Highly efficient green polymer light-emitting diodes through interface engineering
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Abstract— By interface engineering, we have improved the quantum efficiency for green polyfluorene
polymer light-emitting diodes by three fold: the efficiency improved from 9 to 28 cd/A. This interface
engineering was achieved by inserting a thin layer of calcium (2) acetylacetonate, denoted as

Ca(acac),, at the polymer/metal cathode interface. The Ca(acac), layer behaves in a multifunctional
way. It assists the electron injection by lowering the electron-injection barrier. In the meanwhile, hole

injection is enhanced by the accumulated electrons in the polymer layer. This effect is believed to
lower the barrier height for hole-injection through the Schottky effect. Finally, the Ca(acac), layer

works as a hole block layer to block the holes. As a result of the charge balance and charge confine-

ment, the device quantum efficiency increases dramatically.

Keywords — Organic electronics, interface engineering, PLEDs, Ca(acac),, green polyfluorene.

1 Introduction

Since the discovery of polymer light-emitting diodes
(PLEDs),! considerable attention has been attracted by
their increasing potential for applications as displays and
solid-state lighting sources. Polymer electroluminescence
(EL) is an interesting phenomenon involving several physi-
cal steps, including injection, transport, and recombination
of positive and negative charges inside a luminescent poly-
mer thin film with the bandgap in the visible range. The
optimization of device performance (efficiency) requires an
improvement in the luminescence efficiency of the emitting
material, and a well-balanced injection of positive and nega-
tive charge carriers.2 Therefore, optimization of the inter-
face plays an important role in improving the device
performance. An unbalanced charge injection often hap-
pens due to the different barrier heights at the anode and
cathode interfaces. This causes an excess of one carrier,
which leads to low recombination yield and consequently
low quantum efficiency. The interface engineering thus
becomes very important in order to improve the device ef-
ficiency.

In general, a thin layer of conducting polymer is used
to modify the anode interface,3* while low-work-function
metals, such as calcium, are often used to reduce the barrier
height at the cathode interface.>% However, low-work-func-
tion metals are susceptible to degradation due to their high
chemical reactivity with oxygen and moisture. It is therefore
crucial to find a reliable material to modify the interface to
get good electron injection. In addition to charge balance,
another important effect in the polymer EL process is the
space-charge effect, which is often caused by the low carrier
mobility in the polymer layer. For example, significant
amount of literature have reported that operation of poly(p-
phenylenevinylene) (PPV) based LEDs depends on not only
the injection barriers but also the space-charge effects.”

For polyfluorenes,!0-13 the space-charge effect has also

been reported playing an important role for affecting the
device performance.14

In this manuscript, we present a simple model, based
on our characterizations, to explain the significant efficiency
improvement of the green polyfluorene PLEDs via inter-
face engineering at the cathode contact. The charac-
terizations include the I-V curve studies of the devices with
different architectures, photovoltaic measurements, and the
impedance characterization.

2 Experiment

Our PLEDs were fabricated on pre-cleaned glass substrates
coated with high-work-function indium tin oxide (ITO) as
the anode. A buffer layer of 50 nm poly(ethylene dioxy thio-
phene)/polystyrene sulfonate (PEDOT:PSS) was used as a
hole-injection layer at the anode interface, between ITO
and the emission polymer. The emitting polymer layer was
fabricated by spin-coating, inside a pure nitrogen-filled
glove box. The polymer we used is a blended polymer (5BTFS),
consisting of 5-wt.% poly (9,9-dioctylfluorene-co-ben-
zothiadiazole) (denoted by BT) and 95-wt.% poly (9,9-dioc-
tylfluorene) [denoted by PFO, see Fig. 1(a) for the chemical
structure]. Aluminum (Al) was deposited by thermal evapo-
ration under 10-6-torr vacuum as the electron-injecting con-
tact (cathode). The efficiency enhancement of our device
was achieved by inserting a nanoscale interfacial modifica-
tion layer made of calcium (2) acetylacetonate
[Ca(CH3COCHCOCHS3)s], denoted as [Ca(acac)s], between
the polymer and Al.1516 The chemical structure of
Ca(acac)y is shown in Fig. 1(b). The Ca(acac)y is a 0.2 wt.%
(0.2 mg/ml) solution in ethoxyethanol solvent, with
polyoxyetholene(12) tridecyl ether (C13Ho7(OCH9CHg),
OH) as surfactant to enhance adhesion to the 5BTFS poly-
mer. In order to clarify the role of this interfacial layer,
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FIGURE 1 — (a) Chemical structure of the green polymer, which is a

blended polymer (5BTF8), consisting of 5-wt.% poly
(9,9-dioctylfluorene-co-benzothiadiazole) and 95-wt.% poly
(9,9-dioctylfluorene). (b) The chemical structure of Ca(acac),.

Al(acac)s, Ba(acac)y, and Mg(acac)s were used to substitute
the Ca(acac)g layer, while Au and Cu were used to substitute
the Al electrode, respectively. Conventional devices using
Ca/Al as cathode were made as reference devices. In the
interim, the electron-only devices were fabricated by re-
placing high-work-function ITO with low-work-function Ca
at the anode to study the electron injection. All the PLEDs
reported in this manuscript were fabricated from solutions
in p-Xylene, with a concentration of 10 mg/ml. All the solu-
tions mentioned above were prepared in a glove box with Ny
ambient. The PLED characterization was carried out by a
Keithley 2400 source- measure unit and a calibrated silicon
photodiode. The brightness was further measured by using
a Photo Research PR650 spectrophotometer. Impedance
and capacitance— voltage (C—V) measurements were carried
out with a frequency-response analyzer, HP 4284A Preci-
sion LCR meter. The complex ac impedance, Z, was re-
corded at test frequencies between 20 and 106 Hz ata range
of different applied biases. An ac signal with a 30-mV ampli-
tude was superimposed with dc bias. All devices were tested
in nitrogen ambient.

3  Results and discussion

The improvement in device efficiency is believed to have
resulted due to several effects, such as the enhancement in
electron-injection due to the Ca(acac)g layer, the enhance-
ment in hole injection due to the accumulated electron den-
sity (electron-induced hole injection), and finally, hole
blocking (or confinement) due to the Ca(acac)g layer. In the
following sessions, we will present the experimental results
and modeling.
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FIGURE 2 — The [-V~L curve of the device with Ca(acac), as the
interfacial modification layer. The inset is the plot of luminance
efficiency vs. current.

3.1 Increased efficiency by the application
of Ca(acac), interfacial layer

Figure 2 shows the I-L-V (current-brightness—voltage)
curves of PLEDs with the Ca(acac)y interfacial layer, the
inset is a plot of the luminance efficiency vs. current. The
device turn-on voltage is around 1.8 V. The luminance effi-
ciency reaches 28 cd/A, the corresponding current density is
around 10 mA/cmZ2, while the corresponding luminance is
around 2650 cd/m2. By comparing the I-L-V curves of
Ca(acac)s-based devices and conventional Ca-based devices, it
was found that device current turn-on voltages were almost
the same while the light turn-on voltages of the Ca(acac)s-
based device was lower than that of the Ca-based device
(see Ref. 16 for details). We also fabricated the device using
gold as the over-coating metal layer and found that the
device performance was similar to that with Al as the over-
coating metal. Hence, the Ca(acac)y interfacial layer is
obviously a key factor for the significant improvement of the
device performance. In addition, we have also tried
Al(acac)s, Mg(acac)y, and Ba(acac)s and these compounds
show similar device performance as the Ca(acac)y device.
In the polymer diodes with low conductivity materials,
such as polyfluorene, the open-circuit voltage (V) is deter-
mined by the difference of the work functions of the two
electrodes. Hence, photovoltaic measurements have been
performed to investigate the open circuit voltages of devices
with different compounds as the interfacial layer. The
results are shown in Fig. 3. It is clearly shown that the work
function of the cathode contacts of Mg(acac)s, Ca(acac)s,
and Ba(acac)g are close to the corresponding metals. These
results are consistent with the I-V-L results from PLED,
which indicates that the Ca(acac)o/Al interface provides a
similar work function as that of the pure Ca electrode.
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FIGURE 3 — The photovoltaic results of Al, Al(acac);, Mg(acac),,
Ca(acac),, and Ba(acac),. All of the metal(acac), compounds were
overcoated with Al.

3.2 Improved electron injection by Ca(acac),
interfacial layer

In order to understand the device mechanism for the improved
efficiency, we first study the effect of Ca(acac)y interface on
the electron injection. An ideal approach to analyze the
electron injection of the device is to study the I-V curves of
the electron-only devices.17 In the electron-only device, the
ITO anode contact is replaced by a low-work-function metal
such as Ca, while the cathode contact is kept the same as
normal devices. Due to the large offset between the Fermi
level of Ca (around 2.9 eV) and HOMO (highest-occupied
molecule orbital) of the polymer (about 5.8 eV), the injec-
tion of holes can be neglected in the device. As a result, the
current in the device can be considered to be caused only by
electron injection.

In our experiments, we made the electron-only devices
based on both Ca(acac)s/Al contact and Ca/Al contact. The
comparison of the I-V curves is shown in Fig. 4(a). At the
same voltage (or electrical field), a dramatic current-density
increase is observed in the Ca(acac)s-based device, com-
pared to that in the Ca-based device. This indicates that the
Ca(acac)y layer facilitates the electron injection more effi-
ciently compared to the Ca cathode. In our previous work, 16
we have attributed the effect of Ca(acac)y as a chemical
reaction which enables the Ca(acac)s/Al electrode to have a
similar work function as the Ca/Al electrode. (The chemical
reaction is supported by the XPS results, which are not
shown here.) However, judging by the data from the elec-
tron-only devices, it seems like we cannot fully explain the
higher electron injection of Ca(acac)g electrode by chemical
reaction itself. (Otherwise, the data should be similar or
identical. The difference of current at lower voltages is
more than one order of magnitude; hence, it is beyond
experimental error.) Therefore, in addition to the chemical
reaction, one must consider another physical mechanism,
the assist-tunneling caused by the thin Ca(acac)y layer.
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FIGURE 4 — a) The I~V curve comparison of electron-only devices with
different cathodes: Ca(acac),/Al and Ca/Al, respectively. b) The polymer
thickness dependence of I-Field (or -F) curves in the electron-only
devices. The square dots represent a 180-nm thickness; the triangle dots,
110-nm thickness; and round dots, 80-nm thickness.

Ca(acac)g is an insulator material with a large bandgap of
about 4.3 eV (the band gap is estimated by UV-vis absorp-
tion). Therefore, the Ca(acac)y layer results in a large volt-
age drop across it, and one possible mechanism for the
electron-injection enhancement may be due to the tunnel-
ing, similar to the case of the electron-injection layer AlyO3
in OLED devices. The large voltage drop on the Ca(acac)y
layer helps the alignment of the LUMO of the polymer and
the Fermi energy of Al, which will result in the tunneling of
electrons from Al to the polymer layer. The effective energy
barrier for electron injection existing in the device is thus
offset by this insulating layer. This causes more electrons
injected directly into the LUMO of the polymer layer
through the insulating layer.

The electron-only currents were further investigated
by comparing the electric-field (F) dependence of electron-
only current for Ca- and Ca(acac)s-based devices. From
Fig. 4(b), we can find that at the same external electric field,
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the current density in the Ca(acac)s-based device is propor-
tional to the thickness of the polymer layer, while the cur-
rent density in Ca-based device remains almost identical for
different thickness. This observation indicates that for
devices using Ca/Al cathode, the electric field is totally
dropped on the polymer layer, not on the electrode. On the
other hand, for Ca(acac)s-based device, the field is distrib-
uted on the both of the Ca(acac)y layer and the polymer
layer. Usually, for a system consisting of two layers within
the two electrodes (a sandwich structure), the potential (V)
drop in each layer at the steady state can be calculated by

the following equa‘cion:18

_ (82/d2>v—0

_ _ (81/d1>v—6
! &)/dy +ey/dy ’

> = , (1)
? &1/dy +ey/dy

where V] + Vg =V, 6 is the accumulated charge density, €;
is the dielectric constant, and d; is the thickness of the i-th
layer, respectively. As can be seen, the voltage drop can be
determined by the thickness, dielectric constants, as well as
the accumulated charges of each layer. When the thickness
of the emission polymer layer increases, the voltage drop on
the insulator layer decreases, and so does the electric field.
This reduces the electron injection caused by the tunneling
effect. As a result, the current density changes with differ-
ent polymer layer thickness in the Ca(acac)g device.

3.3  Enhanced hole injection

On the other hand, we also investigated the interfacial
impact on hole injection in the various devices. In our
device, the hole current is injection limited rather than
space-charge limited, if we only consider the interface between
the anode and polymer.19 However, we found that the hole
injection actually can also be influenced by the interface at
the cathode. To clarify the situation, we removed the anode
modification layer, the PEDOT:PSS. Under this condition,
the energy barrier for hole injection was significantly
increased, and electron injection started at a lower voltage
than the hole injection. As a result, the current turn-on volt-
age was determined by the electron injection, while the
light turn-on voltage was determined by the hole injection.
Figure 5 shows the light turn-on voltage as a function of
voltage and electric field at different polymer thickness. It
can be seen that the light turn-on voltage in Ca(acac)y
device is lower than that in Ca devices. This is strong evi-
dence that efficient electron-injection enhances hole-injec-
tion. Earlier, we have mentioned that the electron current
density in Ca(acac)g device is higher than that in the Ca
device. Obviously, the accumulated electron in the polymer
is proportional to electron current density [caused by the
Ca(acac)y contact], particular at low operating voltage. This
electron accumulation in the polymer layer has two effects
in terms of hole-injection efficiency; one is to enhance the
electric field to facilitate hole tunneling, the other is to reduce
the energy-barrier height at the anode contact, which will
also enhance the hole injection. The later effect may be
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FIGURE 5 — The comparison of devices using ITO (no PEDOT) as the
anode for their light-on voltage and light-on field with Ca/Al and
Ca(acac),/Al cathodes under various polymer thickness.

caused by interfacial dipole.? Based on the Schottky effect
(a mirror-image effect), the trapped electrons form an inter-
facial dipole layer with an electric field pointing into the
polymer. This dipole can significantly lower the sharp barri-
ers at the ITO/polymer interface.

3.4 Impedance spectroscopy measurement

To shed more light on understanding the mechanism result-

ing in device improvement, it is important to know the

nature of the interface. AC impedance measurement has

been used as a powerful tool to study the relaxation proc-

esses and internal device structures of organic and inorganic

materials and devices. 2527

The ac impedance can be expressed as
z=d—V=Z'—jz"=|z|ei‘P, (2)
dI

where Z is the real part of the impedance, Z” is the imagi-

nary part of the impedance, ¢ is the phase of the complex

impedance, and Izl is the modulus of the impedance.

For the ac impedance, usually the imaginary part will
more clearly reveal the different relaxation process pre-
sented in the devices.2? In the logarithmic-logarithmic plot
of the imaginary part, Z”, vs. frequency f (see Fig. 6), it is
found that there is a maximum peak shown in the curves



when bias reaches 2.15 V. With the increasing bias, the curve
starts to show two peaks, although not clearly separated.
When bias becomes greater than 4 V, the two peaks merge
into one again. The frequency of the peak position increases
with the increase of bias. Moreover, with the increase of
bias, the maximum values of Z”* decrease. For bias <2.15V,
the maximum peak could not be found. When frequencies
are larger than 103 Hz, all the curves are straight lines.

From Fig. 6, in which every peak is considered as the
resonance {requency of the relaxation process of the device,
the equivalent circuit of the PLEDs with Ca(acac)g as inter-
facial layer could be considered as a serial circuit of two
parallel RC components with different relaxation times (see
the inset of Fig. 6), one standing for the bulk polymer layer
(denoted by Cj, and Rp) and the other standing for the
Ca(acac)g interfacial layer (denoted by C; and R;). The series
resistance, R;, which is shown in the equivalent circuit is
caused by the electrode contact of the devices.

In this case, we can express the complex impedance
Z as

7= 1 + 1 + Rs. (3)
1 . 1 )
—+joC;, ——+ joC;
Ry, R;

After a series of mathematical transformations, the
equation can be reformed to get Z” and Z” as following:

R, R,

7 = 5+ ! 5+ Rs, (4.1)
1+(CLR,m)" 1+(C;R;m)
C,Rio C,R?

A (4.2)

C1+(CRyw)?  1+(CR)

Moreover, from the fitted parameters (see Table 1), it
could also be found that the capacitance of the bulk polymer
layer increases slightly with increased bias; while that of the
interfacial layer decreases dramatically. On the other hand,
the resistivity of both the bulk polymer layer and the inter-
facial layer decrease with increased bias. The resistance val-
ues are given by the conductivity and the geometry; R; =
o;di/A. The important point is that the resistance is a
strongly bias-dependent quantity, since the value of o; =
gnil; changes when the carrier density n; is increased by
carrier injection, after the device is turned on; similarly, p is
also a function of bias voltage. This happens when the device
is turned on. Then, it is reasonable that the resistance of
both polymer layer and interfacial layer are decreased.

In the absence of doping, the values of the capacitance
of each layer are determined by the geometry and the
dielectric constant: C = egpA/d. Ideally, it is independent of
the applied bias since the dielectric constant is a bias-inde-
pendent material parameter. However, owing to the pres-
ence of mobile charge carriers, the capacitance of each layer
becomes a strong function of bias. The increased capaci-
tance of the polymer bulk layer may be due to the enhanced
electron injection caused by the Ca(acac)s contact. On the
other hand, the decreased capacitance of the interfacial
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FIGURE 6 — The imagine impedance vs. frequency at different biases.
It is noticed that there are two “peaks” on the impedance curves when
the voltage is higher than 2.15 V. These two peaks suggest that the device
actually consists of two layers of material with distinct electronic
response.

layer may be due to recombination of the electrons and
holes near the interfacial region.

3.5 A proposed device model

Based on the experimental results shown above, we propose
a model to explain the enhancement of device quantum
efficiency of our device using Ca(acac)y as the interfacial
layer. When the applied voltage is small, the electrons, with
assistance from the Ca(acac)y layer, are first injected into
the device. The hole injection is negligible when electrons
start to inject. The injected electrons subsequently enhance
the hole injection by lowering the energy barrier at the anode
contact. Because PFO is a hole-conducting material, and
comprises 95% wt.% of the polymer, the holes are expected
to be the majority carriers in the device, after the dual car-
rier injections happen. The excess holes migrate through
the polymer bulk to the cathode and are subsequently
blocked by the Ca(acac)y insulating layer. Under this cir-
cumstance, the polymer layer is charged up by electrons and
holes and this significantly enhances the radiative recombi-
nation probability, if the polymer has a high fluorescence

TABLE 1 — The fitted parameters from the impedance spectra of Z” ~ f
at room temperature.

T=295K G Rp G R;
(V) (nF) (kQ) (nF) (kQ)
2.5 2.78 14.1 68 4.7
3 2.82 6.5 25.8 5.4
3.5 2.86 3.0 26.7 2.1
4 3.3 2.1 10.4 2.0
4.5 4.26 0.8 5.87 1.6
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FIGURE 7 — The schematic of the device working model, layers 1 and
2 are the polymer layer and interfacial layer, respectively; (a) the device
without an interfacial layer, (b) the device with a Ca(acac), interfacial
layer at the cathode contact. The majority of voltage drops on the
interfacial layer, subsequently assists for the alignment of the Al electrode
to the LUMO of the polymer. (c) The accumulated electrons enhance the
hole injection by the interfacial dipole as well as efficient tunneling. The
electrons are trapped at the green dopant polymer BT. (d) Ca(acac),
interfacial layer helps to confine the holes in the polymer layer, thus
enhancing the radiative recombination process.

efficiency. This can dramatically increase the device recom-
bination yield and therefore significantly increase the de-
vice efficiency. A simple schematic for the model is shown
in Fig. 7 to illustrate this mechanism.

4 Conclusion

In summary, we have demonstrated a very-high-efficiency
green polymer light-emitting diode by using a nano-scale
interfacial layer to modify the cathode interface. The
Ca(acac)y layer is solution processible. When overcoated
with a layer of Al, they form an ideal cathode for the green
polyfluorene PLEDs. This layer plays a multi-functional
role. First, it provides a work function similar that of a Ca
electrode. Moreover, it behaves as a thin tunneling barrier,
which enhances the electron injection. In the interim, the
hole injection is enhanced by the electron accumulation in
the polymer layer, especially those at the region near the
anode contact. This charge effect is believed to function by
lowering the effective barrier height for hole injection. In
addition, the Ca(acac)g layer also works as a hole block. As a
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result of the combination effects, the device recombination
yield increases dramatically, which leads to significantly
increased efficiency.
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