make the charge generate more easily, and
then lower the driving voltage of the device, thereby improve
the power efficiency of tandem OLEDs. One can see from
Fig. 5 that when using the MoOs thin film as the interconnec-
tor layer, the tandem OLED possesses an even higher power
efficiency than the conventional single-unit device when the
device’s luminance is over 1200 cd/m?. This demonstrates
that tandem OLEDs based on MoOs thin films have higher
current efficiencies and power efficiencies than the conven-
tional single-unit devices. In a typical OLED structure with
a reflective metal electrode, direct outgoing emission beams
will interfere with the beams reflected by the metal electrode.
The constructive interference could result in a higher current
or power efficiency.*?! Here, we attribute the improvement of
the power efficiency to the constructive interference in the tan-
dem OLED.

In order to demonstrate that the MoO3 thin film can effec-
tively generate charge carriers, we fabricated devices D and E.
The 100 nm thickness LiF thin films inserted at the interface
of anode and cathode were used to block carriers inject into
organic layers. As shown in Fig. 6, no change in capacitance
with the applied voltages from —20 V to 20 V in device D is
found, indicating no charge generation in the Alq3/NPB in-
terface. However, the capacitance of device E gradually in-
creases over 0 V. Since no charge can be injected into the
device, it is deduced that the origin of the change in the ca-
pacitance of device E should be the generated charge when
inserting the MoOj3 thin film layer into the two light-emitting
units. Many reports have proved that the electric field-induced
charge-generation process takes place at the interface between
MoO; and NPB.[!3-25-33] The electrons transfer from the high-
est occupied molecular orbital (HOMO) of the NPB to the con-
duction band of MoQO3. The electron transfer also occurs in a
vacuum-deposited MoQO3 layer from various defect states to
the conduction band via thermal activation. Then, the gener-
ated electrons and holes are injected into the neighboring ETL
and HTL of the individual light-emitting unit and recombine
with holes injected from the anode side or electrons injected
from the cathode side for light emission.

Furthermore, we fabricated devices F and G and then
compared them with device A. As we all know, because of
the high injection barrier (holes injected from anode into the
Algs thin film layer and electrons injected into the NPB thin
film layer) and the very low carrier mobility (holes transport
in the Alqs thin film and electrons transport in the NPB thin
film), device F has a very small current density under an ap-
plied voltage. However, when inserting a MoO3 thin film into
the interface of NPB/Alqs, the current density can be greatly
improved, as shown in Fig. 7. These results show that the
MoOs3 thin film is essential to the charge generation and sepa-
ration process in tandem OLEDs.
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Fig. 5. (color online) Power efficiency—luminance characteristics of de-
vices A, B, and C.
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Fig. 6. (color online) The C-V characteristics of devices D and E.
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Fig. 7. (color online) The J — V characteristics of devices A, F, and G.

Ultraviolet photoemission spectroscopy (UPS) analyses
have shown the formation of an interface dipole upon the
deposition of NPB on MoO3. A p-n junction is formed
between NPB and MoOs; with a small hole injection bar-
rier height.?>33] It is expected that an electric-field-assisted
charge generation and separation process can easily occur at
the MoO3/NPB interface via hole injection from MoO3 into
the HOMO of NPB. The charge generation process could also
happen within the MoOs3 layer by exciting electrons from the
oxygen vacancy derived gap states to the conduction band.
In fact, similar results have been found at the interface be-
tween other transition metal oxide and the hole transport lay-
ers, such as vanadium oxide (V,05)!!?! and tungsten trioxide
(WO3).[15’27’28] In order to make the electrons inject into the
light emitting unit easily, researchers always use the doping

method to make the electron transport layer be n-type materi-
als. On one hand, this method facilitates the generated elec-
trons’ injection into the ETL of the neighboring EL unit from
MoOs3, on the other hand, it blocks the leakage of holes across
the interconnector layer into the HTL of the other adjacent EL
unit.?>-263% Here, we find that a tandem OLED based on only
the MoOj3 thin film can achieve double current efficiency and
an improved power efficiency compared with the conventional
single-unit devices.

As mentioned above, holes and electrons can be injected
from the anode and cathode into the organic layer, meanwhile
they can be generated by the interconnector layers and then
injected into a neighboring EL unit, as depicted in Fig. 8. For
a tandem OLED, the charge balance factor can be defined as

:Jhl_J}/ﬂ Ja =T Jn
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where 11 (1) is the charge balance factor, Jy; (Jn2), Ji; (Jf,)s
Je1 (Je2), and J.; (J.,) are the injection and leakage current
densities for holes and electrons in the EL unit 1 (2), respec-
tively, as depicted in Fig. 8, L is the total thickness of an EL
unit, R;(x) and Ry(x) are the recombination coefficients for
EL units 1 and 2, respectively, and e is the elementary charge.
The recombination coefficient R(x) can be expressed as
_ 4mq

R(x) = s

where & is the permittivity of vacuum, &, is the relative dielec-

(b + p) (np — i), ()

tric constant of the organic materials, n, p, and n; are the elec-
tron, hole, and intrinsic carrier concentrations, respectively,
and U, and , are the electron and hole mobilities, respec-

tively.
Jh]- t]]\,l Jh2 Jh’Z
ITO unit 1 MoO; | unit2 LiF/Al
i Ja Jo _Jez

Fig. 8. Schematic diagram of the injection and leakage current densities
for holes (Ji, J}) and electrons (Je, J;) of both light emitting units.

The injection current densities J. and Jp, are comprised
of two parts: the leakage current density from another EL unit
and the current density generated by the interconnector layer.
They can be expressed as

Je1 = Jeo +Jé27 (6)
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where Joo and Jyo are the electron and hole current densities
generated at the interface of MoO3 and NPB, respectively. Un-
der the steady state, we have

Joo = Jho- ¥

From the principle of current continuality, the device cur-
rent density J can be expressed as

J=Jn+Jy =Ja+hy =dn+lo=Ja+J. )

In general, the leakage current densities J; and J., are
very small and can be ignored. From the above equations, if
Je2 = Jeo, We can obtain 71y = 12. In this case, the tandem
devices will have double current efficiency compared with the
conventional single-unit devices. We attribute the double cur-
rent efficiency of the tandem OLEDs prepared here to the sim-
ilarity between the carrier injection abilities of the cathode and
the interconnector layer.

4. Conclusion

In summary, tandem OLEDs with simple and effective in-
terconnector layers, i.e., a 10-nm-thick MoOs thin film, have
been demonstrated. It is demonstrated that tandem OLEDs ex-
hibit superior current efficiency—current density characteristics
compared to the conventional single-unit devices, and even
have a higher power efficiency than the conventional single-
unit devices. Furthermore, such an interconnector layer can be
easily fabricated by simple thermal evaporation, greatly sim-
plifying the device processing. The double current efficiency
of the tandem OLEDs has been attributed to the similarity be-
tween the carrier injection abilities of the cathode and the in-
terconnector layer.
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