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ARTICLE INFO ABSTRACT

Article history:

High-performance tandem organic light-emitting diodes (OLEDs) employing a buffer-
modified Cgo/pentacene organic semiconductor heterojunction (OHJ) as a charge genera-
tion layer (CGL) are demonstrated. The unique cooperation of charge generation, transport,
and extraction processes occurred in the OHJ-based CGL remarkably reduces the opera-
tional voltage. As a result, an approximately twofold enhancement in power efficiency
(21.91Im W' VS 10.1 Im W) can be achieved that has previously been suggested to be
difficult for tandem OLEDs. When the pentacene is replaced by zinc phthalocyanine (ZnPc),
copper phthalocyanine (CuPc), or phthalocyanine (H,Pc), a similar power efficiency
improvement can be also achieved. The novel design concept of the buffer-modified
OHJ-based CGL is superior to that of the conventional CGLs. The investigations on the oper-
ational mechanism are performed, from which it is found that the mobile charge carriers
firstly are needed to be accumulated at both sides of the heterojunction interface and then
transport along the two organic semiconductors in terms of their good carrier transport
characteristics under an external electrical field, and finally inject into the corresponding
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1. Introduction

Organic light-emitting diodes (OLEDs) can convert in-
jected charges into photons [1]. A single-unit OLED has an
upper limit that every injected electron can be converted
into at most one photon. Alternatively, a tandem OLED [2-
12] that vertically stacks a number of single-unit OLEDs
via charge generation layers (CGLs) can convert one injected
electron into multiple photons, thus achieving more bright-
ness and current efficiency with lower current density. The
CGL, obviously, plays a critical role in the realization of high-
performance tandem OLEDs since it functions as both an
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internal anode and cathode to generate intrinsic charge car-
riers and to facilitate opposite electron and hole injection
into the adjacent sub-OLEDs. Many studies have been con-
ducted to improve the performance of CGLs, most of which
have been focused on the development of the n-doped/p-
doped organic junction and n-doped organic/transition me-
tal oxide junction for both optimum optical characteristics
and electrical properties because they allow for the realiza-
tion of very efficient tandem devices [2-6,9-12]. However,
problems remain. First, the sophisticated and high-cost
doping (Li or Cs dopant) process is always required to in-
crease the conductivity of the n-type layer in a CGL. In this
case, direct contact between this layer and the emissive
layer should be avoided to prevent exciton quenching by
the highly active alkaline-metal dopants [13]. Furthermore,
it is well known that power efficiency (PE) is one key to the
commercial realization of a lighting source. However, since
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the driven voltage consumed by conventional tandem
OLEDs scales in a linear fashion with the number of electro-
luminescent (EL) units, the resulting power consumption to
obtain the same luminescence would be the same for both
the single-unit and tandem OLEDs, which means that the
power efficiency cannot be greatly increased for such tan-
dem devices. Though several factors, including a reduced
quenching effect from electrodes, an improved charge
recombination balance, and a reduced charge-exciton
quenching effect, may contribute to the increase in PE [7],
tandem OLEDs still cannot give a satisfactory performance
in PE enhancement because they require a high driving volt-
age. In reality, a large PE improvement in tandem devices
can be achieved only if the CGL has excellent charge gener-
ation, transport, and carrier injection/extraction capabili-
ties, which allow for a negligible voltage drop across the
CGL. Though various CGL structures have been proposed
to rectify this issue [3,4,7,14], the PE enhancement is still
very limited for presented tandem devices, e.g., Tang and
co-workers reported 30-40% enhancement, Forrest and
co-workers reported 10-15% enhancement in the high cur-
rent density, Liao et al. reported 40-50% enhancement, Ryu
et al. reported 20-30% enhancement.

Herein, we suggest a novel concept to overcome this
problem by using buffer-modified Cgo/pentacene intrinsic
organic semiconductor heterojunction (OHJ) as a CGL in
tandem OLEDs. Taking advantage of the charge redistribu-
tion occurred at the heterojunction interface, resulting in
the fast charge transport and the effective charge extrac-
tion, the voltage drop across the CGL is decreased. As a final
result, an approximately twofold enhancement in PE
(21.9ImW-"' VS 10.1Im W) in tandem OLEDs can be
achieved. More importantly, as using zinc phthalocyanine
(ZnPc), copper phthalocyanine (CuPc), or phthalocyanine
(HyPc) to replace pentacene in OHJ as CGL, a similar PE
improvement is also obtained, indicating the universality
of OHJ as CGL for high-performance tandem OLEDs.

2. Experimental
2.1. Materials

The n-type organic semiconductor Cgo and the p-type organic
semiconductors pentacene, zinc phthalocyanine (ZnPc), copper
phthalocyanine (CuPc), and phthalocyanine (H,Pc) were pur-
chased from Tokyo Chemical Industry, and the samples were
purified twice by thermal gradient sublimation prior to process-
ing. The 4,4'-N,N'-bis[N-(1-naphthyl)-N-phenylamino]biphenyl
(NPB), 10-(2-Benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetrame
thyl-1H,5H,11H-(1)-benzopyropyran 0o(6,7-8-i,j)quinolizin-11-
one (C545T), and tris (8-hydro xyquinoline) aluminum (Alqs)
were purchased from Nichem Fine Technology Co. Ltd. The
MoOs were obtained from Alfa Aesar. These materials were used
as received.

2.2. Device fabrication

Devices were grown on cleaned glass substrates pre-
coated with a 180 nm thick layer of ITO with a sheet
resistance of 10 Q per square. The ITO surface was treated

by oxygen plasma for 2 min, following a decrease in an
ultrasonic solvent bath, then it was dried at 120 °C before
it was loaded into an evaporator. All layers were deposited
by thermal evaporation in succession without breaking the
vacuum (~5 x 10~ Pa). The n-type organic semiconductor
and p-type organic semiconductor used here were evapo-
rated at the rate in a range of 0.1-0.2 nm/s. The other
organics and metal oxide were evaporated at the rate in
a range of 0.2-0.3 nm/s, and the metals were evaporated
at the rate of 0.8-1nm/s. The doping concentration of
C545T in Algs was about 1.0% by volume.

2.3. Measurements

Current-voltage-brightness characteristics were re-
corded using a computer-controlled sourcemeter (Keithley
2400) and a multimeter (Keithley 2000) with a calibrated
silicon photodiode. Capacitance-voltage characteristics
were measured with a Keithley 595 quasistatic CV meter.
Film thickness was monitored by frequency counters and
calibrated by a Dektak 6 M profiler (Veeco). The overlap
between the ITO and Al electrodes constituted the active
emissive area for all devices. The size was 4 mm x 4 mm.
All the measurements were carried out in ambient atmo-
sphere at room temperature.

3. Results and discussion

Fig. 1 depicts the schematic diagrams of the corresponding
single-unit and tandem OLEDs. The hole and electron transport
layers are NPB and Algs, respectively. The emissive layer is
Alqgs:C545T. In the OHJ CGL, the n-type layer is Cgo, and the p-type
layer is either pentacene, ZnPc, CuPc, or H,Pc. The electron and
hole extraction layers are LiF and MoOs, respectively. The general
structures of single-unit and tandem OLEDs are ITO/
MoOs5(6 nm)/NPB(90 nm)/Alqs:C545T(30 nm)/Alqs(30 nm) [LiF
(1 nm)/Al(120 nm) and ITO/MoO5(6 nm)/NPB(90 nm)/Alqs :
C545T(30 nm)/Alqs(30 nm)/LiF(0.3 nm)/n-type layer (20 nm)/
p-type layer (15 nm)/MoOs(3 nm)/NPB(50 nm)/Alqs :C545T
(30 nm)/Alqs(30 nm)/LiF(1 nm)/Al(120 nm), respectively. It is
noted that the single-unit device shown here is under its opti-
mum structure,

We use Cgo/pentacene as an example to elucidate our
concept. Fig. 2 compares the EL characteristics of the Cgo/
pentacene-based tandem OLED and its single-unit control
OLED. Different from the conventional tandem OLEDs [2-
12], even though the operational voltage of our tandem de-
vice is higher than that of the single-unit device (Fig. 2a),
the operational voltage ratio of our tandem device to the
single-unit device is gradually decreased with increasing
current densities and brightness. For example, at a bright-
ness of 1000 cd m~2, the operational voltage of the tandem
device is 10.1V, whereas that of the single-unit device is
7.2 V. As shown in Fig. 2b, besides that the current effi-
ciency is greatly enhanced from 38cdA™! of tandem
OLEDs to 15.2 cd A™! of single-unit device, the PE of tan-
dem OLED is significantly improved, e.g., tandempax:
21.9Im W' VS single-unity.: 10.1ImW-! (Fig. 2c),
which beyond doubt gives the best PE improvement re-
ported so far for tandem devices without any out-coupling
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Fig. 1. Schematic diagram of the single-unit (left) and tandem (right) devices. The molecular structures of Cg, pentacene, ZnPc, CuPc, and H,Pc are shown at

the top-left.

technique [15-17]. Even at high brightness the PE
enhancement is still significant, for example, under 1000,
10,000, and 38,000 cd m 2, the PE enhancements come to
1.74, 1.81 and 1.9 times over that of the optimized sin-
gle-unit, respectively, making this CGL much superior to
the conventional ones [3,4,7]. Furthermore, when the
pentacene is replaced by H,Pc, ZnPc or CuPc, a similar PE
improvement can be also achieved. As shown in Fig. 3,
the reduced operational voltage (Fig. 3a) and the double
current efficiency (Fig. 3b) are also obtained in Cgo/ZnPc,
Cgo/CuPc, and Cgo/H,Pc-based tandem OLEDs compared to
that of the single-unit OLED. Importantly, the maximum
power efficiency of 21, 18.6 and 16.1 Im W~ can also be
achieved, indicating that the OHJ-based CGL is a universal
concept for high-performance tandem OLEDs. Table 1 sum-
marizes the device performances of all tandem and single-
unit OLEDs.

To clarify the PE improvement in the buffer-modified
Cso/pentacene-based tandem device, a profound under-
standing of the charge generation and extraction that occur
in the CGL is required. First, direct experimental evidence
is provided by investigating the capacitance-voltage
(C-V) characteristics of the intentionally-designed devices.
The device structures are ITO/LiF(100 nm)/Algs(30 nm)/
NPB(50 nm)/LiF(100 nm)/Al(120 nm) (device 1), ITO/LiF
(100 nm)/Alq3(30 nm)/Ceo(20 nm)/pentacene(15 nm)/NPB
(50 nm)/LiF(100 nm)/Al(120 nm) (device 2), and ITO/LiF
(100 nm)/Alq5(30 nm)/LiF(0.3 nm)/Cgo(20 nm)/pentacene
(15 nm)/MoOs(3 nm)/NPB(50 nm)/LiF(100 nm)/Al(120 nm)
(device 3), respectively. We note that 100 nm-thick LiF lay-
ers serve as insulating layers to block the charge injection
from the outside electrodes in all devices. As shown in
Fig. 4, it can be seen that device 1 exhibits no change in
capacitance with the applied voltages from —20 to 20 V.
This constant capacitance indicates that the LiF film indeed
acted as an insulator layer and completely blocked charge
injection from the external electrodes ITO and Al in this
voltage range. Furthermore, it also indicates that neither
the displacement nor the generation of charges within
NPB and Alqs layers occurs. Compared to the non-CGL-
equipped device 1, device 2 exhibits a gradual increase of

capacitance over 5V. We attribute this increased capaci-
tance in the positive voltage to the larger dielectric con-
stants of the Cgo/pentacene bilayers (devices 2 and 3)
coming from the larger polarization of the charge transfer
complexes from pentacene to Cgo due to the exceptionally
strong acceptor character of Cgo molecules and the close
energy levels of Cgo and pentacene. This fact conclusively
proves that an electric-field-induced charge generation
process takes place at the Cgo/pentacene interface. In the
negative voltage, however, there should only be charge
recombination not generation at the Cgo/pentacene inter-
face. The higher capacitance in devices 2 and 3 compared
to device 1 can be attributed to the interfacial dipole,
which also leads to larger polarization in Cgp/pentacene
interface. We will discuss below in detail.

Charge generation is a prerequisite to the CGL opera-
tion. The generated charge carriers have to be extracted
out of the CGL and then injected into the adjacent sub-
OLEDs. Previous reports emphasized the generation pro-
cess [8], however, herein we note that an effective charge
extraction is also essential, in particular for the PE
improvement. In fact, the large injection barriers remain
between Cgp and Alqs and between pentacene and NPB
(LUMOs: 3.0eV for Algs and 4.5eV for Cg, HOMOs:
5.5 eV for NPB and 4.9 eV for pentacene) [18,19]. In our
tandem device (Fig. 1), LiF and MoOs buffers are intro-
duced to modify Cgp and pentacene, respectively. This is
strikingly different from the previous report by Rao et al.
where only 34% improvement in current efficiency (2.5-
3.4 cd A1) is achieved compared to the corresponding sin-
gle-unit device at a current density of 20 mA cm™2 [20],
whereas the current efficiency can remarkably be im-
proved by 2.5 times (14.9-37.8 cd A™!) in our tandem de-
vice. It can be seen from the C-V characteristics that with
the increase of voltages, large amount of charge carriers
can be generated at the interface of Cgo/pentacene and
the generated charge carriers can be significantly in-
creased. Therefore, the significant enhancement in current
efficiency can be attributed to the better charge balance
between the generated carriers from the CGL and the in-
jected carriers from the external electrodes due to the
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Fig. 2. EL performances of the single-unit and tandem OLEDs. (a) The current density-voltage-brightness characteristics. (b) The current efficiency and (c)
the power efficiencies of the single-unit and LiF/Cgo/pentacene/MoQ3-based tandem OLEDs. Inset: the power efficiencies of the control tandem devices, in
which the CGLs are assembled with different material combinations.

generation of large amount of charge carriers in CGL, espe-
cially in the high voltage, and the effectively injection of

the generated charge carriers into corresponding EL units.
As we see, without either buffer modified layers, the PE
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Fig. 3. EL performances of tandem OLEDs based on buffer-modified Cgo/ZnPc, Cgo/CuPc or Cgo/H,Pc as CGLs. (a) The current density-voltage-brightness
characteristics. (b) The power efficiency (PE) and current efficiency (CE) characteristics as a function of current density.

Table 1
Summary of device characteristics by exploiting single-unit and tandem architectures.
coL v [V] B” [cd m 2] Nee, max” [cd m 2] Nee® [cd A] Neemac [IMW1] Nee” [Im W]
No® 2.5 3033 14.9 14.8 10.1 5.1
LiF/Cgo/pentacene/MoO3 4.9 7322 37.8 36.6 219 7.9
LiF/Cgo/ZnPc/MoO3 49 7022 36.1 35.8 21 6.8
LiF/Cg0/CuPc/Mo0O3 5.1 6547 334 334 18.6 6.7
LiF/Cg0/H2Pc/M0O5 53 6527 335 33.5 16 5.8
BCP:Li/MoO3 5.5 6131 31.7 30.7 11.6 4.7
BCP:Li/NPB:MoO3 5.5 5998 31 30.4 11.3 4.7
2 V,: Turn-on voltage examined at the brightness of 1 cd m—2.
b B: Brightness. ncg:current efficiency, and mpg: power efficiency obtained at the current density of 20 mA cm 2
€ Mck, max: Maximum value of current efficiency.
d NrE:max: Maximum value of power efficiency.
e

Single-unit device.

of the resulting device is even worse than that of the sin- formation of energy barriers that are unfavorable to the
gle-unit device (Fig. 2c and its inset), indicating the charge injection into the adjacent EL units. Accordingly,
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higher driving voltages are required to drive the charges
across the energy barriers, leading to a PE reduction. The
C-V examinations are used here to support this point.
Compared to the non-buffer-modified device 2, the thresh-
old voltage for the capacitance increase in device 3, which
equips buffers on both sides of Cgo/pentacene heterojunc-
tion, diminishes from 5 to 0V, and the magnitude of the
capacitance increase is much larger in device 3 (Fig. 4).
Actually, LiF [21-23] and MoOs3 [18,24] are very good elec-
tron and hole interfacial injection materials and widely
used in OLEDs to reduce electron and hole injection barri-
ers. Our results also clearly indicate the important role of
the introduced buffer-modified layers LiF and MoOs in
OHJ CGL in reducing the electron and hole injection barri-
ers into corresponding EL units, thus reducing operational
voltage and improving PE.

To further demonstrate the merit of this novel CGL, we fabri-
cated another two control tandem OLEDs by using the well-
investigated n-doped organic/transition metal oxide junction
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline  (BCP):  Li/
MoOs and the n-doped/p-doped organic junction BCP: Li/4,4'-
N,N'-bis| N-(1-nap-hthyl)-N-phenyl-amino]biphe nyl (NPB):
MoOs as CGLs [3,9,11,25]. As shown in Fig. 5, both of the opti-
mized devices achieved a twofold enhancement in current effi-
ciency (Table 1 and Fig. 5a,31.7 and 31 cd A~ for BCP:Li/MoO5
and BCP:Li/NPB:MoOs, respectively) but barely showed an
improvement in PE as compared to the single-unit counterpart
(Table 1 and Fig. 5b, 11.6 and 11.3lm W~ for BCP:Li/MoOs
and BCP:Li/NPB:MoOs, respectively). This fact indicates that the
buffer-modified OHJ CGL is superior to the conventional CGLs.
The C-V examinations confirm why the buffer-modified Cgp/
pentacene CGL is superior to both the traditional n-doped organ-
ic/transition metal oxide and the n-doped/p-doped organic junc-
tion CGLs. The device structures for capacitance measurement
are ITO/LiF(100 nm)/Alqs(30 nm)/BCP: Li(20 nm)/MoOs(3 nm)/
NPB(50 nm)/LiF (100 nm)/Al(120 nm) (device 4) and ITO/
LiF(100 nm)/Algs(30 nm)/BCP: Li(20 nm)/NPB: MoO5(40 nm)/
NPB(50 nm)/LiF(100 nm)/Al(120 nm) (device 5). As shown in
Fig. 4, the threshold voltage for the capacitance increase in device
4 (based on BCP: Li/MoOs) and 5 (based on BCP: Li/NPB: MoOs)is
3V over that of device 3 (based on LiF/Cgo/pentacene/MoOs),

(a) 35 ]

i A= ——8—8—
g
IR
- 25
A
]
& 20
c
2 1
& 15-
w
E —— ECP:Li[NPB:MDO‘
@ 104 —9— BCP:LiMoO
‘5 ] 3
o g
0 T T T T T T T T T ¥
0 30 60 20 120 150

Current Density (mA cm™)

10

—

E
=

)

[+]

[ =

2

)

=

i}

5 —o— BCP:L/NPB:MoO,
g —o— BCP:Li/MoO,
o

)

0.01 0.1 1 10 100
Current Density (mA cm™)

Fig. 5. EL performances of tandem OLEDs based on BCP: Li/MoOs BCP: Li/
NPB: MoOs as CGLs. (a) The current efficiency characteristics as a function
of current density. (b) The power efficiency characteristics as a function of
current density.

while the capacitance values of device 4 and 5 are less than
50% that of device 3 under the same bias. This fact irrefutably
demonstrates that our CGL is able to generate more charge carri-
ers than conventional CGLs, allowing for a reduction of driven
voltage and thus the twofold enhancement in PE in tandem
devices.

Apparently, the significant PE improvement in our tan-
dem devices comes from the efficient charge generation
and extraction that occur in the buffer-modified OH]
CGL. Various concepts have been proposed to elucidate
the mechanism of charge generation, including tempera-
ture-independent, field-induced charge separation for
doped organic p-n heterojunction CGLs, [11] interfacial
electron transfer from p-type layer to metal oxide due
to the interfacial dipole-induced energy level alignment
for transition metal oxide-based CGLs [12,26,27], and
the energy barrier-induced interfacial charge accumula-
tion for polymer CGL [13]. Before we go any further, we
must clarify one fact: the MoO3/NPB contact, which can
provide a matching energy level alignment to allow for
an electron redistribution (known as generation) from
NPB to MoOs [27], is not the origin of PE enhancement
in our tandem devices, since removing either Cgo (CGL:
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LiF/pentacene/Mo0Os) or pentacene (CGL: LiF/Cgo/M003) in
our CGL will significantly increase the driven voltage and
hence decrease the PE (the inset of Fig. 2c). Alternatively,
this NPB/MoOs interfacial electron-transfer can energeti-
cally facilitate the hole injection from MoOs; to NPB
[27], indicating that the MoOs here serves as a buffer
layer. Hence, the Cgp/pentacene heterojunction plays a
crucial role in our CGL operation.

Several groups have successfully described the elec-
tronic structures of the Cgo/pentacene heterojunction
[28-31]. The fact that interfacial dipole is formed at the
interface is well established [29,30]. In reality, the interfa-
cial dipole may originate from interfacial charge-transfer,
polarization effects induced by an asymmetric electronic
density distribution, interfacial chemical reaction, and
alignment of charge neutrality levels [27,32-34]. Also re-
cent theoretical simulation shows that the abrupt imbal-
ance in molecular quadrupoles should be the origin of
the dipole formation for the case of Cgo/pentacene hetero-
junction [29]. In any case, the interfacial dipole formation
is beneficial to the energy level alignment of the Cgof
pentacene interface, thus facilitating the electron-transfer
from pentacene to Cgo that has been observed previously
[28,30]. This fact is also supported by the theory of ther-
mal emission of electrons, since pentacene holds a higher
Fermi level than Cg at flat band (Fig. 6 left). Also noted is
that this charge-transfer in turn contributes to the inter-
facial energy level equilibrium.

Taking great benefit from the charge redistribution, the
electrons and holes can be, respectively, accumulated on
the n-type Ceo and p-type pentacene in the vicinity of
the Cgo/pentacene interface (Fig. 6 middle). Therefore,
high-density free electrons and holes are provided at
the Cgo/pentacene junction, which can move away from
the interface in opposite directions under an external
electric field (Fig. 6 right). This process is beneficial to
reducing the voltage drop across the CGL and hence the
reduction of the overall driving voltage during the device
operation. Analogous conclusions can be applied to ex-
plain the PE improvement in the cases of Cgo/ZnPc, Cgo/
CuPc and Cgo/HaPc junctions because the ground state
electron transfer can also efficiently take place from ZnPc,
CuPc or HyPc to Cgo, which has been investigated with
UV-Vis-NIR absorption spectroscopy and by theoretical
calculations [35,36]. Obviously, the relative energy level
of both semiconductor components is very important for
the CGL construction, which directly determines the
charge generation.

4. Conclusions

In summary, a novel design concept, that is, utilizing
buffer-modified organic semiconductor heterojunction as
a CGL in tandem OLEDs has been proposed, under which
an approximately twofold improvement (21.9 VS
10.1 Im W~1) in power efficiency of tandem OLEDs can be
realized. The unique working principle of this organic het-
erojunction constructed CGL makes it superior to other to-
day’s state-of-arts CGLs since it allows for an interfacial
electron redistribution to supply high-density free charges,
efficiently decreasing the voltage drop across it. This new
and doping-free heterojunction-type CGL also offer a
low-cost fabrication process and a rich choice of materials
combination, suggesting its great commercial prospect as
compared to the conventional CGLs. We believe that the
concept of organic heterojunction opens new perspectives
for the rational design of CGL to realize tandem devices
with unprecedented improvement in power efficiency, in
particular its having great potential in fabricating tandem
white OLEDs for solid-state-lighting.
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