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ABSTRACT By using the Langmuir–Blodgett (LB) technique, well-defined molecular
layers of 2,9,16-tri(tert-butyl)-23-(10-hydroxydecyloxy)phthalocyanine were fabri-
cated. These LB films have been employed to modify an anode surface of organic
light-emitting devices. The insertion of LB films between an indium tin oxide
(ITO) and hole-transport layers leads to an increase in device efficiency as a result
of an improvement of the balanced carrier injection. An external quantum effi-
ciency of 0.88% and a brightness of 10 840 cd/m2 for a device with a structure of
ITO/two LB layers/N, N ′-diphenyl-N, N ′-bis(3-methylphenyl)-1,1′-biphenyl-4,4′-
diamine (TPD)/tris(8-hydroquinolinato)aluminium (Alq3)/Al were obtained, while
the external quantum efficiency and brightness for the device without LB layers of
ITO/TPD/Alq3/Al were 0.51% and 5744 cd/m2, respectively.

PACS 68.47.Pe; 78.60.Fi; 85.60.Jb

1 Introduction

Since multilayer organic
light-emitting devices (OLEDs) were
developed [1], active research had been
performed to improve the device per-
formance [2–6]. For fabricating effi-
cient devices, it is necessary to en-
hance charge injection efficiency at both
OLED cathode/organic and anode/
organic interfaces. A number of tech-
niques have been developed. These in-
cluded adding injection/transporting
layers and using metals with low work
functions as the cathode [7–11]. The
insertion of phthalocyanines (Pcs) film
fabricated by evaporation or sputter-
grown has demonstrated excellent im-
provement of hole injection [12, 13].
Our previous study demonstrated that
the addition of a self-assembled Pc
monolayer was also a good method to
enhance this carrier injection [14]. In
film formation, the Langmuir–Blodgett
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(LB) technique is attractive because it
offers the fabrication of an organized as-
sembly with a controlled thickness at
molecular dimensions and with well-
defined molecular orientation and the
preparation of hetero-structures by suc-
cessive deposition of monolayers [15–
17]. In this paper, we report the use of
LB technique to introduce single and
several molecular layers between in-
dium tin oxide (ITO) anode and the
hole-transport layer (HTL) of a two-
layer OLEDs, and investigate their ef-
fects on the device performance. Results
show that LB techniques can yield well-
defined molecular layers, and that the
introduction of these layers between
the anode and HTL can significantly
improve the charge injection balance
and enhance the maximum external
quantum efficiency. Moreover, different
numbers of layers also leads to differ-
ent effects on the operating voltage and
external quantum efficiency of devices.

2 Results and discussion

Figure 1 shows the molecu-
lar structure of 2,9,16-tri(tert-butyl)-23-
(10-hydroxydecyloxy) phthalocyanine
(HO-Pc) [14]. In order to get organized
assembly at the air-water interface, the
hydrophobic phthalocyanine was sub-
stituted by hydrophilic hydroxydecy-
loxy unit. The surface pressure-area
(π-A) isotherms for this molecule at
23 ◦C are shown in Fig. 2. The steeply
inclining part corresponds to the for-
mation of the solid film and the high
surface pressure of the collapse point of
the floating layer up to 44 mN/m, in-
dicates the good film-forming behavior
of the Pc and the formation of a stable
monolayer on the water surface. From
the π-A isotherm, the limiting area per
repeat unit is determined to be 0.71 nm2.
This value is useful for estimating the
configuration of Pc molecules at the air-
water interface. It had been reported that
the diagonal distance across a molecule
of tert-butyl-substituted phthalocyanine
was approximately 1.95 nm, as calcu-
lated by Hua et al. [18]. Although this
phthalocyanine molecule is substituted

FIGURE 1 Chemical structure of HO-Pc
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FIGURE 2 a Surface pressure-area isotherm of HO-Pc at 23 ◦C. b and c AFM images of pure mica
and the Pc monolayer

by one hydroxydecyloxy group with
three tert-butyl groups, its structure can
be nearly regarded as square. If this
molecule is fully extended and lies flatly
on the water surface, its limiting area is
about 1.904 nm2. The limiting area per
repeat unit obtained from the π-A curve
is smaller than that of the estimated one.
We assumed that the molecules formed
an edge-on structure at the air-water in-
terface, and tilted by 68◦ against the
surface normal. The monolayer confor-
mation of Pcs on the water surface has
the hydrophilic hydroxydecyloxy moi-
eties in the molecule placed on the water
surface with the hydrophobic phthalo-
cyanine units standing up from the water
surface to the air phase. The π −π inter-
action made the conjugated planes fac-
ing each other to form the π-stacked ag-
gregates. Its thickness is about 1.54 nm.

In order to better understand the film
property of Pc layers, the monolayer Pc
film was fabricated on the mica surface,
and its assembly investigated by using
an atomic force microscopy (AFM).
Figure 2b and c show the AFM images
of pure mica and the Pc monolayer. The
surface roughness of pure mica and this
film on mica substrate is about 0.092
and 0.228 nm by tipping mode AFM.
From Fig. 2, it can be seen that well-
defined monolayer was achieved.

Schematic fabrication of OLEDs
is shown in Fig. 3, where N, N ′-di-
phenyl-N, N ′-bis(3-methylphenyl)-1,1′-
biphenyl-4,4′-diamine (TPD) and tris-
(8-hydroquinolinato)aluminium (Alq3)

were used as the electron-transporting
and emitting layer, and TPD as the
hole-transporting layer. Two kinds of
devices with the structure of ITO/(LB
layer)n/TPD/Alq3/Al and ITO/TPD/

Alq3/Al were performed. The light
emission was observed when devices
were operated under a forward bias
(positive voltage applied to ITO elec-
trode), demonstrating a typical diode
behavior. Their electroluminescence
(EL) spectra are similar and the maxi-
mums are located at 510 nm, which in-
dicates that the emission originates from
the emission of Alq3. Figure 4 shows
the current and brightness as a function
of operating voltage for a set of de-
vices with bare ITO, or ITO coated with
monolayer, double-layer, and three-
layer LB layers. The thickness of the
Pc layer was about within a range of
1.5–4.5 nm. There are significant dif-
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FIGURE 3 Procedure for the fabrication of OLEDs with Pc LB layers

FIGURE 4 a Current and b forward light output vs. voltage plots for ITO/TPD/Alq3/Al, and
ITO/(LB layer)n/TPD/Alq3/Al

ferences in current-voltage (I–V ) and
brightness-voltage (L–V ) characteris-
tics in devices with different Pc layers.
It can be seen that by inserting layers
of Pcs between ITO and TPD both the

I–V and B–V curves are shifted towards
higher voltage, which demonstrates that
Pcs layers are less hole injection struc-
tures than conventional ITO. The max-
imum light output for Pc-based devices

was also increased. Interestingly, it can
be seen that the effect of a single layer
substantially increased the operating
voltage. As the number of Pc layers is
increased from one to two, the oper-
ating voltage falls rapidly. Finally, at
three Pc layers, the operating voltage in-
creases again. Devices coated with two
Pc layers showed the highest brightness
of 10 840 cd/m2 at 21 V, while that of
an ITO-based device is 5744 cd/m2 at
a voltage of 19 V. Compared to the de-
vices without Pc layers, the stability of
the EL device is largely improved too.

Figure 5 shows the external quan-
tum efficiency of these devices. From
Fig. 5, it is easily noted that the increase
of external efficiencies for the devices
of ITO/(LB layer)n/TPD/Alq3/Al is
quite similar to that for the device of
ITO/TPD/Alq3/Al. At the initial stage,
the efficiency increases very quickly and
then slows down with an increase in
current density. The effect of Pc layers
substantially increased the maximum
quantum efficiency. It had been reported
that for the bare ITO electrode, it is
likely that hole injection is far more
efficient than electron injection from
the cathode [19–21]. Figure 4a demon-
strated that these LB layers were less
hole injection structures than conven-
tional ITO. So these Pc layers enhance
quantum efficiency via better balanced
hole- and electron-injection rather than
by facilitating hole injection or interfa-
cial stability. Interestingly, as the num-
ber of Pc layers is then increased from
one to two, the maximum quantum ef-
ficiency reaches the maximum. Further
increase leads to the decrease of device
quantum efficiency.

As the widely used anode material
in OLEDs, ITO also has some disad-
vantages as revealed in previous liter-
ature [22]. Quantum efficiency of bare
electrode devices is degraded by leak-
age currents and ITO–HTL interfacial
chemical reaction. The ITO functional-
ization addresses all of these deficien-
cies, with the principal effect being to
correct the hole/electron injection im-
balance [19]. In these devices with Pc
LB layers, the effect of surface states,
the increase of device thickness, and the
insulation of the Pc long hydroxydecy-
loxy chain was also included. The in-
sertion of Pc layers limited excess hole
injection and enhanced the quantum ef-
ficiency with higher driving voltages.
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FIGURE 5 External quantum efficiency vs. current density plots for ITO/TPD/Alq3/Al and ITO/(LB
layer)n/TPD/Alq3/Al

The change of operating voltage and ef-
ficiency with the increase of Pc layers
was related to complex effects com-
bined with modification of the ITO sur-
face states. The reason for the decreased
quantum efficiency of devices with three
layers was related to the negative effect
of surface states, as the number of the
surface states was increased.

3 Experimental

The synthesis of 2,9,16-
tri(tert-butyl)-23-(10-hydroxydecyloxy)
phthalocyanine was carried out accord-
ing to the reported method [14]. Surface
pressure-area isotherm measurements
and deposition experiments were per-
formed on a fully automatic KSV-5000
instrument (Finland). HO-Pc dissolved
in chloroform (0.6 mM) was spread
onto double-distilled water. At a con-
stant pressure of 22 mN/m, the floating
layer on the subphase was transferred
to the ITO substrate by the vertical dip-
ping method at a speed of 1 mm/min.
The ITO glasses were cleaned by ul-
trasonically in water, alcohol, chlo-
roform, and acetone, successively for
10 min and dried. LEDs were fabricated
using Alq3 as the electron-transporting
and emitting layer, TPD as the hole-

transporting layer, Al as the cathode
and the ITO, or ITO coated with differ-
ent Pc layers, as the anode. TPD, Alq3,
and Al electrodes were deposited by
vacuum evaporation at a pressure be-
low 10−5 Torr. The active area of the
devices was about 7 mm2. EL spectra
were recorded on an Hitachi F-4500
fluorescence spectrophotometer with
the LED forward biased. The power
of EL emission was measured using
a Newport 2835-C multifunction optical
meter. Current-voltage characteristics
were measured with a Hewlett Packard
4140B semiconductor parameter ana-
lyzer. All the measurements were per-
formed under ambient atmosphere at
room temperature.

4 Conclusion

In conclusion, this study-
demonstrates that one can use the LB
technique to introduce well-defined mo-
lecular Pc layers to modify the interface
between anode and organic layers for
hole injection. Two molecular layers is
considered to be optimal for interface
engineering; as it offers the most bal-
anced carrier injection with the highest
brightness.
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