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Abstract. Low driving voltage, high luminance, and high efficiency are the
important parameters of organic light-emitting diodes (OLEDs) for their appli-
cation of display and lighting. Usually, synthesis of new materials, doping
technique and designing suitable device structures were the main methods to use
for realizing the aim of the wide application of OLEDs. In this paper, we try to
obtain a high efficiency and low driving voltage tandem OLED with ultrathin
films through optimizing the thickness of hole transporting layer (HTL), electron
transport layer (ETL), emission layer (EML), and charge generation layer
(CGL). As a result, we got the ultrathin tandem OLED with a very low driving
voltage of 7.44 V, the luminance of 16,080 cd/m2, the current efficiency of
16.08 cd/A, and power efficiency of 6.28 lm/W, respectively. This research not
only saves the cost and improves the power efficiency, which may supply a
theoretical basis for the development of OLEDs in the lighting field.
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1 Introduction

In tandem organic light-emitting diodes (OLEDs), the luminance and current efficiency
are multi-fold growth with the increasing number of electroluminescence (EL) unit, but
also the multi-fold growth of driving voltage, which means that the power efficiency of
tandem OLED is not improved, and not conducive to its practical application, espe-
cially in lighting field. So, reduction in the driving voltage of OLEDs is a key issue to
improve the power efficiency in the application of flat panel displays and solid-state
lighting [1]. Usually, there are several methods to reduce the driving voltage of
OLEDs. One of the most powerful solutions is to use doping concept in the carrier
transporting or injection layer [1–11]. From the electrical doping mechanism of organic
semiconductor, the doping process can be regarded as a charge transfer process, which
is the host material to obtain hole or electron from acceptor or donor, and realize p- or
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n-doped. For example, p-doped occurs through the charge transfer from the highest
occupied molecular orbital (HOMO) of the host material to the lowest unoccupied
molecular orbital (LUMO) of the dopant material [12], while n-doped occurs through
the charge transfer from the HOMO of the dopant material to the LUMO of the host
material. As we know, p- and n-type doping is widely used to improve or change the
device electrical characteristics. If using the proper doped systems, it can be increased
the conductivity of film with several orders of magnitude and can also realize ohmic
contact between the electrode and the organic layer, reduce the injection barrier at the
electrode/organic interface, and provide excellent hole or electron injection from
electrode to organic layer [13]. Inserting a buffer layer with suitable thickness like
MoOx [14], SiO2 [15], CFx [16], LiF [17], Ag2O [18], TCNQ [19] can improve
balance of the hole and electron injections. And synthesis of organic materials with
high mobility and proper energy level [20–24] can conducive to achieve good charge
balance and confine excitons in the EML [23–26].

In this work, we try to realize an ultrathin tandem OLED with low driving voltage,
high brightness, and high efficiency through optimizing the thickness of organic layers.
Basing on our early works [10, 27, 28], we firstly design several single devices (given
in Table 1) and then fabricate serial tandem devices with different thickness of function
layers. As a result, we obtained the ultrathin tandem OLED with a very low driving
voltage of 7.44 V and high power efficiency of 6.28 lm/W.

2 Experimental Methods

In this work, all organic devices were fabricated on the indium-tin-oxide (ITO) coated
glass with a sheet resistance of 20 X/sq by evaporation method without breaking the
vacuum (<2 � 10−6 Torr). The ITO surface was cleaned with ultrapurified water and
organic solvents, dry-cleaned for 30 min, and treated by UV–ozone for 15 min before
put into high-vacuum thermal evaporation system. A shadow mask was used to define
the Al cathode to form an emissive area of 10 mm2. The evaporation rates of all organic
layers were 2 Å/s, LiF layer was 0.1 Å/s, and Al cathode was 5 Å/s, respectively.

The fabricated devices were encapsulated immediately by using epoxy resin and
glass lids prior to the measurement. The current density–voltage–luminance, current
efficiency–current density–power efficiency characteristics, and EL spectra were
recorded on a computer-controlled programmable Keithley model 2400 power source
with a Photo Research 655 spectrometer.

Table 1 Structures of single-EL-unit devices with different thickness of organic layers

Devices Layer structure
A ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 10 nm)/BPhen(20 nm)/LiF(0.5 nm)/Al (100 nm)
B ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 10 nm)/BPhen(30 nm)/LiF(0.5 nm)/Al (100 nm)
C ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen(20 nm)/LiF(0.5 nm)/Al (100 nm)
D ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen(30 nm)/LiF(0.5 nm)/Al (100 nm)
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3 Results and Discussion

To get the low driving voltage of tandem OLEDs, firstly, four single-unit OLEDs with
different thickness of organic layers were fabricated. The structures of single-unit
devices are listed in Table 1, the corresponding performance is displayed in Fig. 1, and
more detailed performance parameters are shown in Table 2. It is known that the
driving voltage and luminance increased with the thickness of organic layers, which
appears that the thinnest device A has the lowest driving voltage, and the thickest
device D has the best luminance. With the aim to realize the device with low driving

Fig. 1 a Current density–voltage–luminance and b current efficiency–current density–power
characteristics of devices listed in Table 1
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voltage and high efficiency, we chose the thinner EL unit for further research and
designed a serial structure of tandem devices based on these kinds of EL unit through
changing the thickness of hole transporting layers (HTL), electron transporting layers
(ETL), emission layers (EML), and charge generation layer (CGL), respectively.

3.1 Optimizing the Thickness of HTL

First of all, we try to changing the thickness of HTL on the second EL unit with the
structure of ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 10 nm)/BPhen(20 nm)/Mg:BPhen
(10 wt%, 10 nm)/MoO3(5 nm)/NPB(x nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen
(40 nm)/LiF(0.5 nm)/Al(100 nm). Here, x is 20 nm for device E and 40 nm for device F.
The current density–voltage–luminance and current efficiency–current density–power
efficiency characteristics of devices E–F are shown in Fig. 2. According to Fig. 2, we can
know that the thickness of HTL on the second EL unit plays an important role in driving
voltage and device efficiencies. With a thickness difference of 20 nm in NPB layer, the
device performance exhibits a large difference. The driving voltage of devices E and F is
7.44 and 8.09 V at J = 1 mA/cm2, and their luminance is 14,950 and 16,340 cd/m2 at the
current density of 100 mA/cm2. But the driving voltage is still very high, and the effi-
ciency is not as perfect as we anticipated.

3.2 Optimizing the Thickness of EML

In this part, we modify the thickness of EML for further research and design this kind of
device: ITO/NPB(20 nm)/C545T:Alq3(1 wt%, y nm)/BPhen(20 nm)/Mg:BPhen(10 wt
%, 10 nm)/MoO3(3 nm)/NPB(20 nm)/C545T:Alq3(1 wt%, z nm)/BPhen(20 nm)/LiF
(0.5 nm)/Al(100 nm), y and z are 10 and 10 nm for device G, 10 and 20 nm for device
H, and 20 and 20 nm for device I, respectively. It is shown in Fig. 3 that device H has
the largest luminance and efficiency, which are 15230 cd/m2 and 15.23 cd/A at
J = 100 mA/cm2, while the driving voltage is a bit higher than device G, which are 7.10
and 6.71 V at J = 1 mA/cm2.

3.3 Optimizing the Thickness of ETL

Then, we attempt to get the device with low driving voltage by optimizing the
thickness of ETL, and use device structure: ITO/NPB(20 nm)/C545T:Alq3(1 wt%,
10 nm)/BPhen(m nm)/Mg:BPhen(10 wt%, 10 nm)/MoO3(3 nm)/NPB(20 nm)/C545T:

Table 2 Performances of devices A–D. Vd is driving voltage at J = 1 mA/cm2, L, ηc, and ηp are
the maximum luminance, current efficiency, and power efficiency, respectively

Devices Vd (V) L (cd/m2) ηc (cd/A) ηp (lm/W) EL peak (nm)

A 2.95 7323 7.7 8.09 520
B 3.11 8818 9.3 9.39 520
C 3.35 9066 9.31 8.60 520
D 3.43 10,490 10.61 9.70 520
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Alq3(1 wt%, 20 nm)/BPhen(n nm)/LiF(0.5 nm)/Al(100 nm). Here, m and n are 20 and
20 nm for device H, 20 and 30 nm for device J, 30 and 30 nm for device K, respec-
tively. Figure 4 compares the electrical and luminescent properties of devices H, J, and
K, they show the same variation trend as a comparison of devices G–I, the thinnest
device has the lowest driving voltage, and the device with middle thickness has the
highest current efficiency and power efficiency, and a bit higher driving voltage than
the thinnest device. This phenomenon may be due to the suitable energy level of this

Fig. 2 Performance of tandem devices E–F with 20 nm thick difference in the HTL of the
second EL unit
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kind of organic layers and its adjacent layers, which is convenient for carriers trans-
porting and promote the effective combination of charge within the device.

3.4 Optimizing the Thickness of CGL

It is reported that the device performance may be affected by the thickness of the charge
generation layer [29]. And how the thickness of CGL affects the device performance
still needs study. In this part, several devices were designed to make clear of this
problem, which are: (H) ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 10 nm)/BPhen(20 nm)/

Fig. 3 a Current density–voltage–luminance and b current efficiency–current density–power
efficiency curves of tandem devices G–I with different thickness of EML

(a) (b)

Fig. 4 a Current density–voltage–luminance and b current efficiency–current density–power
efficiency characteristics of tandem devices with different thickness of ETL
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Mg:BPhen(10 wt%, 10 nm)/MoO3(3 nm)/NPB(20 nm)/C545T:Alq3(1 wt%, 20 nm)/
BPhen(20 nm)/LiF(0.5 nm)/Al(100 nm); (L)ITO/NPB(20 nm)/C545T:Alq3 (1 wt%,
10 nm)/BPhen(20 nm)/Mg:BPhen(10 wt%, 5 nm)/MoO3(1 nm)/NPB(20 nm)/C545T:
Alq3(1 wt%, 20 nm)/BPhen(20 nm)/LiF(0.5 nm)/Al(100 nm); (M) ITO/NPB(20 nm)/
C545T:Alq3(1 wt%, 10 nm)/BPhen(20 nm)/Mg:BPhen(10 wt%, 5 nm)/MoO3(3 nm)/
NPB(20 nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen(20 nm)/LiF(0.5 nm)/Al(100 nm);
(N) ITO/NPB(20 nm)/C545T:Alq3(1 wt%, 10 nm)/BPhen(20 nm)/Mg:BPhen(10 wt%,
10 nm)/MoO3(1 nm)/NPB(20 nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen(20 nm)/LiF
(0.5 nm)/Al(100 nm). As shown in Fig. 5, device H shows the largest efficiencies and
the lowest driving voltage. Comparing the devices H and N, which is different in
thickness of MoO3, the thicker of MoO3, the better of device performance, the same
phenomenon can be seen in the comparison of devices L and M. It seems like that 5-nm
and 10-nm-thick Mg:BPhen layer displays very little effect on the luminance and current
efficiency, but large effect on the driving voltage and power efficiency of devices H and
M. There appears the same worse performances of devices L and N, though they are
different in thickness of Mg:BPhen layer, which may be due to 1-nm-thick MoO3 film is
very thin, its evaporation is too little and cannot form a continuous film, and finally
exhibit a great impact on the generation and transmission capacity of carriers.

3.5 Comparison of Two Tandem OLEDs

Figure 6 compares the performances of the optimized device J and reference device O.
Here, the thickness and structure of the reference device are we usually used, which is
ITO/NPB(40 nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen(40 nm)/Mg:BPhen(10 wt%,
10 nm)/MoO3(5 nm)/NPB(40 nm)/C545T:Alq3(1 wt%, 20 nm)/BPhen(40 nm)/LiF
(0.5 nm)/Al(100 nm). From Fig. 6, we can know that with a total difference of 80 nm
thick in organic layers, the driving voltage of devices J and O is 7.44 and 10.21 V at
the current density of 1 mA/cm2, the maxim current efficiency is 16.08 and 19.64 cd/A,

Fig. 5 a Current density–voltage–luminance and b current efficiency–current density–power
efficiency curves of tandem devices H, L, M, and N
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and the maxim power efficiency is 6.28 and 5.28 lm/W. It is obvious that the driving
voltage is reduced and the power efficiency is increased after optimizing, this is a good
phenomenon that we see, but there is still a long way to realize a lower driving voltage
and higher power efficiency device, and need that we make more efforts.

4 Summary

We fabricated an ultrathin tandem device with a driving voltage of 7.44 V and power
efficiency of 6.28 lm/W. This is implemented to reduce cost and enhance the efficiency
of the device. We believe that further optimization of device parameters will more
ascension the device performance, and hope this study can provide a train of thought
for the OLED application.
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Fig. 6 Electroluminescence properties of devices J and O
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