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An undoped charge-generation unit (CGU) with the structure of
lithium fluoride (LiF)/aluminum/molybdenum trioxide (MoO3)
was demonstrated in tandem organic light-emitting diodes
(OLEDs). Tandem OLEDs with two identical emissive units
consisting of 4,40-bis-(1-naphthyl-N-phenylamino)-biphenyl
(NPB)/tris(8-hydroxyquinoline) aluminum (Alq3) exhibited
superior performance over a corresponding single-unit device.
Under a driving current of 650Am�2, the current efficiency of
the tandem OLEDs was about 6.95 cdA�1, almost double that

of the single-unit OLEDs. The operational stability of the
tandem OLEDs was also enhanced compared with that of the
single-unit OLEDs. It was demonstrated that the MoO3 plays a
critical role of charge generation in this undoped CGU. The
LiF/Al layers were used to enhance the electron injection from
MoO3 layer to the adjacent Alq3 layer. Furthermore, fabrication
of this CGU involves no sputtering or doping process, which
can render tandem OLEDs processing more feasible.
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1 Introduction Tandem organic light-emitting diodes
(OLEDs) have received considerable attention for their
advantages of enhanced current efficiency and luminance at
low current density, as well as the prolonged lifetime as
compared to conventional single-unit OLEDs [1–19]. The
typical structure of tandem OLEDs consists of two or
multiple electroluminescence (EL) units vertically stacked in
series through a charge-generation unit (CGU). The CGU
plays an important role for charge generation and injection to
the adjacent EL unit in the working process of tandem
OLEDs.

Since the electric-field-assisted bipolar charge-
generation effect of CGU with the structure of Mg-doped
tris(8-hydroxyquinoline) aluminum (Alq3)/V2O5 was
demonstrated [4], various CGUs have been reported, such
as Li-doped 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP)/V2O5 [5], Li-doped Alq3/FeCl3-doped 4,40-bis-(1-
naphthyl-N-phenylamino)-biphenyl (NPB) [6], Mg-doped
Alq3/WO3 [7], Li-doped 4,7-diphenyl-1,10-phenanthroline
(Bphen)/MoO3 [8], Cs2CO3-doped BCP/MoO3 [18],
Cs2CO3-doped Alq3/Al/MoO3 [9], C60/MoO3-doped

NPB [17], CsN3-doped Bphen/MoO3 [19], Cs-doped
Bphen/tetrafluorotetracyano-quinodimethane(F4-TCNQ)-
doped NPB [10], Mg-doped Alq3/F4-TCNQ-doped
4,40,400-tris{N,-(3-methylphenyl)-N-phenylamino}-triphenyl-
amine (MTDATA) [11], fullerene (C60)-doped zinc phthalo-
cyanine (ZnPc) [12], etc. Typically, the fabrication of these
CGUs requires coevaporation or sputtering processes, which
inevitably increases the manufacturing cost of the tandem
OLEDs. Besides, the active metals used as an n-type dopant,
such as lithium, are known to have high diffusivity in organic
layers, and will diminish the device stability [20]. Thus, it is
of great interest to investigate the feasibility of developing
effective undoped CGUs. Such as Al/WO3/Au [21], LiF/Al/
Au [22], LiF/Ca/Ag [22], LiF/Al/HAT-CN6 [2], as well as
organic semiconductor heterojunctions [23–26], such as
copper hexadecafluorophthalocyanine (F16CuPc)/copper
phthalocyanine (CuPc) [24], pentacene/C60 [25], C60/
naphthyl end-capped oligothiophenes [26], etc. However,
materials that differ from the material system of the single-
unit OLEDs are needed in those reported CGUs, which will
increase the complexity of the fabrication process. In this
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work, an undoped CGU with the structure of LiF/Al/MoO3

was studied in tandem OLEDs. The LiF/Al structure
was always used as cathode in single-unit OLEDs [27],
and MoO3 was used as a hole-injection layer [28]. Thus,
tandem OLEDs with CGU of LiF/Al/MoO3 did not contain
materials that differ from the material system of the single-
unit OLEDs, which can render tandem OLEDs processing
more feasible.

2 Experimental details In our experiments, all
devices were fabricated on patterned ITO-coated glass
substrates with a sheet resistance of 20V/&. The ITO glass
was cleaned with deionized water and organic solvents, and
then exposed to a UV–ozone ambient. All films were
fabricated by thermal evaporation. Devices used for
operational stability test were encapsulated under a nitrogen
atmosphere with epoxy and glass lids. The thickness of the
films was determined in situ by a quartz-crystal sensor and ex
situ by a profilometer. The emission area of the device was
about 12mm2. The detailed process of devices fabrication
can be found in our previous reports [29, 30]. Figure 1
exhibits the schematic diagrams of the single-unit OLEDs
(device A) and the tandem OLEDs (device B) used in this
study. In the tandem OLEDs, just as shown in Fig. 1b, the
nondoped structure of LiF/Al/MoO3 was used as CGU to
connect the two identical green emission units consisting of
NPB/Alq3. The luminance–current–voltage (L–I–V) char-
acteristics of the devices were measured using a computer-
controlled sourcemeter (Keithley 2602) and a calibrated
silicon photodiode. The EL spectra were measured by a
PR650 spectrometer. The transmittance was recorded on a
Hitachi UV 3010 spectrophotometer. All the measurements

were carried out at room temperature under ambient
conditions.

3 Experimental results and discussion The lumi-
nance–voltage–current characteristics of single-unit OLEDs
(device A) and tandem OLEDs (device B) are shown in
Fig. 2a. Because of the larger series resistance of the thicker
organic layers in tandem OLEDs, the driving voltage of
the tandem OLEDs is higher than that of the single-unit
OLEDs at same luminance. For example, at a luminance of
1000 cdm�2, the driving voltage of device A and device B
are 7.5 and 18.5V, respectively. Current efficiency and
power efficiency as a function of driving current are shown
in Fig. 2b. It can be seen that the current efficiency of tandem
OLEDs (device B) using LiF/Al/MoO3 as CGU is nearly
twice that of the single-unit OLEDs (device A). For example,
the current efficiency of the tandem OLEDs was about
6.95 cdA�1 under the driving current of 650Am�2, almost
93% improvement over that of the single-unit OLEDs
(3.6 cdA�1). As shown in Fig. 2b, the power efficiency of
device B reaches about 1.1 lmW�1, which is lower than
1.5 lmW�1 of device A because of the higher driving voltage
of the tandem OLEDs.

Figure 1 The schematic diagrams of cross-sectional view of the
single-unit OLEDs (device A) (a) and the tandem OLEDs (device
B) (b) used in this study.

Figure 2 (a) Luminance–voltage–current density characteristics
and (b) current efficiency, power efficiency as the function of the
driving current (b) for single-unit OLEDs (device A) and tandem
OLEDs (device B).
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The normalized EL spectra of the single-unit OLEDs
(device A) and the tandem OLEDs (device B) are shown in
Fig. 3a. All devices emit green light at about 536 nm, but
the tandem OLEDs exhibited a narrower spectrum with a
full width at half-maximum (FWHM) of 91 nm, while
the single-unit OLEDs shows an FWHM of 108 nm. The
narrower spectra of device B was ascribed to optical
interference between emissions from two stacked emission
unit. Figure 3b exhibits the transmittance of the Glass/LiF
(1 nm)/Al (5 nm)/MoO3 (20 nm). It can be seen that the
optical transparency of the CGU is larger than 80% over the
whole visible spectrum, which indicated that this CGU
exhibits potential in the fabrication of white tandem OLEDs.

As shown in Fig. 4, devices with structure of ITO/Alq3
(60 nm)/interlayer (X nm)/NPB (60 nm)/Al (100 nm) were
fabricated to investigate the charge-generation mechanism of
the CGU. The interlayer are MoO3 (20 nm), LiF (1 nm)/Al
(5 nm), and LiF(1 nm)/Al(5 nm)/MoO3 (20 nm) for device C,
device D, and device E, respectively. Device F with structure
of ITO/Alq3(60 nm)/NPB (60 nm)/Al (100 nm) was also
fabricated as a control device. Here, the ITO was used as the
anode, and the aluminum as the cathode. The large offset

between the Fermi energy of ITO (4.8 eV) and the highest
occupied molecular orbital (HOMO) of Alq3 (5.8 eV), as
well as the great offset between the Fermi energy of
aluminum (4.3 eV) and the lowest unoccupied molecular
orbital (LUMO) of NPB (5.8 eV), served to reduce the
external carrier injection. Then, when devices C–F were
biased at forward voltage, the current of the device was
totally determined by the charge-generation ability of the
interlayer. The current–voltage characteristics of devices
C–F are shown in Fig. 4. For device C with LiF (1 nm)/Al
(5 nm) as interlayer, the lowest current at the same voltage
was obtained, which indicated the interlayer consisted of LiF
(1 nm)/Al (5 nm) cannot generate charge efficiently. For
device D with an interlayer of 20 nm MoO3, the current was
larger than that of the control device (device F), which
indicated that the MoO3 is an efficient CGU. For device E
with an interlayer consisting of LiF (1 nm)/Al (5 nm)/MoO3

(20 nm), the largest current density was achieved at the same
voltage. Thus, the MoO3 plays a critical role of charge
generation in this CGU. Recently, the energy level alignment
at MoO3/organic interfaces was determined via UPS and
IPES measurements, and the n-type nature, as well as the
electron extraction effect of MoO3 was demonstrated [31,
32]. The charge-generation mechanism of this CGU is
shown in Fig. 5. When an external electric field was applied,
electrons were extracted from the MoO3/NPB interface and
transported in the MoO3 layer, while holes were injected into
the NPB layer. For the LiF (1 nm)/Al (5 nm) structure, it has

Figure 3 (a) EL spectra of the single-unit OLEDs (device A) and
the tandemOLEDs (device B) viewed in the normal direction under
driving voltage of 10V, and (b) transmittance spectra of glass/LiF
(1 nm)/Al (5 nm)/MoO3 (20 nm).

Figure 4 The schematic diagrams of cross-sectional view of
device C, device D, device E, and device F, as well as their current–
voltage characteristics. Here, ITO was used as the anode, and Al
was used as the cathode.
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been demonstrated that the Al atoms will react with Alq3 and
molecular LiF, and form an ultrathin n-type doped layer at
the Alq3 surface during the deposition of the Al film [33],
which can reduce the electron-injection barrier, as well as
enhance the electron injection to the adjacent Alq3 layer.

The results of operational stability tests for device A
(single-unit OLEDs) and device B (tandem OLEDs) are
shown in Fig. 6. Tests of those two devices began with the
same initial luminance of 3000 cdm�2. The lifetime at 60%
of degradation (t0.6) of device A was 30 h, whereas the t0.6 of
device B was 60 h, which was twice that of device A.
Because of the higher efficiency, the current density of
tandem OLEDs (327Am�2) is significantly lower than that
of the single-unit OLEDs (873Am�2) at the same initial

luminance of 3000 cdm�2, which will reduce the Joule
heating in the organic film. Thus, the operational stability for
tandem OLEDs was enhanced.

4 Conclusions In conclusion, an undoped CGU with
the structure of LiF/Al/MoO3 was demonstrated in tandem
OLEDs. Tandem OLEDs with two identical emissive units
consisting of NPB/Alq3 exhibited superior current efficiency
over a conventional single-unit device. At 650Am�2, the
current efficiency of the tandem OLEDs was about
6.95 cdA�1, almost doubling that of the single-unit OLEDs.
Operational stability of the tandem OLEDs was also
enhanced compared with that of the control device. It was
demonstrated that MoO3 acted as a charge-generation layer,
in addition the LiF/Al layers acted as an electron-injection
unit in this CGU. Furthermore, fabrication of this CGU
involves no sputtering or doping process, as well as materials
that differ from the material system of the single-unit
OLEDs, which will be beneficial for the development of low-
cost tandem OLEDs.
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