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The estimated global revenue is to be $96 billion for lighting
in 2012, and the same for flat panel display in 2018. Due
to the numerous inherently disruptive advantages, such as
being a plane light, very high in color rendering index,
tunable color temperature, transparent, dimmable, human-
friendly, wide viewing angle, mercury free, sustainable raw
materials, ultrathin, light weight, high contrast, fast response
time and energy-saving, and so forth, organic light emitting
diode (OLED) display and lighting will, sooner or later,
take up a major portion of around $200 billion revenue
and eventually disrupt the current markets. Nowadays,
OLED technology is on the threshold of reliability for
numerous more contemporary applications. Even OLEDs
have already met the requirements for some commercial
applications in portable electronics, such as cellular phones,
car stereos, digital cameras, and digital watches, there still
some challenges especially like further increasing the lifetime
and efficiency, while keeping the manufacturing cost lower,
quality better, and emissive area size larger.

Recently, phosphorescent OLEDs had received a great
deal of attention owing to their potential in achieving high
efficiency, such as 100% internal quantum efficiency or 20%
in external quantum efficiency (EQE), while 5% EQE for
typical fluorescent OLEDs. In their review article, B. Diouf
et al. discuss the key factors controlling the efficiency of
phosphorescent OLEDs based on green and red emitting
iridium complexes. The important factors discussed are
exciton confinement, charge trapping, dopant concentration,
and molecular structure of the materials. Interestingly, these

factors are presented as a full system taking into account the
emitter, the host, and the adjacent layers as a whole.

The realization of deep-blue phosphorescent OLEDs
has proved challenging. A significant restriction is the
broad photoluminance spectrum characteristics of organic
dopants. It is important to note that deep-blue or even
pure-blue emission has not yet been observed from the
phosphorescent emitters containing OLED devices to the
moment. As a result, developing high-efficiency deep-blue
OLEDs on the basis of phosphorescent dopants becomes
crucial. In J. G. Jang and H. J. Ji paper, the authors
investigated the deep-blue OLEDs using an emissive layer
made of mCP as the host and FCNIr (pic) as the emitter.
Optimization of the device architecture was achieved by
varying the adjacent hole and electron transport layers, and
results in a best device having CIE coordinates (0.14, 0.22)
and 13.3% maximum external quantum efficiency.

The fabrication of small molecule based OLEDs generally
requires thermal evaporation in a high vacuum. Thermal
deposition process enables the formation of well controlled,
homogeneous films, and the construction of very complex
multilayer structures. This high freedom in layer design,
allowing discrete charge transport and charge blocking layers
to be formed, is one main reason accounting for the high
efficiencies of OLEDs. Owing to the fact that molecular
weight is too high for polymers to be thermally evaporated,
polymer light emitting diodes (PLEDs) are often fabricated
by solution processing techniques, such as spin-coating,
inkjet printing, screen printing and rotogravure printing,
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and so forth. Solution processed PLEDs hold significant
promises for low cost devices. B. Ch. D. Salert et al. describe
the synthesis and optoelectronic properties of a series of
novel electron transporting polymers based on triazine
moieties grafted on a polystyrene backbone. Furthermore,
the polymers have been blended in the emissive layer
containing a green emitting iridium complex and CoH-001
as a cohost.

Nowadays, OLED efficacy has already reached the fluo-
rescent tube efficacy, but the lifetime remains a fundamental
problem that limits its swiftness in commercialization.
Luminance degradation is one of the crucial problems for
broad spectrum of OLED lifetime and consistency. In J. Yu
et al’s paper, the authors investigated blue OLEDs using two
dopants in single emitting layer. Higher efficiencies were
obtained by codoping the emitting layer when compared to
the case of noncodoping. The improvement was attributed
to the charge balance in emitting layer. Additionally longer
operational lifetime of the devices was achieved due to the
expansion of recombination zone in emitting area.

All these research articles represent an innovative, excit-
ing, novel and insightful observation into the state of the art,
as well as promising opportunity for contemporary flat panel
displays and solid state lightings. As reported in respective
papers the performance of OLEDs can easily improve by
the use of various efficient organic materials, such as novel
dyes, various hosts, electron transporting materials, hole
transporting materials, electron injection materials, hole
injection materials, or by using a proper device structure
and an efficient encapsulation techniques. This special issue
is going to contribute significantly for development and
commercialization of OLEDs.

Jwo-Huei Jou
Yong Qiu

Saulius Grigalevicius
Etienne Baranoff
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Innovative display technologies enable a wide range of different system applications. specifically, in metrology, medical, and
automotive applications microdisplays were increasingly used. In the last decades OLED microdisplays were in the focus of
display development. A new class of OLED microdisplays with an integrated photodiode array is the latest development. The so-
called bi-directional OLED microdisplays combine light-emitting devices (AM-OLED microdisplay) and photo sensitive detectors
(photodiode matrix) on one single chip based on OLED-on-CMOS-technology. Currently this kind of display is still a prototype.
Based on such a novel bidirectional OLED microdisplay, we present for the first time a system simulation and design of a 3D optical
surface metrology system. The first step is the full characterization of the microdisplay. Depending on the characterization results
the future system parameters are determined. Based on the characterization results and the application parameters the system
design parameters are defined. The functionality of the system is simulated, and a theoretical proof of concept is presented. An
example for our application on 3D optical surface metrology system is evaluated.

1. Introduction

Expanding requirements on manufacturing technology
increase the demands on noncontact metrology systems.
Typical optical metrology systems are based on a separated
light-emitting unit (e.g., projection unit) and detection unit
(e.g., camera unit) [1, 2]. This fact limits the miniaturization
of the sensor system. Furthermore, the use of two opto-
electronical devices complicates the integration and the
aligment, which leads to higher production costs.

Typically, a projection unit includes a light source with
a collecting optics, illuminating a light modulator (such as
DMD (digital micromirror device) or LCoS (liquid crystal
on silicon) displays) and a projection lens, imaging the gener-
ated pattern into the measurement plane. A first step towards
the miniaturization of such an unit is the application of a self-
emitting microdisplay (as active matrix OLED microdisplay)
for pattern generation [3]. OLED microdisplays are state-
of-the-art microdisplays, and they are used in a wide range

of applications (e.g., multimedia, medical, and metrology
applications [2–7]). Such devices comprise light source and
light modulator in one element, minimizing the number of
components in a system. In contrast to conventional pro-
jection systems OLED microdisplays allow a simple and
small system integration [6].

A further miniaturization can be realized by applying
a microdisplay combining OLED microdisplay and sensor
unit (i.e., photodiode matrix) on one single element. Such a
bidirectional OLED microdisplay (BiMiD) was realized using
OLED-on-CMOS-technology by Fraunhofer IPMS [8–10].
That means that the light source/image device is placed in
the same plane as the detector. The bi-directional display
used in this investigation consists of an AM-OLED micro-
display with an integrated photodiode matrix. That implies
that each display pixel contains an emitting OLED pixel and
a photodiode. Both functions work simultaneously and in
the same wavelength range. First applications that are based
on a similarly working BiMiD are flow, color, and reflex
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sensors, which are presented in Reckziegel et al. [8]. Another
application based on a BiMiD that works in different wave-
length ranges for the OLED imaging and photodiode detec-
tion is an HMD and a distance sensor, which are mentioned
in Richter et al. [9, 11].

In this paper we present a 3D surface optical metrology
system based on phase-shifting fringe projection [1, 12–
17] with BiMiDs. Fringes are projected onto the surface of
measuring object. As they are observed via a different angle
(triangulation angle), the fringes appear deformed accord-
ing to the surface deformation of the measuring object.
This deformation of the fringes allows calculating the 3D
coordinates of all visible points. Up to now such systems are
divided in a projection and an imaging unit increasing the
size of the system.

We will demonstrate that the application of a bi-direc-
tional OLED microdisplay enables the realization of a highly
integrated compact surface metrology sensor.

2. Fringe Projection Principle

A simple fringe projection 3D measurement system consists
of an image acquisition sensor and a digital pattern (e.g.,
fringe) projector (see Figure 1(a)) [1]. The pattern/fringes
are generated by a digital projection unit based on LCD,
LCOS, DMD, or OLED microdisplay technology [2]. The
image acquisition sensor can be applied as a conventional
CCD. The 3D metrology system is based on fringe projection
onto the surface of the measurement object. The fringes
appear deformed when observed from a different angle
(triangulation angle). The trinangulation angle is the angle
between the optical axis of the projection lens and the
imaging lens. From the deformation of the fringes the 3D
coordinates of all visible points can be calculated and thus
the object shape can be determined.

In Figure 1(b) a prototype of a 3D surface metrology
system is shown. This system is based on an OLED projection
unit and an imaging system. The trinangulation angle is 18◦.
The OLED microdisplay generates the fringe patterns that
are projected via the projection lens onto the measuring
object. The imaging lens displayed the object during the
pattern sequence on the detector. Based on the variety of
fringe images the 3D shape of the measuring object can be
calculated. On the right side of Figure 1(b) the result of the
measurement of a calibrated target is shown. A well-done
conformity of the measured and target shape is presented.

A structured light approach combining the projection
of a sequence of phase-shifted sinusoidal fringe patterns in
combination with a sequence of Gray code patterns was
used [18]. Due to the fact that phase-shifted sinusoidal
fringe patterns produce 2π periodic phase values, additional
phase unwrapping is necessary to solve these ambiguities,
which is possible through the use of a Gray code sequence
giving each sinus period a unique identifier [12, 17]. To
be able to calculate 3D points on the objects surface using
triangulation methods, at least 2 phase values for each 3D
point are necessary in this setup along with a fully calibrated
sensor arrangement (e.g., orientation parameters for the
measurement camera and the fringe projector). This can be

achieved using two projected pattern sequences rotated 90◦

to each other. As a result each pixel in the measurement
camera has a pair of phase values assigned to it. This pair of
phase values describes exactly one position in the projector
matrix (e.g., interpolated projector pixel). Using the orien-
tation parameters of both sensor units, a simple triangu-
lation can be used to calculate the 3D point on the surface
[15]. Using this approach, the accuracy of the 3D coordinate
measurement depends directly of the accuracy of the phase
measurement (proportional).

3. Bidirectional OLED Microdisplay

OLED microdisplays are widely used in the commercial
applications like displays, which are directly observed by the
user (mobile phone screens, head-mounted displays) [7, 9].
This display technology benefits from small geometrical size,
low weight, low power consumption, and potentially high
resolution [19]. High-brightness OLED microdisplays can
also be applied as image generating devices in picoprojectors
(e.g., for mobile phones) [2, 6]. However, those systems are
unidirectional [9].

The development of light-emitting-polymer-(LEP-) on-
CMOS-technology [19] opens the possibility to combine
light emission and detection on one single chip. The so-
called bi-directional OLED microdisplay (BiMiD), based on
the OLED-on-CMOS-technology, has been developed by
the Fraunhofer Institute for Photonic Microsystems (IPMS,
Dresden)[8–10]. Such a display offers a new flexibility to
optical metrology systems, because projection and imaging
units can be combined in one optical path.

The CMOS-technology enables a simple electronics inte-
gration of OLED [19]. Figure 2 shows the cross-section of the
design of the BiMiD. The CMOS top metal represents simul-
taneously the OLED bottom electrode (OLED cathode). A
semitransparent thin metal layer is used as OLED electrode.
The OLED layer is directly deposited onto the CMOS
substrate. A detailed OLED layer structure is described in
Reckziegel et al. [8]. The photodiodes (PDs) are embedded
in the CMOS substrate. That means in each BiMiD pixel
one OLED emitting pixel and one photodiode are integrated.
Due to CMOS-technology (embedded photodiodes) a high
fill factor of 90% comprising OLED pixel and photodiode
can be realized.

The emitting unit is an active-matrix-(AM-) OLED
microdisplay. Photodiodes with diameter of around 8 μm are
integrated in each OLED pixel (34 μm2). The photodiodes
are positioned about 7 μm below the OLED layer. Figure 3(a)
shows the BiMiD displaying an image, and Figure 3(b) shows
a detailed view of the pixel structure.

Due to processing reasons, the first prototype of a BiMiD
for our application has a limited photodiode resolution.
Even though photodiodes are placed in each OLED pixel,
only one photodiode out of four is integrated in the
electronic control and therefore active. Accordingly, the
photodiode resolution is reduced by four in comparison to
the OLED resolution. The resulting resolution for the OLED
microdisplay is QVGA (240 × 320), and the photodiode
resolution is QQVGA (120 × 160). With this device, either
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(a) Principle schematic of the basic fringe projection system.
On the right side, the projector unit is placed, and, on the
left side, the camera unite is positioned. Both these units are
positioned in a specified triangulation angle αT [1].
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(b) Prototype of a 3D surface metrology system, based on an OLED projection unit and an imaging unit. The
triangulation angle is 18◦. On the right side, the measured target and the 3D shape model are shown [2, 4].

Figure 1: Principle design (left) and prototype (right) of the 3D surface metrology system based on one projection and one imaging unit.

simultaneous or sequential emission (OLED projection) and
detection (photodiode) can be realized [20]. In the sequential
mode of operation, the OLED projection and photodiode
detection are wavelength independent (λOLED /= λphotodiode).
In the simultaneous mode of operation, as we use it in our
BiMiD prototype, OLEDs and photodiodes work in the same
wavelength range (λOLED = λphotodiode). In this case, however,

direct crosstalk effects between OLEDs and photodiodes can
disturb the functionality.

We classify two different types of crosstalk: local and
global crosstalk. Local crosstalk occurs directly between
an OLED pixel and its neighbouring photodiodes, caused,
for example, by internal reflection at CMOS layers (i.e.,
optical waveguide effect). In contrast to local crosstalk, global
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Figure 2: Cross-section of the bi-directional OLED-on-CMOS-
microdisplay [9].

crosstalk indicates the influence of an emitting OLED pixel
onto the photodiodes being spread over the whole display
device. Global crosstalk can, for example, be caused by
(e.g., multiple) reflections at the display cover glass and can
therefore be detected by photodiodes being positioned not
in the direct neighbourhood of the emitting OLED pixel.
Local and global crosstalk have a strong impact onto the
characteristics of the detected signal [11].

To limit the local crosstalk, we can take advantage of
the limited resolution of photodiodes. As in a 2 × 2 pixel
matrix only one photodiode is able to detect light, the OLED
pixel surrounding the active photodiode is not used for light
emission. Therefore, all images which are used are masked,
that means that the OLED pixel including active photodiodes
is inactive (e.g., black pixel projection). In this way, local
crosstalk between the photodiode and its surrounding OLED
can be prevented.

The current BiMiD prototype that we used for our
prototype emits in the orange visible range (λcwl = 622 nm)
with a bandwidth of 48 nm (FWHM). The luminance
of the OLED display at different voltage adjustments lies
between 260 cd/m2 and 7.8 kcd/m2, which is suitable for high
brightness projection applications. The radiation angle is
around ±45◦ for each luminance level. The uniformity over
the display is around 90%. The contrast ratio of the OLED
display is around 30000 : 1 (ratio of full screen bright to full
screen dark image). This impressible contrast ratio is a big
advantage of OLED microdisplays in comparison to con-
ventional microdisplays for projection purposes. The pho-
todiodes exhibit a exposure time between 0.1434 ms and
1.174 s. The uniformity lies around 83% at the highest expo-
sure times.

More details about the technology of the bi-directional
OLED-on-CMOS-microdisplay are presented in Richter
et al. [9].

4. Conceptual Design

The central element of our 3D sensor is the bi-directional
OLED microdisplay (BiMiD). To prove the principle of the
sensor the BiMiD was characterized. The measured para-
meters were used for the system simulation with the optical

design program ZEMAX. In addition, a software for the
generation of a 3D model was used.

First the BiMiD was characterized (see Section 3). The
OLED microdisplay, the photodiode matrix (PD), and the
crosstalk between OLED and photodiodes were evaluated.
To measure the crosstalk of the BiMiD a paraxial lens design
was used (see Figure 5). The BiMiD emits and detects light
in the same plane and in the same spectral range. Figure 4(a)
shows the projected test image (white square with a diagonal
of 3 mm), and Figure 4(b) shows the detected image without
additional optical elements (e.g., lens and mirror). A direct
crosstalk between OLED pixel and photodiodes is detectable.
The desired detection signal is lower than the crosstalk signal
(IDetection < ICrosstalk). Due to the direct crosstalk the BiMiD
active area was divided in two different fields: an object
field and a detection field. In Figure 5 the paraxial lens
design setup and the simplified laboratory setup that con-
tains the separation of the projection and detection fields
are shown. In the paraxial lens setup the blue path describes
the projection path, and the green one describes the imag-
ing path. Both object and image fields are placed next to
each other. Fold mirrors are integrated in the projection
path. The position of the fold mirrors and the dimen-
sion of the optical system configuration determine a trian-
gulation angle (αT). The imaging path is unfolded. In both
optical paths two paraxial lenses are integrated (Figure 5(a)).
The realized setup including off-the-shelf optics is shown in
Figure 5(b).

Figure 4(c) shows the detected image of the object. On
the left-hand side the direct crosstalk image of the projection
field and on the right hand side the object image are shown.
Due to the internal display effect the active OLED pixel is
imaged onto the photodiodes that are placed next to each
other. Therefore, the projection object field and the detection
field have to be separated via ray path folding. As described
before the detection signal is not measureable in the area
of the crosstalk. The distance (gap) between the projection
and detection fields has to be larger than the crosstalk range
radius. The dimension of the gap is depending on the OLED
luminance and the photodiode sensitivity. For the following
paraxial simulation the crosstalk around the projection field
is neglected (gap = 0). But for further development of an
optical prototype a gap> 0 between object field and detection
field has to be considered.

As discussed before, the detection field has to be sepa-
rated from the projection field on the display. Thereby, the
detection field (diagonal 4.46 mm) is two times larger than
the projection field (diagonal 8.92 mm) to realize a higher
resolution (592 × 592 Pixel) for the imaging path. Figure 6
shows the compact paraxial optical system design for the 3D
sensor: on the left side the BiMiD and on the right side the
MO.

The object (e.g., fringe pattern, see Figure 7) is imaged
by a paraxial lens into the focal plane of the sensor. In the
focal plane a MO is placed. Via a second paraxial lens the
MO is observed during the fringe projection sequence and
the image is detected by the PD. The system parameters
are shown in Table 1. The OLED (object field) emits with
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(a) Bi-directional OLED microdisplay showing an image.

Photodiode-pitch 72 μm

OLED-pitch 36 μm

OLED-pixel (34 μm)2

PD∅ 7.36 μm

(b) Detailed view of the pixel matrix. The green
pixel represents the OLED pixel and the circular mark
highlights the active integrated photodiodes.

Figure 3: Bidirectional OLED-on-CMOS-microdisplay (at Fraunhofer IPMS).

Object
field

(a) Test image of the object field (projection path,
diagonal 3 mm).

Object
field

(b) Detected test image via the integrated photo-
diode matrix (PD) without optical elements (e.g.,
lens, mirror).

Object
field

Gap

Image
field

Crosstalk

(c) Image of the detected test image in the labor setup
(see Figure 5(b)) (detection path).

Figure 4: Image of test image and the detected photodiode image applying the 3D sensor system application (triangulation angle). The red
square highlighted the object projection field. Due to the crosstalk effect the projection and detection fields have to be separated.
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(a) Paraxial lens design of the function test.

Fold
mirror

Fold
mirror

BiMiD

Projection lens

Imaging lens
Imaging path

Measurement
field

Projection path

(b) Labor setup of the paraxial lens design. The red path des-
cribes the projection path and the blue describes the imaging
path.

Figure 5: Paraxial lens design and laboratory setup of the function test of an 3D sensor system. On the left-hand side the bi-directional
OLED microdisplay is positioned. The projection path is folded by a fold mirror. The imaging path is unfolded. Both optical system
magnifications are approximately β′ ≈ −1. The diagonal of the projection and imaging field is 3 mm. At first the object field is projected into
the measurement field, and then the illuminated measurement field is imaged onto the bi-directional microdisplay (detection plane).

Table 1: System parameters of the paraxial lens design of the 3D
sensor system (see Figure 6).

Spectral range projection-imaging Visible

NAProjection 0.019

NAImaging 0.13

Lens diameter projection 5 mm

Lens diameter imaging 6 mm

Magnification projection β′ 0.224

Magnification imaging β′ 11.15

Object field diagonal (projection) 3.564 mm

Measurement field diagonal 0.85 mm

Detection field diagonal (imaging) 8.92 mm

Trinangulation angle ±9◦

Distance BiMiD-MO (projection path) ≈160 mm

Detector resolution (imaging) 592 × 592 Pixel

Active area BiMiD 12.8 mm × 9.6 mm

lambertian radiation characteristic, and the measurement
object emits with uniform radiation characteristics.

To realize a measurement field of around 0.85 mm the
magnification of the projection lens is about −1/5. The
imaging magnification is 11x. The measurement field diago-
nal is 0.85 mm. The distance between BiMiD and measure-
ment plane is approximately 160 mm. Both system apertures
are small, and the paraxial lens diameter at the projection
path is 5 mm and at the imaging path 6 mm. The triangula-
tion angle is αT = ±9◦; that means that the image is projected
onto the measurement object under an angle of 9◦.

The complete system principle is shown simplified in
Figure 8. The first simulation part is to simulate the pro-
jection path of the OLED image. The OLED acts as an
image/light source with lambertian radiation characteristics.
The fringe pattern image is projected on the MO. In the first
simulation step, the MO is used as a detector. The images
are saved and used for the second simulation step, the imag-
ing/detection path. The detected image, MO with fringes,
acts as an image/light source for the imaging of the MO

into the real detector plane, the BiMiD. The radiation
characteristic of the MO-fringe image is uniform. Figure 8(a)
shows one of the fringe pattern images that is displayed in
the measurement plane on the MO. The MO is a sinusoidal
ideal object which is shown in Figure 8(b) and Figure 9(a).
Figure 8(c) depicts the detected image of the MO during
one fringe projection sequence. For the second part of
simulation this image acts as an image/light source. The
image is projected into the BiMiD detection field as shown in
Figure 8(d). 46 fringe pattern images and 2 reference images
were imaged onto the MO. Therefore, 48 images of the MO
with fringe pattern were imaged into the BiMiD detection
field (23 pattern images for each orientation, horizontal or
vertical, and 2 reference images) (see Figure 7). Based on
these detection images (BiMiD) the simulated measurement
object could be recalculated to a 3D model. The result is
shown in Figure 8(e) and Figure 9(b).

For the 3D calculation we decided to use a 16-step phase
shift of the fringe pattern. Each pattern consists of a series
of fringes next to each other with a width of 16 pixels
each. During the sequence each pattern is shifted by 1 pixel
between two adjacent steps. The basic pattern size is 1024 ×
1024 consisting of 64 periods of fringes (independent of
the projector resolution, only the centered area is projected
onto the object). This implies a gray code sequence of 7
images resulting in 23 images projected in one direction. As
reference a black image and a bright image are also recorded.
Therefore, we use 48 images for the complete measurement.
In Figure 7 some test images are shown. During measure-
ment each pixel records a series of intensity values. The peri-
odic phase value is calculated from the intensity values of the
16 fringe patterns normalized with the dark and the bright
image for reference using interpolation. Phase unwrap-
ping is done using the Gray code images in the sequence.
The intensity values of the Gray code sequence for each pixel
are translated into a binary sequence representing the period
number. Now a multiple of 2π is added to each periodic
phase value depending on its period number to unwrap
the phase values. After this calculation the sinusoidal MO,
which is simulated in ZEMAX, is recalculated to a 3D model.
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Figure 6: Paraxial optical system setup of the 3D sensor. On the left-hand side a top view of the BiMiD is shown and on the right-hand side
the paraxial lens setup is shown.The projection and detection fields are oriented to reach the best fill factor for the microdisplay. Due to this
effect the display is rotated for the paraxial system simulation. Projection and detection fields are orientated perpendicular. At the paraxial
lens setup the bi-directional OLED microdisplay is positioned on the left side and on the right side the measurement object (e.g., sinusoidal
mirror element) is placed. The blue ray path describes the projection and the green one describes the imaging path.

(a) Reference images: dark and bright full-
screen image.

(b) Exemplary fringe pattern images, in ho-
rizonal and vertical orientation.

Figure 7: Simulated test images, which are used as source images for the projection path.

The recalculated and, for comparison, the simulated object
is shown in Figure 9. The calculated 3D model shows well
conformity to the simulated MO.

5. Conclusion

The monolithic design of OLED-on-CMOS backplane with
photodiodes combines emitting and detecting units on one
single chip. That offers a new flexibility for applications in
optical metrology for surface and shape characterization and
allows for compact optical systems, especially in the field of
optical metrology.

In this paper we presented a compact, highly integrated
3D metrology system based on a fringe projection principle
using a bi-directional OLED microdisplay developed by
Fraunhofer IPMS. This microdisplay combines light emitting
pixels called OLED microdisplay (projection unit) and light
detecting pixels called photodiodes (camera unit) on one
single device. This technology provides the opportunity for
miniaturization of optical metrology systems.

In contrast to conventional 3D sensor systems (that are
based on projection and imaging unti) the presented setup

based on BiMiD is compact. The presented 3D metrology
system is based on fringe projection onto the surface of
the measurement object. The fringes appear deformed when
being observed via a different angle (triangulation angle).
Based on the deformation of the fringes the 3D coordinates
of all visible points can be calculated and, thus, the object
shape can be determined.

Due to the internal crosstalk effect two separate lenses for
projection and imaging are necessary. The system lens design
is based on the BiMiD and two paraxial lenses, which are
orientated via a triangulation angle of 18◦. Both apertures
are smaller than 6 mm. The measurement field has a diagonal
of 0.85 mm. For the recalculation of the measurement object
different reference and fringe pattern images are necessary. 23
fringe pattern images and 2 reference images are simulated
through the optical sytem in both directions, projection
and imaging, and both orientations, horizontal and vertical.
Based on the detected images (images of the measur-
ing object during fringe projection sequence), fringes are
deformed due to the irregular measurement surface. The
simulated measurement object can be recalculated to a
3D object model. Well conformity of the simulated and
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Figure 8: Principle of the 3D sensor system. The pattern images (OLED-BiMiD/(a)) are projected via a projection lens onto the measurement
object (e.g., sinusoidal MO) (b). Then the detector (PD-BiMiD/(d)) detects the image of the measurement object during fringe projection
(c). For this part the detected image of (c) is used as image/light source and is imaged into the BiMiD detector plane that is shown in (e). The
3D model is calculated with an internal Fraunhofer IOF software. (a) OLED generated fringe pattern image, (b) 3D measurement object, (c)
fringe projection on the measurement object, (d) detected image of the measurement object during fringe projection, and (e) reconstructed
3D object.

(a) Measurement object simulated with ZEMAX. (b) Measurement object recalculated with IOF-3D-
Software tool.

Figure 9: Simulated and reconstructed sinusoidal measuring object.

calculated measurement object could be shown. This system
simulation shows the proof of concept of a 3D surface sensor
based on bi-directional sensor device.

Due to the application of the bi-directional OLED micro-
display the fringe generating elements and the detectors are
combined into one single device. Therefore, an ultracompact
and solid system concept for 3D surface metrology has
been realized. Such a compact sensor is very suitable for
applications like inline quality control in manufacturing pro-
cesses. In case of elimination of the crosstalk, it would be
possible to realize a sensor with only one optics whereas in a
next step, different optical system configurations, the appli-
cation of microoptics, hybrid optics, and freeform optical
elements will be considered to design and construct a full
working 3D surface sensor.
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The new reactive chemical vapor deposition (RCVD) method has been proposed for thin film deposition of luminescent non-
volatile lanthanide aromatic carboxylates. This method is based on metathesis reaction between the vapors of volatile lanthanide
dipivaloylmethanate (Ln(dpm)3) and carboxylic acid (HCarb orH2Carb′) and was successfully used in case of HCarb. Advantages
of the method were demonstrated on example of terbium benzoate (Tb(bz)3) and o-phenoxybenzoate thin films, and Tb(bz)3

thin films were successfully examined in the OLED with the following structure glass/ITO/PEDOT:PSS/TPD/Tb(bz)3/Ca/Al.
Electroluminescence spectra of Tb(bz)3 showed only typical luminescent bands, originated from transitions of the terbium ion.
Method peculiarities for deposition of compounds of dibasic acids H2Carb′ are established on example of terbium and europium
terephtalates and europium 2,6-naphtalenedicarboxylate.

1. Introduction

A search for new electroluminescent (EL) materials for
organic light-emitting diodes (OLEDs) is still an actual
challenge for chemists. The solution of it means not only
finding a compound which fits the EL material require-
ments but also the right choice or creation of a technique
providing the transformation of such precursors into the
thin films of high smoothness and low thickness. This can
be demonstrated on examples of lanthanide coordination
compounds which are well-known potential luminescent
materials [1–5]. However, it is not that simple to find
among them the luminescent lanthanide coordination com-
pound, which demonstrates simultaneously high thermal
and UV stability, bright luminescence, while being volatile
or possesses high solubility to deposit thin film of high
quality by physical methods from gas phase or solutions.
In case of highly volatile β-diketonates the obvious physical

deposition technique allows to obtain thin films of high
quality, and their luminescence efficiency can be increased
by variation of the substituents in ligands. However these
compounds do not exhibit required UV stability. A different
situation arises from lanthanide aromatic carboxylates which
show high UV, thermal, and chemical stability, as well as
high luminescence efficiency, which can reach 100% in
case of Tb(bz)3 [6–9], but for these compounds the choice
for the film deposition technique among known methods
appears rather impossible. The aromatic carboxylates form
extremely rigid 3D networks [10–12], which make them
nonvolatile and poorly soluble in organic solvents that
complicate deposition of their thin films from gas phase or
solution and cause the necessity for search or development
of the new methods. Thus, we have proposed the reactive
chemical vapor deposition (RCVD) technique for thin films
of nonvolatile luminescent lanthanide aromatic carboxylates
(HCarb—aromatic monocarboxylic acid) [13, 14].
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Figure 1: Two temperature zones reactor for gas phase reaction (1).

New RCVD method is based on the gas phase reaction
between volatile Ln(dik)3 (Hdik = β-diketone) and HCarb
(reaction (1)):

Ln(dik)3 vapor + xHCarbvapor

−→ LnCarb3 solid + 3Hdpmvapor.
(1)

The development of RCVD method involved two main
steps: (1) study of general principles and (2) elicitation of
reaction (1) parameters influencing the quality of thin films
deposited (transparency, roughness, thickness, and coating
continuity). Lanthanide dipivaloylmethanates, Ln(dpm)3,
were selected as precursors because they are known as the
most volatile and thermally stable nonfluorinated Ln(dik)3;
their vapor consists of mononuclear species only, and tem-
perature dependencies of the saturated vapor pressure have
been determined for compounds of all rare earth elements
(REES) [15, 16]. Among monocarboxylic aromatic acids the
series of HCarb was first selected to study the gas phase
reaction (1), namely, benzoic acid (Hbz) and its o-substituted
derivatives: salicylic acid (HSal), anthranilic acid (Habz), N-
phenylanthranilic acid (HPA), and o-phenoxybenzoic acid
(Hpobz), which differ by chemical stability and volatility
[13]. These experiments were run within a horizontal quartz
glass reactor with two temperature zones: T1 for more
volatile HCarb evaporation and T2 for less volatile Ln(dpm)3

evaporation and film deposition (Figure 1).
Variation of both T1 and T2 values allowed us to control

the reagents partial vapor pressure ratio during the gas phase
reaction. The vapors of HCarb and Ln(dpm)3 converged
in the zone T2, their interaction occurred, and nonvolatile
products deposited on substrate and reactor walls in this hot
zone. The composition of products deposited was evaluated
by elemental, IR, 1H NMR and luminescent spectroscopy
analyses. The following main features of the proposed RCVD
method were established: (1) gas phase ligand exchange
reaction (1) takes place with a formation of Ln(Carb)3

product; however there is a risk of its incompleteness, which
causes product contamination by the Ln(Carb)3−x(dpm)x
impurities; (2) to exclude the formation of these impurities
the ratio between the partial vapor pressures of HCarb and
Ln(dpm)3 should be >3 : 1; (3) the temperature T2 of the
reaction/deposition area should be sufficient to overcome the
activation barrier of the reaction but it should not be higher
than the temperatures of the decomposition of reactants and
product; (4) Ln(Carb)3−x(dpm)x impurities can be removed
by reaction (2) under thermal treatment of the gas phase
reaction product in the range of Ln(Carb)3 stability [13]:

Ln(Carb)3−x(dpm)x

−→ (3− x)/3 Ln(Carb)3 + x/3 Ln(dpm)3.
(2)

To vacuum
T1

T2

T3

Carrier gas
Substrate holder

Figure 2: Three temperature zones RCVD reactor for thin films
deposition.

To control these factors and to reveal their influence on
the thin films quality the special RCVD reactor was con-
structed (Figure 2) [17].

In this reactor the evaporation zones (T1, T2) and film
deposition zone (T3) were separated, and reagents were
transported separately into the deposition zone T3 by a
stream of carrier gas. The deposition parameters of trans-
parent thin films with uniform composition, morphology,
and thickness in the range of 50–100 nm were found for
Tb(bz)3 and Tb(pobz)3. In order to analyze the composition
of the thin films the special analytical approach, which
corresponded to the combination of luminescent and Raman
spectroscopy, was suggested [14, 18]. It worth noting that
the temperatures (T1, T2, T3) within the RCVD reactor
play a crucial role in the composition, transparency, and
morphology of Tb(Carb)3 thin films. Therefore, transparent
Tb(Carb)3 thin films can be obtained under excessive
pressures of HCarb (p(HCarb) : p(Tb(dpm)3) �3), which
is set by T1/T2 ratio, and T3 value must be enough for
activation of the reaction (2). The variation of Tb(Carb)3

thin film thickness from 200 nm to 40 nm is possible by
simply decreasing the amount of the reagents within the
evaporation zones. Once these principles were fulfilled, it
allowed us to deposit high-quality thin films of Tb(bz)3 and
Tb(pobz)3 [14].

Here we present new results on EL test of Tb(bz)3

thin films within OLED heterostructure and estimation
of proposed RCVD method applicability for deposition of
terbium and europium carboxylate thin films derivatives of
dibasic acids H2Carb′ such as terephtalic (H2tph) and 2,6-
naphtalenedicarboxylic (H2nda) acid.

2. Results and Discussion

2.1. Tb(bz)3 as EL Layer within OLED. Thin films of Tb(bz)3

deposited using RCVD method in three temperature zone
reactor (Figure 2) were successfully used in the OLED struc-
ture such as glass/ITO/PEDOT:PSS/TPD/Tb(bz)3/Ca/Al. EL
spectra of Tb(bz)3 showed only typical luminescent bands,
originated from transitions of the terbium ion 5D4 → 7FJ

(J = 6− 3), while no emission of hole transporting layers in
the blue region was observed (Figure 3).

Thus the efficiency of the RCVD technique was demon-
strated for deposition of the thin films for nonvolatile
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Figure 3: Normalized EL and PL spectra (λex = 337 nm) of Tb(bz)3.

Tb(Carb)3 complexes using highly volatile monobasic aro-
matic carboxylic acids (HCarb) as a precursors. The Tb(bz)3

films deposited were of such high quality that their use in the
OLED structure led to the bright Tb-centered electrolumi-
nescence without showing any sublayers luminescence.

2.2. RCVD Method Applicability for Thin Film Deposition
of Tb and Eu Complexes with H2Carb′. Some lanthanide
compounds with aromatic dibasic acids H2Carb′ could
be prospective candidates for EL materials due to their
bright luminescence and extremely high thermal stability
[6, 9]. Terbium and europium derivatives of terephtalic
(H2tph) and 2,6-naphtalenedicarboxylic (H2nda) acids
are among the most promising candidates among these
compounds; thus they were selected for study of the
RCVD applicability for thin film deposition of nonvolatile
lanthanide complexes with dibasic acids. The solid state
carboxylates Eu2(tph)3(H2O)4 (I), Tb2(tph)3(H2O)4 (II),
Eu2(nda)3(H2O)6 (III), and Tb2(nda)3(H2O)6 (IV) were
synthesized according to the traditional method [19], and
their luminescent properties and thermal stability were
characterized to use them as standards for identification of
the gas phase reaction products.

2.2.1. Luminescent Properties and Thermal Stability of
the Ln2(Carb′)3(H2O)n Solid Samples (I–IV). Luminescent
properties of the compounds I–IV were studied in compari-
son with those of H2tph and H2nda. Luminescence spectra
of I and II (Figure 4) show only typical ion luminescent
bands for both complexes, originated from the electronic
transitions of the terbium or europium ions. No emission in
the blue region was observed, which is the result of complete
energy transfer from the organic part to the central ion.
Besides a typical Stark splitting of the terbium emission
bands is observed in the spectrum of II.

In case of Ln2(nda)3(H2O)6 only europium complex
(III) shows ion luminescence, while in spectrum of terbium
complex (IV) there are no terbium luminescence bands
present, and a broad band in blue region, originated from
the ligand emission, is observed. The hypsochromic shift

and narrowing of this band in comparison with H2nda
luminescence band originate from the acid deprotonation
and complexation with terbium ion.

The energy of nda2− triplet level was estimated using the
gadolinium compound Gd2(nda)3(H2O)6 phosphorescence
spectrum. Unlike europium and terbium complexes, whose
luminescence can be sensitized by coordinated ligands,
gadolinium compounds do not emit visible light. How-
ever, the phosphorescence spectra of these complexes show
signals resulting from triplet to singlet transitions and are
thus reflecting the triplet state energies of the coordinated
ligands [6]. According to the luminescence spectrum of
Gd2(nda)3(H2O)6 (Figure S2) (see supplementary material
available online at doi:10.1155/2012/809028) excited state
level energies of nda2− are S1(nda2−) = 24200 cm−1,
T1(nda2−) = 18400 cm−1.

The simplified energy diagram (Figure 5) show that
energy of the nda2− triplet level is high enough only
for energy transfer according to the scheme T1(nda2−)→
5D0(Eu3+), while no energy transfer to 5D4(Tb3+) can occur.

In the excitation spectrum of H2tph two bands are
observed (∼280 and ∼330 nm) (Figure 6), which also
presented in the spectra of I and II. Besides in the spectra of
I and II the low intensity direct ion excitation bands at 360–
420 nm and 350–370 nm, correspondingly, are observed. In
the excitation spectrum of H2nda there are three bands
(∼280 nm,∼370 nm, and∼425 nm). First two bands are also
present in the spectrum of III, while the band at 425 nm is
absent, which results from the absence of the energy transfer
via the corresponding triplet state. The excitation spectrum
of compound IV was recorded in the range of 200–350 nm
since the maximum of its luminescence is 390 nm, and thus
only the band at ∼280 nm could be measured.

Thermogravimetric (TG) curves of I–IV were recorded
in argon atmosphere and contain two steps of weight loss in
all cases: the first step of water molecules elimination and the
second step of Ln2(Carb′)3 decomposition (Figure 7).

In case of I and II (Carb′= tph) the residues contained
lanthanide oxides Eu2O3 and Tb4O7, while III and IV
(Carb′ = nda) could not decompose completely in the inert
atmosphere, and the residue most probably is contaminated
with carbon.

2.2.2. Gas Phase Synthesis. The reaction providing the gas
phase synthesis of Ln2(Carb′)3 should take place according
to (3):

2Ln(dpm)3 vapor + 3H2Carb′vapor

−→ Ln2
(
Carb′

)
3 solid + 6Hdpmvapor.

(3)

Brightly luminescent compounds I, II, and III were selected
for these syntheses with the aim of their luminescent thin
films deposition, but initially reactions (3) were performed
in the reactor with two temperature zones (Figure 1).

A choice of the temperature regime providing course
of the reaction (3) was based on analysis of the relations
between volatility and stability of the starting reagents
and products. The stability of Tb2Carb′3 against thermal
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Figure 5: Simplified energy diagram of Eu3+, Tb3+, nda2−, and
H2tph, and tph2− (∗tph2− energy levels values were taken from [20];
∗∗tph2− energy levels values were taken from [6]).

decomposition, determined from thermal analysis data, is
rather high: I, II are stable until 400◦C in inert atmosphere,
III—until 600◦C (Figure 7). H2tph is stable at least until
>400◦C even in air [21]. This data is not available for
H2nda; however it can be purified by sublimation at 370◦C
in vacuum (0.01 mmHg) without decomposition, and thus
it can be concluded that it is stable at least until this
temperature. The data on the dependence between the
vapor pressure and temperature for H2tph and H2nda is
absent in the literature, and therefore volatility of these acids
was estimated using thermal analysis in inert atmosphere
in comparison with Hbz (Figure 8). For Hbz saturated
vapor pressure temperature dependence is known [22], and
empirical relation between the temperature range of its
evaporation in gas phase reaction (1) and half weight loss
temperature (T1/2) in TG curve was established.

Thus, the thermogravimetric curves (Figure 8) indicate
that the T1/2 values increase in the row Hbz (180◦C) < H2tph
(350◦C) < H2nda (390◦C), which reflects the volatility row.

For Hbz it was shown [14, 23] that temperature of the
acid evaporation zone should lie in the range of (T1/2 ±
100)◦C, and it means that for H2tph and H2nda the values
of evaporation temperature could not be less than 250 and
300◦C, respectively. According to the mass spectrometry
data, Ln(dpm)3 molecules are stable in gas phase only up to
∼290◦C, though the Ln-containing species with low partial
pressures are present in the gas phase until at least 540◦C
[24]. Thus, Ln(dpm)3 complexes are the least thermal stable
reagents that can prevent carrying out reaction (3).

The diprotic nature of the H2Carb′ acids can also hamper
reaction (3). Earlier we have already studied the gas phase
synthesis of the lanthanide complexes with diprotic ligands
on example of yttrium complex with a Schiff base H2Salen
(from ethylenediamine and salicylic aldehyde) [25]. It was
shown that only a mixed-ligand complex of the composition
Y(dpm)(Salen) was formed in both gas phase and solution
interactions of Y(dpm)3 and H2Salen even in the excess
presence of the last one. We proposed that it resulted from
the weak acidity of H2Salen (pKa ∼11-12, [26]) contrary to
HCarb (pKa = 4.21 for Hbz) and the formation of two six-
membered chelate rings with yttrium ion.

The dibasic acids selected in this work are strong (pK1
a =

3.51 and pK2
a = 4.82 for H2tph; pK1

a = 3.8 and pK2
a = 4.7

for H2nda), and thus we expect that Ln2Carb′3 as a product
of the reaction (3) should form.

For the gas phase reaction less volatile H2Carb′ were
placed in the hotter zone T2 and more volatile Ln(dpm)3—in
the colder zone T1. For gas phase synthesis of I the following
initial conditions were selected based on both thermal
analysis for H2tph (Figure 8) and vapor pressure temperature
dependences for Eu(dpm)3 data [27]:T1(Eu(dpm)3) = 160◦C
and T2(H2tph) = 250◦C. Probably the value of T2 was too
low for sufficient vapor pressure of H2tph, and thus the
product was not formed. The repeated experiment with
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Figure 7: Thermogravimetric curves of Ln2(Carb′)3(H2O)n (I–IV).

T1(Eu(dpm)3) = 160◦C and T2(H2tph) = 300◦C led to a
product formation, but its quantity was extremely low, and
it was formed as a thin film (i film) on the surface of
glass substrate and reactor walls. The experiment on terbium
terephthalate deposition at the same values of T1 and T2 led
to ii film formation.

The emission spectra of both i and ii films show a
broad fluorescence signal with the maximum at ∼360 nm
besides the ion luminescence of Eu3+ and Tb3+, which
is illustrated in Figure 9 on example of ii film. At the
same time excitation spectra demonstrate blue shift of the
band edges in comparison with the spectra of I and II
concomitantly with the absence of the band at >350 nm,
corresponding to the dpm−-ligand (Figure 9) and thus
revealing that the most probable composition of thin films
corresponds to the Ln2Carb3(H2Carb)x. The product of the
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Figure 8: TG curves of Hbz, H2tph, and H2nda.

same composition was also formed by the reaction (3) in
solution (see Supplementary Information), which annealing
at 360◦C led to pure Ln2Carb3 formation. However, during
gas phase synthesis it was not possible to increase the T2

in order to exclude the acid codeposition into the film,
since this temperature is limited by the Ln(dpm)3 stability
in the gas phase. Therefore the annealing procedure was
used to remove the H2tph impurity from i and ii films.
Films annealed at 360◦C for 1 hour did not contain the acid
impurities according to both excitation and emission spectra,
and their composition corresponded to Ln2(tph)3.

The explanation of the blue shift of the excitation spectra
band edges for the thin films containing H2tph can be
found from the estimation of the singlet and triplet energy
levels of terephtalic acid from emission spectra of H2tph
(Figure S3). The obtained value of the triplet energy level
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(Figure 10) shows that in case of europium ion the ligands
triplet states and europium resonance levels lie in the row
T1(tph2−) > T1(H2tph) > 5D1(Eu3+) (Figure 10), which
means that presence of terephtalic acid should simplify
the energy transfer from tph2− to europium ion. However
according to the recorded spectra H2tph presence is most
likely preventing the energy transfer to Eu3+; thus we can
conclude that H2tph triplet state does not at all participate
in the energy transfer processes, which could be described
according to the scheme, presented in Figure 10.

In the case of terbium containing ii film two possible
mechanisms of H2tph impact on the terbium ion lumines-
cence can be proposed: (1) either H2tph triplet level can
compete with terbium resonance level 5D4 during the energy
transfer processes or (2) the mechanism can be the same as
in case of i film. Since the observed profiles of excitation
spectra of i and ii films are the same (Figure 11), we can

250 300 350 400 450

ii film

II

Wavelength (nm)

I

i film

Figure 11: Normalized excitation spectra of Eu2(tph)3(H2O)4(I),
Tb2(tph)3(H2O)4(II), i film, and ii film (λem = 612 nm for I and i
film, λem = 545 nm for II and ii film).

suggest that the scheme of H2tph participation in the energy
transfer in case of terbium compound is similar to that one
for europium compound (Figure 10). Elimination of H2tph
after annealing results in the band edge for thin films being
identical to the reference solid state samples I or II (Figure 9)
and proves the formation of the pure Ln2(tph)3 films.

Since volatility of H2nda is lower than of H2tph, the
gas phase reaction (3) with H2nda was performed at higher
temperature T2(H2nda) = 370◦C and the same temperature
T1(Eu(dpm)3) = 160◦C, which led to the iii film deposition.
According to the luminescence spectra (Figure 12) this film
was also contaminated with codeposited acid H2nda, which
was removed after annealing at 370◦C for 1 hour.
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Table 1: Experimental conditions of gas phases syntheses.

No., Ln T1 (H2Carb′), ◦C T2 (Ln(dpm)3), ◦C m1 (H2Carb′), g m2 (Ln(dpm)3), g Product assignment

H2Carb′ = H2tph

1, Eu 160 250 0.58 0.075 N/A

2, Eu 160 300 0.71 0.068 i film

3, Tb 160 300 0.82 0.097 ii film

H2Carb′ = H2nda

4, Eu 160 370 0.50 0.500 iii film

5D0−→7FJ :

400 600500 700

λ (nm)

J = 4

J = 3
J = 1

J = 2

iii film

iii film annealed

Figure 12: Normalized emission spectra of iii film and iii annealed
film (λex = 260 nm).

Thus the metathesis reaction (3) between Ln(dpm)3 and
dibasic acids H2Carb′ takes place in the gas phase, which was
shown on example of H2Carb′ = H2tph, H2nda. However,
due to the low volatility of these acids it is necessary to
significantly increase the temperature of their evaporation in
order to assure the vapor pressure. Simultaneously the raise
of this temperature leads to the risk of Ln(dpm)3 thermal
decomposition in hot zone of the reactor. This mismatch of
the temperature ranges of Ln(dpm)3 stability in gas phase
and H2Carb′ volatility results in the low yield of the product
and the unsteadiness of the gas phase reaction, which cannot
be excluded even by using the three-zone reactor. Thus gas
phase reaction (3) takes place but is significantly hampered
by the low volatility of H2Carb′.

3. Conclusion

In conclusion we presented here the reactive chemical vapor
deposition (RCVD) method for thin film deposition of non-
volatile aromatic carboxylates, based on metathesis reaction
between volatile Ln(dpm)3 and aromatic carboxylic acids.
The advantages of this method for deposition of thin films
of lanthanide derivatives of the highly volatile monobasic
acids were demonstrated on examples of terbium benzoate
and o-phenoxybenzoate. The thin films of high quality were

deposited which allowed us to use them for OLED manu-
facturing on the example of Tb(bz)3-based OLED with the
structure glass/ITO/PEDOT:PSS/TPD/Tb(bz)3/Ca/Al. The
RCVD method was examined for deposition of the thin
films of luminescent lanthanide derivatives of low-volatile
dibasic carboxylic acids H2tph and H2nda. Here, the use
of this method is complicated by the low volatility of the
selected acids due to the mismatch of the temperature ranges
of Ln(dpm)3 stability in gas phase and H2Carb′ volatility.
Thus RCVD method is perspective for highly volatile acids
derivatives deposition and is significantly hampered in case
of low volatile acids.

4. Experimental Part

Commercial dipivaloylmethane (Hdpm, Fluka) and pure for
analysis grade terbium, europium, and gadolinium nitrate
hexahydrates, sodium hydroxide (NaOH), and terephtalic
acid (H2tph, Acros organics) were used as received. Naph-
thalenedicarboxylic acid (H2nda) and benzoic acid (Hbz)
were purified by vacuum sublimation (0.01 mmHg) at 370
and 80◦C, respectively.

The elemental analysis of complexes was carried out
on a C,H,N-analyzer of the Organic Chemistry Division,
Chemical Department, Lomonosov Moscow State Univer-
sity. Thermal analysis was carried out on a thermoanalyzer
STA 409 PC Luxx (NETZSCH, Germany) in the temperature
range of 20–1000◦C in argon atmosphere, heating rate
10◦/min. Photoluminescence and excitation spectra were mea-
sured on Perkin-Elmer LS-55 luminescence spectrometer
utilizing with a xenon lamp with a tunable wavelength
as an excitation source at 25◦C as well as multichannel
spectrometer S2000 (Ocean Optics) with a nitrogen laser
LGI-21 (λex = 337 nm) as an excitation source at 77 K.
All emission and excitation spectra were corrected for the
instrumental functions. The triplet state energy was estimated
from maximum of the broad not resolved phosphorescence
band in Gd2(nda)3(H2O)6 and H2tph luminescence spectra
at 77 K, distinguished from the second short-wave band,
attributed to fluorescence (Figures S2 and S3).

The complexes Ln(dpm)3·2H2O (Ln = Eu, Tb) were
synthesized and characterized by a standard procedure [15,
16]. Anhydrous Ln(dpm)3 were obtained by sublimation of
the hydrated complexes in vacuum (0.01 mmHg) at 120–
150◦C.
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OLED manufacturing took place in a clean room class
10000 (Lebedev Physical Institute, Moscow, Russia) in a
glovebox with argon atmosphere. Thin films of PEDOT:PSS
with thickness ∼30 nm were obtained by spin-coating.
TPD layer was thermally evaporated (Univex-300, Leybord-
Heraeus) under a pressure below 10−6 mmHg. The thick-
ness was ∼40 nm controlled by quartz indicator. Emitting
layer (Tb(bz)3) was deposited using RCVD technique at
T1(Tb(dpm)3) = 125◦C, T2(Hbz) = 140◦C, T3 = 250◦C. The
contacts were attached to the electrodes, and the device
was sealed with epoxy resin. Electroluminescence spectra were
measured on a PicoQuant time-correlated single photon
counting system used as a conventional spectrofluorimeter.
Spectral resolution was 4 nm.

4.1. Synthesis of Ln2(Carb′)3 (Ln = Eu, Tb; H2Carb′ = H2tph,
H2nda). Ln2(Carb′)3·nH2O (n = 4, 6) were synthesized by
a standard procedure [19] by the reaction of water solutions
of Tb(NO3)3·6H2O (1 mmol) and of K2(Carb′) (1.5 mmol,
from KOH and H2Carb′).

Eu2(tph)3(H2O)4(I) : for Eu2C24H20O16 (M = 868) anal.
calcd. (%): C, 33.2; H, 2.3. Found (%): C, 30.7; H, 2.5.

IR spectrum, cm−1 : 3200–3600 (ν(O–H)), 3065 (ν(C–
H)), 2982 (ν(C–H)), 2900 (ν(C–H)), 1590 (δ(C–C)), 1541
(νas. (COO)), 1505, 1410, 1420.

Tb2(tph)3(H2O)4(II): for Tb2C24H20O16 (M = 882) anal.
calcd. (%): C, 32.7; H, 2.4. Found (%): C, 32.7; H, 2.6.

Raman spectrum, cm−1: 3067 (C–H), 1612 s. (C–C
arom.), 1529 (COO−

as), 1456 s. (COO−
sym), 1310, 1145, 869 s.,

629.
IR spectrum, cm−1: 3200–3600 (ν(O–H)), 3063 (ν(C–

H)), 2983 (ν(C–H)), 2903 (ν(C–H)), 1587 (δ(C–C)), 1541
(νas.(COO)), 1504, 1402, 1424.

Eu2(nda)3(H2O)6(III): for Eu2C36H30O18 (M = 1054)
anal. calcd. (%): C, 40.8; H, 2.9. Found (%): C, 40.8; H, 2.8.

Raman spectrum, cm−1: 1632 (C–C arom.), 1487
(COO−), 1439 (COO−), 1394, 1122, 784, 523.

IR spectrum, cm−1: 3200–3600 (ν(O–H)), 3059 (ν(C–
H)), 2970 (ν(C–H)), 2913 (ν(C–H)), 1605 (δ(C–C)), 1540
(νas.(COO)), 1490, 1409, 1358.

Gd2(nda)3(H2O)6: for Gd2C36H30O18 (M = 1064) anal.
calcd. (%): C, 40.0; H, 2.8. Found (%): C, 40.8; H, 2.8.

IR spectrum, cm−1: 3200–3600 (ν(O–H)), 3060 (ν(C–
H)), 2973 (ν(C–H)), 2910 (ν(C–H)), 1607 (δ(C–C)), 1544
(νas.(COO)), 1493, 1410, 1353.

Tb2(nda)3(H2O)6(IV) : for Tb2C36H30O18 (M = 1068)
anal. calcd. (%): C, 39.1; H, 2.8. Found (%): C, 40.5; H, 2.9.

IR spectrum, cm−1: 3200–3600 (ν(O–H)), 3073 (ν(C–
H)), 2887 (ν(C–H)), 2829 (ν(C–H)), 1602 (δ(C–C)), 1544
(νas.(COO)), 1490, 1410, 1360.

4.2. Gas Phase Reaction of Ln(dpm)3 and H2Carb′ (H2Carb′=
H2tph, H2nda; Ln = Eu, Tb). The gas phase reaction of
Ln(dpm)3 with appropriate H2Carb′ was carried out under
reduced pressure (0.01 mm Hg) in a horizontal glass reactor
with two temperature zones (T1 and T2) (Figure 1). The
unreacted volatile reactants were collected in the zone
maintained at room temperature. The nonvolatile reaction

products condensed in the reactor zone with the temperature
T2.

The time of experiments was 60 min. The values of
temperatures of the reaction zones and masses of the reagents
are summarized in Table 1.
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This paper describes the synthesis of new electron-transporting styrene monomers and their corresponding polystyrenes all with
a 2,4,6-triphenyl-1,3,5-triazine basic structure in the side group. The monomers differ in the alkyl substitution and in the meta-/
paralinkage of the triazine to the polymer backbone. The thermal and spectroscopic properties of the new electron-transporting
polymers are discussed in regard to their chemical structures. Phosphorescent OLEDs were prepared using the obtained electron-
transporting polymers as the emissive layer material in blend systems together with a green iridium-based emitter 13 and a small
molecule as an additional cohost with wideband gap characteristics (CoH-001). The performance of the OLEDs was characterized
and discussed in regard to the chemical structure of the new electron-transporting polymers.

1. Introduction

In 1990, when Burroughes et al. published first results
on light-emitting diodes based on fluorescent conjugated
polymers, these materials achieved more and more interest
not only in science but also in technical application in
displays and lighting [1]. From this time onwards, the
development of full color flat panel displays was a main
focus in research and development. Those displays would
gain many advantages such as a wide viewing angle, high
brightness and processing on flexible substrates. This is due
to the ability of easy solution processing for large areas
via different printing techniques like ink-jet printing [2]
or roll-to-roll [3] procedures. During the past ten years,
research activities have been more and more focused on
phosphorescent systems. One reason for this is their lower
power consumption [4]. Higher quantum efficiencies can
be obtained in a light-emitting diode using phosphores-
cent transition metal complexes containing organic ligands
instead of singlet-emitting materials [5]. Some transition

metal complexes, particularly iridium-(III) complexes, show
very short triplet excited state lifetimes due to high radiative
decay rates. Up to 100% internal quantum efficiencies of
these phosphorescent emitters are possible in adapted host
systems [6].

Solution-processable phosphorescent materials can be
broken down into two categories—solution based small
molecules and polymers. Both material approaches consist
of a transition metal complex acting as an efficient emitter
and of a charge transport host responsible for an efficient
hole and electron transport to the emitter. Suzuki et al. [7]
introduced polystyrene as nonconjugated polymer backbone
carrying the emitter and the host units as covalent attached
side groups. As it is known polystyrene is an optically and
electrically stable backbone. Due to this fact, polystyrene can
be used as the polymer main chain while substitutions of
several active side groups can be investigated.

Following this idea, we recently introduced some novel
hole- and electron-transporting units as side groups of a
polystyrene backbone and tested them in phosphorescent
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devices [8–10]. To improve and to adapt the electron
transport in phosphorescent systems for small-molecule-
based OLEDs tris-(8-hydroxyquinoline) aluminum (AlQ3) is
a very commonly used electron transporting material. First
reports using this material were published about 25 years
ago [11]. During the past five years, research is looking for
alternative electron-transporting materials. Chen et al. and
Inomata et al. studied 1,3,5-triazine-core structures and their
behavior in OLEDs. They used different substituted 1,3,5-
triazine core structures as small molecules in OLEDs [12, 13].
Klenkler et al. recently published a triazine-based structure
which shows high electron mobility resulting in OLEDs with
a lower driving voltage and higher efficiency [14]. Behl and
Zentel [15] studied first p-vinyl-substituted 2,4,6-tripheny-
1,3,5-triazine monomers, their polymerization, and the
OLED performance using the obtained polymers as electron-
transporting matrices.

In this paper, we now introduce several new electron-
transporting units all based on a central 2,4,6-triphenyl-
1,3,5-triazine unit. According to Chen et al. and Inomata
et al. [12, 13], who studied 1,3,5-triazine-core structures
as small molecules, we decided to combine the idea of
those groups to the studies done by Suzuki et al. [7]
using polystyrene as a nonconjugated polymer backbone.
Besides analyzing a simple nonsubstituted 1,3,5-triazine
core polymer, we wanted to get more information about
OLED performance for substituted polymers. As substitu-
tion pattern we chose several small alkyl substituents and
compared their properties with their nonsubstituted ana-
logues in OLEDs. Therefore, several new styryl derivatives
with different dialkyl substituents to the triazine core were
synthesized and polymerized. The polymers were charac-
terized with UV-Vis- and fluorescence spectroscopy and
with DSC. Cyclovoltammograms of their monomers were
discussed to describe the energy levels of their corresponding
polymers. The influence of different 2,4,6-substitutions of
the triazine core structures for the OLED performance was
studied by using them as electron-transporting components.
Therefore, blends of the new triazine containing polystyrenes
with an iridium-tris-2-phenylpyridine derivative 13 as phos-
phorescent green emitter and a small molecule CoH-001
(from Merck) as an additional cohost with wideband gap
characteristics were prepared. From the blends, OLEDs were
built up, and the results are compared in regard to brightness,
electroluminescence, and efficiency.

2. Experimental

2.1. Synthesis and Methods. All chemicals were obtained
from Merck KGaA, Fluka or Sigma Aldrich and were
used without further purification. All synthesis steps were
carried out under argon atmosphere, and dry solvents were
used which were stored over a molecular sieve. Silica gel
(60 Merck) was used for column chromatography. The
polymerizations were carried out in a glove box under argon
atmosphere, and tetrahydrofuran (freshly distilled) was used.
OLED device preparation was carried out in a glove box.

2.1.1. High Resolution with TMS as Standard NMR Spectra.
1H-NMR and 13C-NMR spectra of the synthesized inter-
mediates, monomers, and polymers were measured with a
UNITY INOVA 500 Spectrometer from Varian. As solvents,
deuterated chloroform or tetrahydrofuran was used.

Elemental analyses were obtained by using a Thermo
Scientific FlashEA 1112 CHNS/O Automatic Elemental Anal-
yser.

2.1.2. Gel Permeation Chromatography. To determine the
molecular weights and their distribution of the synthesized
polymers, a combined system consisting of a water HPLC
pump 515, autosampler 717 plus, dual λ absorption detector
2487, and a refraction index detector 2414 was used.
The polymers were measured in tetrahydrofuran at room
temperature. A precolumn and three columns from Waters
(7,8 mm × 300 mm; Styragel HR3, HR4, HR5) filled with
a copolymer of styrene and divinylbenzene 5 μm and PS
standards from Polymer Laboratories were used. Polymer
solutions of 2 mg/L in tetrahydrofuran were used which were
stirred at room temperature for 24 hours before they were
filtered through a syringe filter (1 μm) and measured.

Thermal analysis was obtained by using a Netzsch DSC
204 system with a scan rate of 10 K/min. About 5 mg of the
polymer was weighed in a 40 μL aluminum pan.

2.1.3. UV/VIS Spectroscopy. The synthesized polymers were
measured as a film on silica glass. The films were prepared
from chloroform solution (7,5 mg/mL) by spin coating. For
the measurement, a Carry 5000 UV/VIS Spectrometer of
Perkin-Elmer was used.

2.1.4. Photoluminescence Spectroscopy. The same films that
were used for UV-Vis measurements were measured at a
Perkin-Elmer LS50B to determine photoluminescence. The
excitation wavelength was 300 nm.

2.1.5. Cyclovoltammetry. Cyclic voltammetry was performed
using a PG310 USB (HEKA Elektronik) potentiostat inter-
faced to a PC with PotMaster v2x43 (HEKA Elektronik)
software for data evaluation. A three-electrode configuration
contained in a nondivided cell consisting of a platinum
disc (d = 1 mm) as working electrode, a platinum plate
as counter-electrode, and a saturated calomel electrode
(SCE) with an agar-agar-plug in a Luggin capillary with a
diaphragm as reference electrode was used. Measurements
were carried out in N,N-dimethylformamide (anhydrous,
SIGMA-ALDRICH) containing 0.1 M Bu4NPF6 (FLUKA)
using a scan rate of dE/dt = 1 V s−1. The data is given in
reference to the ferrocene redox couple (Fc/Fc+) which was
used as external standard.

2.1.6. OLED Preparation. For the OLED preparation, ITO-
coated glass substrates were used which were obtained
from Optrex Europe GmbH (sheet resistance 20 Ohm/�;
luminance area = 4 mm2). Before preparation, the ITO-
glass substrates were cleaned via ultrasonic bath. The
first hole injection layer was applied by spin-coating
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a water-based dispersion of polyethylenedioxythiophene/
polystyrene sulfonic acid (Clevios CH8000; Heraeus Holding
GmbH). The layer was dried at 130◦C for five minutes. As
a hole-transporting layer, Interlayer 1 (Merck KGaA) was
coated on the substrate. This is followed by a spin-coating
process of the emitting polymer blend which was dissolved in
toluene for 24 hours and filtered through a syringe filter with
pore size of 0,2 μm before preparation. The blend consists
of emitter 13, the wideband gap small molecule CoH-
001 and the electron-transporting polymer 9a/b–12a/b. The
wideband gap small molecule and the electron-transporting
polymer 9a/b–12a/b were added with 41,7 wt% while the
emitter 13 was added with 16,7 wt%.

After the spin-coating process, another drying process
was done at 110◦C for 10 minutes to completely remove
the solvent. The cathode (5 nm Ba and 150 nm Al) was
deposited by a thermal evaporation process under high
vacuum. The preparation was done in a glove box under
nitrogen. For OLED characterization, luminance-voltage
plots, efficiency-voltage plots, and electroluminescence spec-
tra were measured with a Konica Minolta Camera CS2000.
The electroluminescence was measured with a Diode-Array
Spectrometer EPP 2000 from Stella Net. Inc.

2.1.7. Monomer Synthesis

2-(3-Bromo-Phenyl)-4,6-Diphenyl-[1,3,5]-Triazine (3a, R1 =
H). 60,59 g (0,454 mol) aluminium trichloride was ex-
hibited. After the addition of 9,9 mL (0,136 mol) thionylchlo-
ride, 60 mL (0,454 mol) 3-bromobenzoylchloride, and
98,4 mL benzonitrile, the chemicals were dissolved in
800 mL 1,2-dichlorobenzene. The mixture was stirred
for 20 hours at 100◦C. After 1 hour, 48,61 g (0,909 mol)
ammonium chloride was added to the reaction. After cooling
to room temperature, the reaction mixture was poured into
3 L methanol and stirred for 45 minutes. The solid product
was filtered and washed with hot ethanol. After drying under
reduced pressure at 60◦C 36,69 g (20% yield), a solid white
product was obtained.

1H-NMR (500 MHz, THF-d8, δ): 8,93 (s, 1H, aromatic);
8,80 (d, 5H, aromatic, J = 6,83); 7,80 (d, 1H, aromatic, J
= 7,08); 7,59 (m, 6H, aromatic); 7,53 (t, 1H, aromatic, J =
8,06).

2,4-Diphenyl-6-(4′-Vinyl-Biphenyl-3-yl)-[1,3,5]-Triazine (5a).
1,16 g (0,003 mol) (3a), 0,74 g (0,005 mol) 4-vinylphenyl-
boronic acid (4) and 0,02 g (0,02 mmol) tetrakis(triph-
enylphosphine)palladium(0) were dissolved in 45 mL THF,
and after the addition of 30 mL 1 M sodium carbonate
solution, the mixture was stirred for 24 hours at reflux. After
cooling to room temperature, the mixture was filtered over
celite, and diluted with ethyl acetate. The mixture was washed
with water three times, and the solvent of the organic layers
was removed under reduced pressure. A recrystallisation in
chloroform/ethanol (1 : 2) yielded 0,75 g (61%) of the pure
product.

1H-NMR (500 MHz, CDCl3, δ): 9,01 (s, 1H, aromatic);
8,78 (m, 5H, aromatic); 7,85 (d, 1H, aromatic, J = 8,30);

7,73 (d, 2H, aromatic, J = 6,34); 7,63 (m, 9H, aromatic);
6,80 (dd, 1H, CH2=CHAr, J = 10,99, J = 17,58); 5,85 (d, 1H,
CH2=CHAr trans, J = 17,58); 5,32 (d, 1H, CH2=CHAr cis, J
= 10,99).

13C-NMR (125 MHz, CD2Cl3, δ): 171,65 (2, –C=N–);
171,5 (1, –C=N–); 141,2 (1, C4); 140,2 (1, C4); 137,0 (1,
C4); 136,8 (1, C4); 136,4 (1, =CH2); 136,2 (1, C4); 132,5 (2,
=CH–); 131,0 (1, =CH–); 129,1 (1, =CH–); 129,0 (4, =CH–);
128,7 (4, =CH–); 127,9 (1, =CH–); 127,4 (3, =CH–); 126,8
(2, =CH–); 114,1 (1, CH2).

Elemental Analysis. calcd. for C29H21N3 (MW 411,51 g
mole−1): C: 84,65; H: 5,14; N: 10,21; found: C: 85,38; H: 5,16;
N: 10,18.

2-(3-Bromo-Phenyl)-4,6-Bis-(4-Tert-Butyl-Phenyl)-[1,3,5]-Tri-
azine (3a, R1 = Tert.-Butyl). 1,67 g (0,013 mol) aluminium
trichloride was exhibited. After the addition of 5,3 mL
(0,0314 mol) 4-tert-butylbenzonitrile, 1,7 mL (0,0126 mol)
3-bromobenzoylchloride, and 0,3 mL (0,0038 mol) thionyl-
chloride, the chemicals were dissolved in 25 mL 1,2-dichlo-
robenzene. The mixture was stirred for 20 hours at 100◦C.
After 1 hour, 1,3 g (0,025 mol) ammonium chloride was
added to the reaction.

After cooling to room temperature, the reaction mixture
was poured into 100 mL methanol and stirred for 45 minutes.
The solid product was filtered and washed with hot ethanol.
After drying under reduced pressure at 60◦C, we yielded
2,98 g (48%) of a solid white product.

1H-NMR (500 MHz, CDCl3, δ): 8,88 (s, 1H, aromatic);
8,67 (m, 5H, aromatic); 7,72 (d, 1H, aromatic, J = 8,05); 7,60
(d, 4H, aromatic, J = 8,55); 7,44 (t, 1H, aromatic, J = 8,05);
1,41 (s, 18H, CH3=CHAr, J = 18,0).

2,4-Bis-(4-Tert-Butyl-Phenyl)-6-(4′-Vinyl-Biphenyl-3-yl)-[1,3,5]-
Triazine (8a). 2,0 g (0,004 mol) (3a, R1 = Tert.-Butyl),
0,89 g (0,006 mol) 4-vinylphenylboronic acid (4) and 0,05 g
(0,04 mmol) tetrakis(triphenylphosphine)palladium(0) were
dissolved in 54 mL THF, and after the addition of 26 mL
1 M sodium carbonate solution, the mixture was stirred for
24 hours at reflux. After cooling to room temperature, the
mixture was filtered over celite, and ethyl acetate was added.
The mixture was washed with water three times, and the
solvent of the organic layers was removed under reduced
pressure. A recrystallisation in chloroform/ethanol (1 : 2)
yielded 0,85 g (41%) of the pure product.

1H-NMR (500 MHz, CDCl3, δ): 9,00 (s, 1H, aromatic);
8,74 (d, 1H, aromatic, J = 6,59); 8,70 (d, 4H, aromatic, J =
4,88); 7,83 (d, 1H, aromatic, J = 7,56); 7,72 (d, 2H, aromatic,
J = 7,80); 7,61 (m, 7H, aromatic); 6,80 (dd, 1H, CH2=CHAr,
J = 10,98, 17,58); 5,84 (d, 1H, CH2=CHAr, trans, J = 17,58);
5,31 (d, 1H, CH2=CHAr, cis, J = 10,98).

13C-NMR (125 MHz, CD2Cl3, δ): 171,5 (2, –C=N–);
171,3 (1, –C=N–); 156,0 (2, C4); 141,1 (1, C4); 140,2 (1, C4);
137,0 (1, C4); 136,9 (1, CH2); 136,4 (1, =CH2); 133,6 (2, C4);
130,8 (1, =CH–); 129,1 (1, =CH–); 128,8 (4, =CH–); 127,8 (1,
=CH–); 127,4 (3, =CH–); 126,8 (2, =CH–); 125,6 (4, =CH–);
114,1 (1, –CH2); 35,1 (2, –C–CH3); 31,2 (6, –CH3).



4 Advances in Materials Science and Engineering

Elemental Analysis. calcd. for C37H37N3 (MW 523,73 g
mole−1): C: 84,86; H: 7,12 N: 8,02; found: C: 84,94; H: 7,34;
N: 8,02.

2-(3-Bromo-Phenyl)-4,6-Bis-(4-Ethyl-Phenyl)-[1,3,5]-Triazine
(3a, R1 = Ethyl). 1,21 g (0,018 mol) aluminium trichloride
was exhibited. After the addition of 2,6 mL (0,038 mol)
4-ethylbenzonitrile, 1,2 mL (0,018 mol) 3-bromobenzoyl-
chloride, and 0,2 mL (0,0054 mol) thionylchloride, the
chemicals were dissolved in 40 mL 1,2-dichlorobenzene. The
mixture was stirred for 20 hours at 100◦C. After 1 hour,
0,79 g (0,036 mol) ammonium chloride was added to the
reaction. After cooling to room temperature, the reaction
mixture was poured into 10 mL methanol and stirred for 45
minutes. The solid product was filtered and washed with hot
ethanol. After drying under reduced pressure at 60◦C, we
yielded 1,79 g (45%) of a solid white product.

1H-NMR (500 MHz, CDCl3, δ): 8,88 (s, 1H, aromatic);
8,69 (d, 1H, aromatic, J = 7,82); 8,66 (d, 4H, aromatic, J =
5,13); 7,72 (d, 1H, aromatic, J = 7,81); 7,44 (t, 1H, aromatic);
7,41 (d, 4H, aromatic, J = 8,06); 2,78 (q, 4H, CH2=CH3, J =
7,57); 1,32 (t, 6H, CH3=CH2).

2,4-Bis-(4-Ethyl-Phenyl)-6-(4′-Vinyl-Biphenyl-3-yl)-[1,3,5]-
Triazine (7a). 1,7 g (0,0038 mol) (3a, R1 = Ethyl), 0,94 g
(0,0064 mol) 4-vinylphenylboronic acid (4) and 0,04 g
(0,026 mmol) tetrakis(triphenylphosphine)palladium(0)
were dissolved in 65 mL THF, and after the addition of 38 mL
1 M sodium carbonate solution, the mixture was stirred for
24 hours at reflux. After cooling to room temperature, the
mixture was filtered over celite, and ethyl acetate was added.
The mixture was washed with water three times, and the
solvent of the organic layers was removed under reduced
pressure. A recrystallisation in chloroform/ethanol (1 : 2)
and a column chromatography in hexane/toluene (4 : 1)
yielded 0,52 g (29%) of the pure product.

1H-NMR (500 MHz, CDCl3, δ): 8,98 (s, 1H, aromatic);
8,74 (d, 1H, aromatic, J = 7,80); 8,69 (d, 1H, aromatic, J =
6,59); 7,82 (d, 1H, aromatic, J = 6,35); 7,72 (d, 2H, aromatic,
J = 6,59); 7,63 (t, 1H, aromatic, J = 7,57); 7,57 (d, 2H,
aromatic, J = 8,30); 7,40 (d, 4H, aromatic, J = 8,06); 6,79
(dd, 1H, CH2=CHAr, J = 10,98, J = 17,57); 5,84 (d, 1H,
CH2=CHAr, trans, J = 17,57); 5,31 (d, 1H, CH2=CHAr, cis,
J = 10,98); 2,78 (q, 2H, CH2, J = 7,65); 1,32 (t, 3H, CH3, J =
7,57).

13C-NMR (125 MHz, CD2Cl3, δ): 171,5 (2, –C=N–);
171,3 (1, –C=N–); 149,3 (2, C4); 141,1 (1, C4); 140,2 (1, C4);
137,0 (1, C4); 136,9 (1, CH2); 136,4 (1, =CH2); 133,8 (2, C4);
130,8 (1, =CH–); 129,1 (4, =CH–); 129,0 (1, =CH–); 128,2 (4,
=CH–); 127,8 (1, =CH–); 127,4 (2, =CH–); 127,4 (2, =CH–);
126,7 (1, =CH–); 114,1 (1, –CH2); 29,0 (2, –CH2–); 15,4 (2,
–CH3).

Elemental Analysis. calcd. for C33H29N3 (MW 467,62 g
mole−1): C: 84,76; H: 6,25 N: 8,99; found: C: 84,36; H: 6,16;
N: 8,91.

2-(3-Bromo-Phenyl)-4,6-di-p-Tolyl-[1,3,5]-Triazine (3a, R1 =
Methyl). 1,63 g (0,012 mol) aluminium trichloride and 3,0 g
(0,026 mol) p-tolunitrile were exhibited. After the addition
of 1,6 mL (0,012 mol) 3-bromobenzoylchloride and 0,3 mL
(0,0037 mol) thionylchloride, the chemicals were dissolved
in 100 mL 1,2-dichlorobenzene. The mixture was stirred
for 20 hours at 140◦C. After 1 hour, 1,31 g (0,0244 mol)
ammonium chloride was added to the reaction. After cooling
to room temperature, the solvent was completely removed,
and the product was isolated by column chromatography in
hexane/toluene (8 : 1), which yielded 1,23 g (24%) of a solid
white product.

1H-NMR (500 MHz, CDCl3, δ): 8,87 (s, 1H, aromatic);
8,69 (d, 1H, aromatic, J = 7,81); 8,64 (d, 4H, aromatic, J =
6,59); 7,72 (d, 1H, aromatic, J = 8,79); 7,44 (t, 1H, aromatic,
J = 7,81); 7,37 (d, 4H, aromatic, J = 8,06).

2,4-Di-p-Tolyl-6-(4′-Vinyl-Biphenyl-3-yl)-[1,3,5]-Triazine (6a).
1,0 g (0,0025 mol) (3a, R1 = Methyl), 0,55 g (0,0037 mol)
4-vinylphenylboronic (4) acid and 0,02 g (0,017 mmol)
tetrakis(triphenylphosphine)palladium(0) were dissolved in
50 mL THF, and after the addition of 25 mL 1 M sodium
carbonate solution, the mixture was stirred for 24 hours
at reflux. After cooling to room temperature, the mixture
was filtered over celite, and ethyl acetate was added. The
mixture was washed with water three times, and the solvent
of the organic layers was removed under reduced pressure.
Column chromatography with hexane/toluene (4 : 1) gave
0,73 g (67%) of the pure white powder product.

1H-NMR (500 MHz, CDCl3, δ): 9,04 (s, 1H, aromatic);
8,76 (d, 1H, aromatic, J = 7,81); 8,70 (d, 4H, aromatic, J =
8,30); 7,89 (d, 1H, aromatic, J = 8,30); 7,75 (d, 2H, aromatic,
J = 6,59); 7,65 (t, 1H, aromatic, J = 7,81); 7,58 (d, 2H,
aromatic, J = 8,31); 7,39 (d, 4H, aromatic, J = 8,06); 6,79
(dd, 1H, CH2=CHAr, J = 10,98, J = 17,82); 5,86 (d, 1H,
CH2=CHAr, trans, J = 17,82); 5,26 (d, 1H, CH2=CHAr, cis,
J = 10,98); 2,46 (s, 6H, CH2=CH3).

Elemental Analysis. calcd. for C31H25N3 (MW 439,57 g
mole−1): C: 84,71; H: 5,73 N: 9,56; found: C: 84,72; H: 5,87;
N: 9,32.

2-(4-Bromo-Phenyl)-4,6-Diphenyl-[1,3,5]-Triazine (3b).
60,59 g (0,454 mol) aluminium trichloride was exhibited.
After the addition of 9,9 mL (0,136 mol) thionylchloride,
60 mL (0,454 mol) 3-bromobenzoylchloride and 98,4 mL
benzonitrile, the chemicals were dissolved in 800 mL 1,2-
dichlorobenzene. The mixture was stirred for 20 hours
at 100◦C. After 1 hour, 48,61 g (0,909 mol) ammonium
chloride was added to the reaction. After cooling to room
temperature, the reaction mixture was poured into 3 L
methanol and stirred for 45 minutes. The solid product was
filtered and washed with hot ethanol. After drying under
reduced pressure at 60◦C, we yielded 36,69 g (20%) of a solid
white product.

1H-NMR (500 MHz, CDCl3, δ): 8,77 (d, 4H, aromatic,
J = 6,84); 8,65 (d, 2H, aromatic, J = 8,06); 7,71 (d, 2H,
aromatic, J = 8,78); 7,60 (m, 6H, aromatic).
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2,4-Diphenyl-6-(4′-Vinyl-Biphenyl-4-yl)-[1,3,5]-Triazine (5b).
1,16 g (0,003 mol) (3b), 0,74 g (0,005 mol) 4-vinyl-
phenylboronic acid (4) and 0,02 g (0,02 mmol) tetrakis
(triphenylphosphine)palladium(0) were dissolved in 45 mL
THF, and after the addition of 30 mL 1 M sodium carbonate
solution, the mixture was stirred for 24 hours at reflux. After
cooling to room temperature, the mixture was filtered over
celite, and ethyl acetate was added. The mixture was washed
with water three times, and the solvent of the organic layers
was removed under reduced pressure. A recrystallisation in
chloroform/ethanol (1 : 2) yielded 0,75 g (61%) of the pure
product.

1H-NMR (500 MHz, CDCl3, δ): 8,85 (d, 2H, aromatic,
J = 8,54); 8,80 (d, 4H, aromatic, J = 4,89); 7,82 (d, 2H,
aromatic, J = 8,44); 7,69 (d, 2H, aromatic, J = 8,30); 7,61
(m, 6H, aromatic); 7,55 (d, 2H, aromatic, J = 8,30); 6,78 (dd,
1H, CH2=CHAr, J = 10,98, 17,58); 5,69 (d, 1H, CH2=CHAr,
trans, J = 17,58); 5,32 (d, 1H, CH2=CHAr, cis, J = 10,98).

13C-NMR (125 MHz, CD2Cl3, δ): 171,6 (2, –C=N–);
171,3 (1, –C=N–); 144,6 (1, C4); 139,6 (1, C4); 137,3 (1,
C4); 136,3 (1, =CH2); 136,3 (2, C4); 135,2 (1, C4); 132,5 (2,
=CH2); 129,5 (2, =CH–); 129,0 (4, =CH–); 128,6 (4, =CH–);
127,4 (2, =CH–); 127,1 (2, =CH–); 126,8 (2, =CH–); 114,1
(1, CH2).

Elemental Analysis. calcd. for C29H21N3 (MW 411,51 g
mole−1): C: 84,65; H: 5,14 N: 10,21; found: C: 84,56; H: 5,16;
N: 9,84.

2-(4-Bromo-Phenyl)-4,6-Bis-(4-Tert-Butyl-Phenyl)-[1,3,5]-Tri-
azine (3b, R1 = Tert.-Butyl). 1,67 g (0,013 mol) aluminium
trichloride, 5,0 g (0,031 mol) 4-tert-butylbenzonitrile, 2,76 g
(0,126 mol) 4-bromobenzoylchloride were exhibited. After
the addition of 0,3 mL (0,0038 mol) thionylchloride, the
chemicals were dissolved in 25 mL 1,2-dichlorobenzene. The
mixture was stirred for 20 hours at 100◦C. After 1 hour,
1,34 g (0,025 mol) ammonium chloride was added to the
reaction. After cooling to room temperature, the reaction
mixture was poured into 500 mL methanol and stirred for
45 minutes. The solid product was filtered and dried under
reduced pressure at 60◦C. The white product powder yielded
3,10 g (21%).

1H-NMR (500 MHz, THF-d8, δ): 8,64 (m, 4H, aromatic);
7,68 (d, 2H, aromatic, J = 8,54); 7,58 (d, 4H, aromatic, J =
8,55); 1,40 (s, 18H, (CH3)2).

2,4-Bis-(4-Tert-Butyl-Phenyl)-6-(4′-Vinyl-Biphenyl-4-yl)-[1,3,5]-
Triazine (8b). 2,0 g (0,004 mol) (3b, R1 = Tert.-Butyl),
0,89 g (0,006 mol) 4-vinylphenylboronic acid (4) and 0,05 g
(0,04 mmol) tetrakis(triphenylphosphine)palladium(0) were
dissolved in 54 mL THF, and after the addition of 26 mL
1 M sodium carbonate solution, the mixture was stirred for
24 hours at reflux. After cooling to room temperature, the
mixture was filtered over celite, and ethyl acetate was added.
The mixture was washed with water three times, and the
solvent of the organic layers was removed under reduced
pressure. A recrystallisation in chloroform/ethyl acetate
yielded 1,60 g (76%) of the pure product.

1H-NMR (500 MHz, CDCl3, δ): 8,82 (d, 2H, aromatic,
J = 8,30); 8,69 (d, 4H, aromatic, J = 8,31); 7,79 (d, 2H,
aromatic, J = 8,30); 7,67 (d, 2H, aromatic, J = 8,30); 7,60 (d,
4H, aromatic, J = 8,30); 6,78 (dd, 1H, CH2=CHAr, J = 10,98,
17,58); 5,83 (d, 1H, CH2=CHAr, trans, J = 17,58); 5,31 (d,
1H, CH2=CHAr, cis, J = 10,99).

13C-NMR (125 Mhz, CDCl3, δ): 171,5 (2, –C=N–); 171,1
(1, –C=N–); 156,0 (2, C4); 144,4 (1, C4); 139,8 (1, C4); 137,3
(1, C4); 136,3 (1, CH2); 135,4 (1, C4); 133,7 (2, C4); 129,4 (2,
=CH–); 128,8 (4, =CH–); 127,4 (2, =CH–); 127,0 (2, =CH–);
126,8 (2, =CH–); 125,6 (4, =CH–); 114,3 (1, =CH2); 35,1 (2,
–C–CH3); 31,2 (6, –CH3).

Elemental Analysis. calcd. for C37H37N3 (MW 523,73 g
mole−1): C: 84,86; H: 7,12 N: 8,02; found: C: 86,13; H: 7,34;
N: 7,38.

2-(4-Bromo-Phenyl)-4,6-di-p-Tolyl-[1,3,5]-Triazine (3b, R1 =
Methyl). 1,2 g (0,009 mol) aluminium trichloride, 1,99 g
(0,009 mol) 4-bromobenzoylchloride were exhibited. After
the addition of 2,3 mL (0,02 mol) p-tolunitrile and 0,2 mL
(0,0027 mol) thionylchloride, the chemicals were dissolved in
25 mL 1,2-dichlorobenzene. The mixture was stirred for 20
hours at 130◦C. After 1 hour, 0,97 g (0,018 mol) ammonium
chloride was added to the reaction. After cooling to room
temperature, the reaction mixture was poured into 20 mL
methanol and stirred for 45 minutes. The solid product was
filtered and dried under reduced pressure at 60◦C. The white
product powder yielded 1,10 g (29%).

1H-NMR (500 MHz, CDCl3, δ): 8,62 (m, 6H, aromatic);
7,69 (d, 2H, aromatic, J = 8,54); 7,37 (d, 4H, aromatic, J =
8,06); 2,48 (s, 6H, CH2=CH3).

2,4-Di-p-Tolyl-6-(4′-Vinyl-Biphenyl-4-yl)-[1,3,5]-Triazine (6b).
1,0 g (0,0024 mol) (3b, R1 = Methyl), 0,59 g (0,004 mol)
4-vinylphenylboronic acid (4) and 0,02 g (0,02 mmol)
tetrakis(triphenylphosphine)palladium(0) were dissolved in
50 mL THF, and after the addition of 24 mL 1 M sodium
carbonate solution, the mixture was stirred for 24 hours
at reflux. After cooling to room temperature, the mixture
was filtered over celite, and ethyl acetate was added. The
mixture was washed with water three times, and the solvent
of the organic layers was removed under reduced pressure.
A column chromatography in hexane/toluene (8 : 1) yielded
0,41 g (39%) of the pure white product.

1H-NMR (500 MHz, CDCl3, δ): 8,83 (d, 2H, aromatic,
J = 8,54); 8,68 (d, 4H, aromatic, J = 8,06); 7,81 (d, 2H,
aromatic, J = 8,30); 7,69 (d, 2H, aromatic, J = 8,05); 7,55
(d, 2H, aromatic, J = 8,30), 7,38 (d, 4H, aromatic, J = 8,06);
6,78 (dd, 1H, CH2=CHAr, J = 10,98, 17,58); 5,84 (d, 1H,
CH2=CHAr, trans, J = 17,58); 5,32 (d, 1H, CH2=CHAr, cis,
J = 10,99); 2,49 (s, 6H, CH2=CH3).

13C-NMR (125 MHz, CD2Cl3, δ): 171,5 (2, –C=N–);
171,1 (1, –C=N–); 144,4 (1, C4); 143,0 (2, C4); 139,7 (1, C4);
137,3 (1, C4); 136,3 (1, =CH2); 135,4 (1, C4); 133,7 (2, C4);
129,4 (2, =CH–); 129,4 (4, =CH–); 128,9 (4, =CH–); 127,4 (2,
=CH–); 127,0 (2, =CH–); 126,8 (2, =CH–); 114,3 (1, –CH2);
21,8 (2, –CH3).
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Elemental Analysis. calcd. for C31H25N3 (MW 439,57 g
mole−1): C: 84,71; H: 5,73 N: 9,56; found: C: 85,10; H: 5,84;
N: 9,48.

2-(4-Bromo-Phenyl)-4,6-Bis-(4-Ethyl-Phenyl)-[1,3,5]-Triazine
(3b, R1 = Ethyl). 1,2 g (0,009 mol) aluminium trichloride
and 1,99 g (0,009 mol) 4-bromobenzoylchloride were
exhibited. After the addition of 2,3 mL (0,02 mol) 4-
ethylbenzonitrile and 0,2 mL (0,0027 mol) thionylchloride,
the chemicals were dissolved in 40 mL 1,2-dichlorobenzene.
The mixture was stirred for 20 hours at 130◦C. After 1 hour,
0,97 g (0,018 mol) ammonium chloride was added to the
reaction. After cooling to room temperature, the reaction
mixture was poured into 20 mL methanol and stirred for
45 minutes. The solid product was filtered, washed with
hot ethanol and dried under reduced pressure at 60◦C. The
white product powder yielded 0,87 g (22%).

1H-NMR (500 MHz, CDCl3, δ): 8,65 (m, 6H, aromatic);
7,70 (d, 2H, aromatic, J = 8,79); 7,40 (d, 4H, aromatic,
J = 8,55); 2,78 (q, 4H, CH2=CH3, J = 7,56); 1,32 (t, 6H,
CH3=CH2, J = 7,56).

2,4-Bis-(4-Ethyl-Phenyl)-6-(4′-Vinyl-Biphenyl-4-yl)-[1,3,5]-
Triazine (7b). 0,8 g (0,0018 mol) (3b, R1 = Ethyl), 0,4 g
(0,0027 mol) 4-vinylphenylboronic acid (4) and 0,01 g
(0,012 mmol) tetrakis(triphenylphosphine)palladium(0)
were dissolved in 40 mL THF, and after the addition of 18 mL
1 M sodium carbonate solution, the mixture was stirred for
24 hours at reflux. After cooling to room temperature, the
mixture was filtered over celite, and ethyl acetate was added.
The mixture was washed with water three times, and the
solvent of the organic layers was removed under reduced
pressure. A column chromatography in hexane/toluene
(4 : 1) yielded 0,5 g (59%) of the pure white product.

1H-NMR (500 MHz, CDCl3, δ): 8,81 (d, 2H, aromatic,
J = 8,54); 8,69 (d, 4H, aromatic, J = 8,30); 7,78 (d, 2H,
aromatic, J = 8,30); 7,67 (d, 2H, aromatic, J = 8,05); 7,52
(d, 2H, aromatic, J = 8,30), 7,39 (d, 4H, aromatic, J = 8,06);
6,78 (dd, 1H, CH2=CHAr, J = 10,75, 17,58); 5,82 (d, 1H,
CH2=CHAr, trans, J = 17,58); 5,30 (d, 1H, CH2=CHAr, cis,
J = 10,74); 2,77 (q, 4H, CH2=CH3, J = 7,57); 1,31 (t, 6H, J =
7,81).

13C-NMR (125 MHz, CD2Cl3, δ): 171,4 (2, –C=N–);
171,0 (1, –C=N–); 149,2 (2, C4); 144,3 (1, C4); 139,7 (1, C4);
137,2 (1, C4); 136,3 (1, =CH2); 13,4 (1, C4); 133,9 (2, C4);
129,4 (2, =CH–); 129,0 (4, =CH–); 128,1 (4, =CH–); 127,3 (2,
=CH–); 127,0 (2, =CH–); 126,7 (2, =CH–); 114,3 (1, –CH2);
29,0 (2, –CH2–); 15,4 (2, –CH3).

Elemental Analysis. Calcd. for C33H29N3 (MW 467,26 g
mole−1): C: 84,76; H: 6,25 N: 8,99; found: C: 84,97; H: 6,54;
N: 8,85.

2.1.8. General Polymerization Procedure. The polymeriza-
tions were carried out in a glove box under an argon
atmosphere. For the free radical polymerization, N,N-
azobisisobutyronitrile in a concentration of 2 mol% was
used. The monomers and the initiator were dissolved in

R1 = H; methyl; ethyl; tert-butyl groups

N N

N

R1 R1

∗
∗

Figure 1: General structure of the electron-transporting poly-
styrenes 9a/b–12a/b with 2,4,6-triphenyl-1,3,5-triazine side groups
(a: meta; b: para).

freshly distilled tetrahydrofuran. The solution was stirred for
72 hours at 50◦C. For purification, the polymers 9a/b–12a/b
were diluted in THF, precipitated in methanol/diethyl ether
several times, and dried under reduced pressure at 60◦C.

3. Results and Discussion

3.1. Synthesis of Monomers and Polymers. As a general struc-
ture for the electron-transporting polymers 9a/b–12a/b, we
used a polystyrene with 2,4,6-triphenyl-1,3,5-triazine side
groups as it is shown in Figure 1.

The styryl group is linked to the 2,4,6-triphenyl-1,3,5-
triazine in two different ways—in meta- and paraposition.
Furthermore, the 4- and 6-phenyl rings are substituted
in paraposition by different alkyl groups R1 (H, methyl,
ethyl and tert.-butyl). The aim of this work is to study the
influence of these structure modifications on the solubility,
the film forming properties, thermal properties and on
OLED performance.

A typical phosphorescent green emitter 13 was used in
combination with a small molecule cohost CoH-001; both
were delivered from Merck KGaA, Darmstadt and used as
received.

In order to synthesise the triazine core structure shown
in Figure 1, we used the already known nitrile route, which is
described by Behl and Zentel [15]. A general scheme for the
nitrile route is shown in Figure 2.
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Figure 2: Nitrile route for building up the triazine core (a: 3-bromo-, b: 4-bromo-derivate).

The first step is the triazine formation which is done via
a nitrile group exchange catalyzed by aluminium trichloride.
The reactants are a bromosubstituted benzoic acid chloride
and a nitrile with the appropriate side groups. As benzoic
acid we used the 3-bromo (2a) and the 4-bromo derivative
(2b) in order to get the different linkage for the styryl
substitution in meta- or paraposition during the second step.
For the building of the triazine core, the yields are often
about 50% depending on the nitrile substituent used.

The second step is a Suzuki coupling of the triazine
bromide (3a/b) with 4-vinylphenylboronic acid (4). This
reaction step is shown in Figure 3. For this reaction, yields
of up to 80% were reached.

Table 1 shows the used nitriles and the yields for the two-
step monomer synthesis.

The polymerizations of the synthesized monomers were
done via a free radical mechanism with AIBN as initiator
under an inert atmosphere. The general polymer structure
is shown in Figure 1. The monomer was dissolved in freshly
distilled tetrahydrofuran (THF) and stirred at 60◦C for three
days. Afterwards, multiple precipitations in methanol/diethyl
ether were done to separate monomer residue, low molecular
fractions, and other impurities. After purification, the yields
were about 80%.

Table 2 shows the yields of the synthesized polymers to
the corresponding monomers from Table 1 as well as selected
analytical data for the polymers.

The molecular weights and their distribution of the
polymers were characterized by GPC measurement. DSC
measurements were performed to determine the thermal
behavior and the glass transition for which the data is listed
in Table 2. All polymers show a good solubility in toluene
and chlorinated solvents such as 1,2-dichlorobenzene. For
device preparation, it was possible to spin-coat good films
from toluene.

In regard to the analytical data, there is an influence on
the molecular weight and the glass transition temperature
depending on the inserted substituent.

The weight average molecular weight lies in the range
of 23 ∗ 103 and 100 ∗ 103 g/mol. The para tert.-butyl
substituted polymer (12b) shows with 100 ∗ 103 g/mol the
highest molecular weight, while the para methyl substituted
polymer (10b) shows with 23 ∗ 103 g/mol the lowest
molecular weight. The nonsubstituted structures both show
an average molecular weight around 65 ∗ 103 g/mol.

The methyl and ethyl substituted polymers 10a/b and
11a/b show a lower molecular weight while the tert.-butyl
substituted polymers 12a/b show a higher molecular weight
in comparison to the nonsubstituted structure 9a/b. This
effect can be explained by the inserted alkyl groups for the
polymers 10a/b and 11a/b. Methyl or ethyl groups can alloy
chain transfer with the benzyl hydrogens. Three mesomeric
structures that consist of a more or less stable state can be
built up. These resonance structures lower the molecular
weight. As for polymer 12a/b the tert.-butyl groups are
stiff enough and do not build up mesomeric structures and
therefore show a higher molecular weight.

For all polymers only glass transition temperatures (Tg)
were observed by DSC. No further thermal effects such as
melting or crystallization were seen. The results for the glass
transition temperature show a division between meta- and
paralinked polymers. The metalinked polymers have a lower
Tg than the paralinked polymers. This effect can be explained
by the stiffness of the different structures. The paralinked
polymers have the ability to pack in a more compact way
due to their side group while the packing of the metalinked
polymers is hindered because of their twisted structure
in regard to the polymer backbone. Behl and Zentel [15]
found quite similar results for their vinyl-substituted 2,4,6-
triphenyl-1,3,5-triazine polymers compared to our styryl-
substituted analogues. The ethyl substituted polymers (11a
and 11b) both show a lower Tg in comparison to the
nonsubstituted structure (9a and 9b). Those flexible groups
have the ability to twist within the structure and thus
lower the glass transition temperature. In contrast to that,
the tert.-butyl substituted polymers (12a and 12b) show
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Figure 3: Introduction of styryl functionality by Suzuki coupling (a: meta; b: para).

Table 1: Overview of the yields and inserted nitriles for the synthesized monomers.

Number Inserted nitrile Inserted benzoic acid chloride Overall yield (%)

5a CN 3-bromobenzoic acid chloride 61

5b CN 4-bromobenzoic acid chloride 26

6a CN 3-bromobenzoic acid chloride 57

6b CN 4-bromobenzoic acid chloride 67

7a CN 3-bromobenzoic acid chloride 29

7b CN 4-bromobenzoic acid chloride 59

8a CN 3-bromobenzoic acid chloride 41

8b CN 4-bromobenzoic acid chloride 55

an increase in Tg which can be explained by their more
compact structure. A second reason could be the increasing
molecular weight. For some polymers Tg still is dependent
on the polymerization degree. A polymerization degree up
to 50 is accepted for a correlation between Tg , and the
polymerization degree while above 50 the glass transition

temperature is independent from the polymerization degree
[16].

3.2. UV- and PL Spectra. Figures 4 and 5 show the UV-
Vis spectra of the obtained polymers. In the UV-Vis
spectra all polymers illustrate an absorption maximum
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Table 2: Analytical data of the synthesized polymers.

Inserted
monomer

Polymer
GPC (103 g/mol)

PDI
Glass transition
temperature (◦C)

Yield (%)
UV-Vis maxima

(nm)
PL maxima

(nm)Mw Mn

5a 9a 66,3 22,9 2,89 202 87 270 420

5b 9b 67,7 19,8 3,42 237 82 283 438

6a 10a 34,6 14,8 2,33 215 83 277 419

6b 10b 23,8 10,2 2,33 248 55 293 431

7a 11a 57,3 21,4 2,68 200 79 278 413

7b 11b 42,2 16,2 2,61 235 81 294 428

8a 12a 74,3 28,5 2,60 246 81 278 427

8b 12b 100,8 34,6 2,91 277 74 292 426
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Figure 4: UV-spectra of metasubstituted polymer films 9a–12a on
silica glass.

between 270 nm and 300 nm. The metalinked polymers 9a–
12a demonstrate absorption at about 275 nm while the
paralinked polymers 9b–12b indicate absorption at about
300 nm. The nonsubstituted metalinked polymer 9a shows
the lowest absorption maximum at 270 nm. The substituted
metalinked polymers 10a–12a present shifted absorption
maxima by about 7-8 nm. The nonsubstituted paralinked
polymer 9b exhibits an absorption maximum at 283 nm.
Substituted paralinked polymers 10b–12b show the furthest
shift to higher wavelength absorption (around 10 nm). This
bathochromic shift can be explained by the +I-effect of the
alkyl groups. For larger alkyl groups especially in the case of
paralinked polymers the +I-effect becomes stronger so that
the furthest wavelength shift can be seen for the tert.-butyl
substituted polymer 12b.

The nonsubstituted paralinked structure 9b and the tert.-
butyl paralinked structure 12b both show a shoulder at about
350 nm which could be explained by some aggregation effects
of the alkyl structure. None of these effects could be found in
the DSC measurements.

Figure 6 shows the photoluminescence spectra of the
metalinked polymers 9a–12a while Figure 7 shows the
photoluminescence spectra for the paralinked polymers 9b–
12b. For the photoluminescence spectra, the excitation wave-
length for all polymers was 300 nm. The emission maxima
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Figure 5: UV spectra of parasubstituted polymer films 9b–12b on
silica glass.
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Figure 6: PL spectra of metapolymer films 9a–12a on silica glass.
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Figure 7: PL spectra of parapolymer films 9b–12b on silica glass.

are seen between 420 nm and 440 nm. The paralinked substi-
tuted polymers 9b–12b show a higher emission wavelength
maximum than their metalinked analogues. The highest
difference between meta- and paralinked polymers of 18 nm
is found for the nonsubstituted polymers 9a and 9b. With
increasing alkyl substitution length these differences become
smaller. In the case of tert.-butyl substituted polymers 12a
and 12b there is no significant deflection anymore.

3.3. HOMO and LUMO Energy Levels. Table 3 shows an
overview of the reduction potentials as well as the resultant
LUMO energy levels. Since the oxidation potentials for the
synthesized polymers all lie above +2 V, in regard to their
expected HOMO levels that should lie below −6 eV, it was
not possible to determine their HOMO levels with the CV
equipment. Measurements in different solvents showed that
the standard electrolyte was becoming oxidized before an
oxidation of the polymer occurred. First, reduction behavior
of the new polymers was investigated by applying the
polymers as films on glass carbon electrodes. But in this
case the ground electrolyte was reduced before the polymer
or with the polymer, so that an exact determination of the
LUMO levels was not possible. Therefore, CV measurements
were carried out in dimethylformamide solutions with an
extended reduction window to higher voltages of about
+2.5 V. Because the polymers were not soluble in the used
solvent N,N-dimethylformamide for CV measurements,
their corresponding monomers were used instead. As Zeng
et al. showed CV measurements for tris-phenyl-s-triazine
finding a LUMO of −2,6 eV one can assume that the styryl
group does not affect the LUMO level [17]. According to this,
we estimated the monomer LUMO levels and equated them
with the polymer LUMO levels in first approximation.

Figures 8 and 9 show the 1e− transfer found in the
CV measurement. While Figure 8 shows the metalinked
monomers, Figure 9 shows the results for the paralinked

Table 3: LUMO energy levels and reduction potentials of corre-
sponding monomers 5a/b–8a/b.

Monomer Reduction peak potential1 (V) LUMO2 (eV)

5a −2,1 −2,7

5b −2,1 −2,7

6b −2,1 −2,7

7a −2,2 −2,6

7b −2,1 −2,7

8a −2,2 −2,6

8b −2,1 −2,7
1
Peak potential converted to [Fc/Fc+] by adding 0,522 V.

2LUMO layer determined for [Fc/Fc+] by adding +4,8 eV.
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Figure 8: Cyclovoltammograms of monomers 5a–8a with 1e−

transfer (reduction cycles).

monomers. Figures 8 and 9 show the first reduction peak
measured up to −2,0 V which is completely reversible.
The reduction potential for the metalinked monomers 5a–
8a is lower (about 0,05–0,07 V) than their corresponding
paralinked analogues 5b–8b. The reoxidation potential
shows a more pronounced difference between metalinked
monomers (at about −1,6 V) and paralinked (at about
−1,9 V) monomers. The LUMO values can be estimated
from the reduction peak potentials to around −2,6-−2,7 eV,
which should allow a quite efficient electron injection from
the barium cathode into the emissive layer.

The whole reduction with the 2e− transfer for the
metalinked monomers is shown in Figure 10 and for the
paralinked monomers in Figure 11. It is seen that the
second reduction step (at −2,4 V) is nonreversible for
the metalinked monomers 5a–8a. For these monomers a
degradation product peak is seen in the reoxidation at
about −0,5 V. In contrast to that the second reduction step
(at −2,1 V) is nearly reversible for the paralinked monomers
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Figure 9: Cyclovoltammograms of monomers 5b–8b with 1e−

transfer (reduction cycles).
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Figure 10: Cyclovoltammograms of monomers 5a–8a with 1e− and
2e− transfer (reduction cycles).

5b–8b. Summarizing, all monomers and, in first approxima-
tion, their corresponding polymers also exhibit a reversible
first reduction step at −2.1-−2,2 V. The second reduction
step is only reversible for the paralinked monomers, whereas
the metalinked monomers show nonreversibility during the
second reduction step.

3.4. OLED Design. Figure 12 shows the OLED stack used for
testing the new electron-transporting polymers 9a/b–12a/b.
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Figure 11: Cyclovoltammograms of monomers 5b–8b with 1e−

and 2e− transfer (reduction cycles).

All the blend components (polymers 9a/b–12a/b; 13; CoH-
001) (41.7 wt%; 16.7 wt%; 41.7 wt%) were tested in a green
single emitting layer.

As a transparent anode material, a glass substrate coated
with indium-tin-oxide from Optrex Europe GmbH was
used. As hole injection layer PEDOT/PSS (Clevios CH8000
from Heraeus Holding GmbH) was used. Furthermore
a polymeric Interlayer 1 which is provided from Merck
KGaA was deposited on top of the PEDOT. This layer
improves hole transport, blocks electrons, and separates the
phosphorescent-emitting layer from the PEDOT layer. The
emitting layer is made out of a blend system of the new
electron-transporting polymers 9a/b–12a/b, the wideband
gap cohost CoH-001, and the emitter 13. Finally a metal
cathode, consisting of barium/aluminium, was deposited in
vacuum.

Figure 13 shows the different energy levels of the mate-
rials used in this OLED. The second hole injection layer,
Interlayer 1, has a HOMO energy level of−5,1 eV from which
the holes are directly injected into the emitter molecule 13
with a HOMO energy level of −5,1 eV. The electrons are
injected from the inner barium cathode (−2,5 eV) to the
LUMO of the new polymers 9a/b–12a/b of about −2,6 eV.
The wideband gap material CoH-001 exhibits a HOMO
energy level of −6,2 eV and a LUMO energy level of −1,8 eV.
According to these energy levels, one can assume that CoH-
001 does not contribute significantly to the charge transport
in the blend system; however, it was found that it plays an
important role to an optimized blend morphology which
finally leads to an improved OLED performance.

In the following, we report the results obtained with
the new electron-transporting polymers 9a/b–12a/b in the
OLED stack and discuss them depending on the different
polymer structures in regard to the alkyl substitution and to
the kind of linkage to the polystyrene backbone. Figure 14
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shows the luminance-voltage plot for the OLEDs with
the eight polymers (9a/b–12a/b) introduced in Table 2.
Figure 15 shows the corresponding current efficiency-
luminance plot of the prepared OLEDs. The results obtained
for the efficiency of the different polymers are listed in Tables
4 and 5.

Upon comparing the obtained luminances, we found
that the metalinked structure 9a–12a always exhibits higher
values than the corresponding paralinked polymers 9b–12b
(Figure 14). Former studies on 1,3,5-triazinecore structures
show that different shaped side groups affect the efficiency
in an OLED device. Chen et al. studied different star-
shaped 1,3,5-triazinecore structures and the influence on
side chains according to the electron mobility and triplet
energy by using several green guests [12]. They found that
2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine shows a high energy
barrier at the interface. It has a low electron mobility,
and as a result of this the hole and electron flow is
better balanced. This leads to a high efficient device.
The two other studied structures 2,4,6-tris(triphenyl-3-yl)-
1,3,5-triazine and 2,4,6-tris(9,9′-spirobifluorene-2-yl)-1,3,5-
triazine exhibit lower triplett energy and with this a lower
efficiency. Related to our work one can assume that using
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Figure 14: Luminance-voltage plot of OLEDs depending on the
used electron-transporting polymers 9a/b–12a/b.

metalinked phenyl-triazine polymers shows a better perfor-
mance because of the improved triplett exciton limitation in
the OLED stack.

In regard to the substitution (R1), the nonsubstituted
polymers 9a/b show better properties with luminances of
more than 10.000 cd/m2 @ 10 V and lowest voltage onsets
of about 2,4 V compared to the alkyl-substituted polymers
10a/b–12a/b. All substituted polymers (10a/b–12a/b) show
luminances between 800 cd/m2 and 8000 cd/m2 @ 10 V. The
onset voltage increases with alkyl substitution to values
between 2,7–3,4 V.

According to the efficiency, there is a difference between
meta- or paralinked polymers (Figure 15). The metalinked
nonsubstituted polymer (9a) shows the best efficiency with
45 cd/A @ 1080 cd/m2 and is much higher than polymers
with alkyl substitutions. Methyl, (10a) ethyl (11a) and
tert.-butyl groups (12a) do not differ significantly in their
performance. The efficiencies lie within the range of 34-
35 cd/A @ 5000 cd/m2, and the luminances are lower than
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Table 4: Voltage and efficiency of metasubstituted polymers 9a–12a.

Device characteristics 9a/TMM102 + TEG001 10a/TMM102 + TEG001 11a/TMM102 + TEG001 12a/TMM102 + TEG001

Voltage/V @ 100 cd/m2 4,4 5,35 5,1 5,25

Voltage/V @ 1000 cd/m2 6,25 7,75 7,5 7,1

Voltage/V @ 5000 cd/m2 8,2 >10 10 9,1

Voltage/V @ 10 mA/cm2 7,7 9,5 9,25 8,5

Luminance Efficiency/cd/A+ 36@8 V 34@8 V 35@7 V 34@8 V

Table 5: Voltage and efficiency of parasubstituted polymers 9b–12b.

Device characteristics 9b/TMM102 + TEG001 10b/TMM102 + TEG001 11b/TMM102 + TEG001 12b/TMM102 + TEG001

Voltage/V @ 100 cd/m2 4,85 6,75 5,5 6,8

Voltage/V @ 1000 cd/m2 6,85 9,5 8 9,1

Voltage/V @ 5000 cd/m2 9 >10 >10 >10

Voltage/V @ 10 mA/cm2 7,85 >10 9,5 10

Luminance Efficiency/cd/A+ 24@7 V 29@10 V 32@8 V 20@10 V
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Figure 15: Current efficiency-luminance plot of OLEDs depending
on the used electron-transporting polymers 9a/b–12a/b.

for the nonsubstituted structure. No matter what kind of
alkyl groups are added to the polymer, they show a lower
performance in the OLED.

In contrast to the metalinked polymers, for paralinked
polymers, the same difference cannot be found between
alkyl-substituted 10b–12b and nonsubstituted polymers 9b.
The nonsubstituted structure (9b) has an efficiency of about
22 cd/A, more than 20 cd/A lower than for the correspond-
ing metalinked polymer 9a. Polymer 12b, with tert.-butyl
groups, is the only one having lower efficiency. Methyl-
(10b) and ethyl-(11b) substituted polymers show higher
efficiencies.

While comparing the performance of the metalinked
triazine side groups and the paralinked side groups, bet-
ter performance is found for all metalinked active side

group polymers. Upon introduction of alkyl substituents,
the performance of the OLEDs using these polymers as
electron-transporting component generally is reduced. Alkyl
substitution on the triazine polymer lowers the efficiency
and luminance. The inserted side groups hinder an effective
charge transport within the polymer structure. The longer
or more compact the alkyl side group is, the smaller the
reduction in the luminance.

The electroluminescence spectra in Figure 16 show a
maximum absorption at about 520 nm and a small shoulder
at 550 nm for all OLEDs using electron-transporting poly-
mers 9a/b–12a/b. All OLEDs produced with polymers 9a/b–
12a/b illustrate the same emission behavior which directly
corresponds to the photoluminescence spectrum of the used
emitter 13. No drift can be seen in the electroluminescence
spectra; thus, there is no significant influence of the structure
of the electron-transporting polymer used.

As a result of testing the new OLEDs depending on
the synthesized polymers 9a/b–12a/b, we found that the
introduction of larger alkyl substitutions (ethyl, tert.-butyl)
to the 2,4-diphenyl-1,3,5-triazine basic side-group structure
leads to a significant loss in OLED performance. This can
be explained by the electrical inactive alkyl chains which
hinder an efficient charge transport in the blend. In contrast
to that, the unsubstituted polymers 9a/b already give good
luminance and current efficiencies in single layer blend
structures.

Besides the substituents, the choice of the linkage of
the triazine basic structure to the polystyrene backbone is
quite important for OLED performance. It is found that
the metalinkage (9a–12a) leads to significantly enhanced
luminance and current efficiencies in comparison to the
para-linkage (9b–12b).

The general conclusion of this work is that a metalinkage
of the active triazine unit to the polystyrene is preferred
and that unsubstituted phenyl-triazines lead to most efficient
devices.



14 Advances in Materials Science and Engineering

9a
9b
10a
10b

11a
11b
12a
12b

400 500 600 700

1

0.8

0.6

0.4

0.2

0

N
or

m
al

iz
ed

 r
ad

ia
n

t 
in

te
n

si
ty

 (
a.

u
.)

Wavelength (nm)

Figure 16: Electroluminescence spectra of OLEDs using different
electron-transporting polymers (9a/b–12a/b) in the emitting blend.

4. Conclusion

Eight polystyrenes with electron-transporting 2,4,6-tri-
phenyl-1,3,5-triazine side groups were synthesized. The
triazine groups were linked in meta- or paraposition to
the polystyrene backbone. Furthermore, the new polymers
differ in alkyl substitution of the 4- and 6-phenyl rings.
While comparing the meta- and the paralinked polymers,
we recognize higher average molecular weight and higher
glass transition temperatures for the paralinked polymers
(10b–12b). The electron-transporting polymers were tested
in green phosphorescent OLEDs in a blend with an Ir-emitter
13 and a cohost CoH-001 as a wideband gap material.

The new electron-transporting polymers lead to efficient
and highly luminescent OLEDs. The best performance was
obtained for the polymers without alkyl substitution 9a/b.
The alkyl substitution as an electrical insulating structure
constrains an effective charge transport between the active
species and finally leads to lower OLED efficiency and
luminance. Furthermore, the metalinked polymers 9a–12a
exhibit higher efficiency and luminance than their paralinked
analogues 9b–12b.

Further studies will focus on copolymers consisting of the
most promising electron-transporting candidates.
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Key factors to control the efficiency in iridium doped red and green phosphorescent light emitting diodes (PhOLEDs) are
discussed in this review: exciton confinement, charge trapping, dopant concentration and dopant molecular structure. They are
not independent from each other but we attempt to present each of them in a situation where its specific effects are predominant.
A good efficiency in PhOLEDs requires the triplet energy of host molecules to be sufficiently high to confine the triplet excitons
within the emitting layer (EML). Furthermore, triplet excitons must be retained within the EML and should not drift into the
nonradiative levels of the electron or hole transport layer (resp., ETL or HTL); this is achieved by carefully choosing the EML’s
adjacent layers. We prove how reducing charge trapping results in higher efficiency in PhOLEDs. We show that there is an ideal
concentration for a maximum efficiency of PhOLEDs. Finally, we present the effects of molecular structure on the efficiency of
PhOLEDs using red iridium complex dopant with different modifications on the ligand to tune its highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies.

1. Introduction

Achievements in organic light emitting diodes (OLEDs) lead
to their integration as displays in several electronic devices
and make them serious candidates to replace widely used
LCD panels. Extensive research efforts have been made for
higher achievements in organic displays both in industrial
and academic fields [1–10].

In organic light-emitting devices (OLEDs), injected
electrons and holes in the emitter will attract each other to
form excitons [11–20]. Spin statistics demonstrate that the
ratio between singlet and triplet excitons is one to three.
In fluorescent OLEDs only the singlet excitons can gener-
ate radiative recombinations, giving a maximum inherent
quantum efficiency of 25% [21–23], with no phosphorescent
light radiation. On the other hand, triplet emitters can
harvest both singlet and triplet radiative recombinations
reaching a theoretical internal quantum efficiency of 100%
[24–26]. Iridium and platinum complexes present good
phosphorescent emission properties [27–29]. Iridium (III)
complexes are the most widely used dopants in PhOLEDs
because of their higher triplet efficiency [30–35].

PhOLEDs harvest both singlet and triplet emissions,
making it possible to reach high efficiency devices. However,
their operation and efficient implementation are more
complex than for the fluorescent OLEDs.

To achieve high efficiency in PhOLEDs, the host material
that forms the EML needs to satisfy a certain number of
properties regarding the dopant as well as the adjacent layers.
In PhOLEDs, the HOMOs and LUMOs of the host and
phosphorescent emitter dopant have to be carefully selected
to achieve a good exciton confinement within the EML. As
well, a particular attention should be given to the origins
and effects of charge trapping, concentration of the dopant,
exciton quenching and the molecular structure of the dopant
for a better control of the PhOLEDs’ efficiency.

In fact, beside a fast decay of triplet dopant, the host
materials need to have an energy gap wide enough to allow
efficient energy transfers with the dopant (Figure 1) but
should not induce charge trapping. A tradeoff is necessary
between the width of the gap of the host material and the
energy levels of the adjacent layers in order to allow good
electrons and holes injection. The host material should as
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Figure 1: Energy structure between host and dopant in a PhOLED,
S1 represents the singlet excited states, T1 the triplet excited states,
and S0 the ground states.

well present equivalent transport properties for electrons
and holes for a balanced number of opposite carriers to
recombine efficiently.

The excitation energy will efficiently transfer from the
host to the triplet energy of the dopant when the triplet
energy of the dopant is lower than the triplet energy of the
host. The triplet excitons confinement in the dopant will
make it possible to observe the phosphorescent light emis-
sion [36]. To maximize the performance of PhOLEDs, the
dopant should be uniformly dispersed in the host matrix to
minimize the exciton quenching or triplet-triplet annihila-
tion [37].

The guest molecules are believed to act potentially as
charge traps for electrons and holes in the EML, resulting
in an increase of the driving voltage [31]. Two processes of
electroluminescence in the doped EML exist. Light emission
can be from the energy transfer from the host to the
dopant or from trapped charges in the dopant. In the latter
situation, it is assumed that the dopant molecules will act
as recombination centers attracting charges by coulomb
interaction if the radius of separation is within a certain
range. Charge trapping effects can be observed with the
presence of a large barrier at the interface between a carrier
transport layer and the host material or when the gap
between the host and the dopant HOMO and LUMO energy
levels is too wide.

A high doping concentration minimizes the charge
trapping but results in exciton quenching thereby lowering
the efficiency of the light emitting device [31]. Therefore,
a good balance between charge trapping, charge mobility
for the recombination zone in the emissive layer, and a low
enough doping concentration to avoid efficiency loss due to
exciton quenching is desirable.

Triplet confinement may be controlled in two ways,
namely, within the EML itself and then by the adjacent
layers. The confinement in the EML is achieved when the
guess material has its HOMO and LUMO levels within the
band gap of the host material [31, 38]. While the adjacent
layers will play the role of electron blocking layer so that, the
electrons from the cathode will not drift beyond the EML

and holes from the anode will not go beyond the EML. Such
a confinement arrangement will give a higher probability of
recombination between the electrons and holes within the
EML [38].

The objective of this paper based on our research activ-
ities is to present our investigations to control the efficiency
in PhOLEDs through triplet exciton confinement, minimiza-
tion of charge trapping, doping concentration, and dopant
molecules design to limit self-quenching. Results are pre-
sented in their decreasing order of influence on the efficiency
of the PhOLEDs. Excitons confinement needs to be adjusted
before the reduction of charge trapping. Charge trapping
needs to be minimized before setting the optimum doping
concentration. Finally, the dopant molecular structure will
act as a fine tuner in the improvement of the efficiency of the
PhOLEDs.

2. Devices Fabrication and Characterization

The samples presented in this paper were fabricated on
a clean glass substrate precoated with 150 nm thick film
of indium tin oxide (ITO) with a sheet resistance of
12Ω/square. The ITO film and organic insulator for covering
ITO edge area were patterned by standard photolithography
techniques and then clean by sonification in isopropyl
alcohol and acetone, rinsed in deionized water before being
irradiated in a UV-ozone chamber.

All organic materials were deposited by thermal vacuum
evaporation technique under a pressure of about 10−7 Torr
at a rate of 1 Å/s. Finally, LiF and Al were deposited to form
the counterelectrode in another adjacent vacuum deposition
chamber without breaking the vacuum; at a rate of 0.1 Å/s
for LiF and 5–10 Å/s for Al.

The OLEDs active surface area is 2× 2 mm2. Current
density-voltage (J-V) characteristics were measured using a
Keithley SMU 2635A; the luminescence-voltage (L-V) curves
using a Minolta CA-100A, the Electroluminescence (EL), and
CIE coordinate were obtained using a Minolta CS-1000A
Spectroradiometer.

3. Excitons Confinement

To achieve excitons confinement in PhOLEDs, it is necessary
to have a good control of the triplet excitons diffusion at the
interfaces between the carrier transport layers and the EML.
Such an achievement translates in practical in the fact that
the electrons from the cathode and the holes from the anode
do not travel beyond the emissive layer where the radiative
recombination should take place [39, 40]. In such conditions,
the adjacent layer that injects electrons in the EML should
form a barrier of potential for the holes. Similarly, the
hole injection layer should be a barrier of potential for the
electrons as depicted Figure 2. The charge transport layer can
ideally be the charge injection layer for a simpler device.

This type of arrangement imposes constraints in the
combination of adjacent layers (with good charge transport
properties) and the EML in regard of the relative position of
their HOMO and LUMO levels. The use of wide band-gap
host materials may be necessary in PhOLEDs [41–45] for the
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Figure 2: Excitons confinement in the emissive layer by the adjacent
layer, ΔEe− is the energy barrier for electrons, and ΔEh+ the energy
barrier for the holes with charge trapping.

good energy transfer from the host to the dopant. This neces-
sity induces a certain number of difficulties. When a wide
band-gap material is used as a host material for the emitting
layer, the carrier mobility decreases significantly since dopant
molecules act as charge trapping sites [46]. To overcome
such an issue, a high doping concentration of over 7% in
green PHOLEDs may be required to make a good balanced
current flow through dopant molecules. In such devices,
exciton self-quenching and triplet-triplet annihilation by
high doping concentration are unavoidable problems. For
instance, when the doping concentration is increased from
2 to 6%, the phosphorescence photoluminescence quan-
tum efficiency of tris(2-phenylpyridine)iridium (Ir(ppy)3) is
decreased by 5% [47]. Good excitons confinement is very
difficult when making PhOLEDs with wide band-gap host
materials. To overcome these constraints, a narrow band-gap
host of 4,4′-N,N′-dicarbazoleterpheyl (CTP) was developed
by our group [48]. In this study, we report highly efficient
green phosphorescent devices comprising a triplet exciton
confinement configuration using our CTP host with high
triplet energy charge transporting layers. The maximum
current and power efficiencies of 56.89 cd/A, and 48.22 lm/W
with 18% external quantum efficiency (EQE) are realized
by this good triplet exciton confinement configuration by
minimization of self-quenching.

In order to make a better triplet exciton confinement
configuration in green PHOLEDs, triplet energies among
various hole-transport and electron transporting materials
were investigated. As presented in the following, the highly
efficient green PHOLEDs with 3% doping rate in CTP host
and Ir(ppy)3 dopant were demonstrated. Maximum current
efficiency and EQE of 56.89 cd/A and 18.0% are obtained
with a triplet exciton confinement configuration using a
narrow band-gap CTP host and high triplet energy charge
transporting layers. Such a high efficiency is attributed to
a good triplet exciton confinement effect by the narrow
band-gap CTP host, improvement of self-quenching issues
of singlet and triplet excitons by reducing the doping con-
centration, and introduction of good triplet exciton blocking
layers at the EML interfaces.

To investigate triplet exciton confinement ability, five
devices were designed as follows:

Device A: ITO/NPB (40 nm)/CTP : Ir(ppy)3 (8 wt%,
30 nm)/BAlq(5 nm)/Alq3 (20 nm)/LiF (0.5 nm)/Al
(100 nm);

Device B: ITO/NPB (30 nm)/TCTA (10 nm)/
CTP : Ir(ppy)3 (8 wt%, 30 nm)/Bphen (25 nm)/LiF
(0.5 nm)/Al (100 nm);

Device C: ITO/NPB (30 nm)/TCTA (10 nm)/
CTP : Ir(ppy)3 (5 wt%, 30 nm)/Bphen (25 nm)/LiF
(0.5 nm)/Al (100 nm);

Device D: ITO/NPB (30 nm)/TCTA (10 nm)/
CTP : Ir(ppy)3 (3 wt%, 30 nm)/Bphen (25 nm)/LiF
(0.5 nm)/Al (100 nm);

Device E: ITO/NPB (30 nm)/TCTA (10 nm)/
CTP : Ir(ppy)3 (1 wt%, 30 nm)/Bphen (25 nm)/LiF
(0.5 nm)/Al (100 nm).

Where α-NPB, TCTA, BPhen, and BAlq are N,N′-
Bis(naphthalene-1-yl)-N,N′-bis(phenyl)benzidine), 4,4′,4′′-
tris(N-carbazolyl)-triphenylamine), 4,7-diphenyl-1, 10-phe-
nanthroline, and aluminum (III) bis(2-methyl-8-quinolina-
to)-4- phenylphenolate, respectively.

Device A was fabricated with a structure to be the ref-
erence sample. Device B was made with a triplet exciton
confinement structure. J-V-L characteristics were measured
over a brightness of 10,000 cd/m2 and are displayed in
Figure 3. For Device A we obtain at a brightness of
1000 cd/m2 a driving voltage of 6.5 V, the current and power
efficiencies are 21.93 cd/A and 10.82 lm/W. In Device B, the
lower driving voltage of 4.7 V was measured due to the
resistance reduction of CTP through good carrier injection
and displacement in a narrow band-gap host as well as
the good electron transporting properties of Bphen. CTP
had been reported to be a good triplet green host and its
exchange of energy (from S1 to T1) is as small as 0.3 to 0.5 eV
[48]. As expected, Device B shows good current and power
efficiencies of, respectively, 39.81 cd/A and 27.19 lm/W at a
brightness of 1000 cd/m2. Its performance is still not ade-
quate when considering good triplet excitons confinement
configuration in the EML. Very low current efficiency roll-
off of 5% over the brightness of 10,000 cd/m2 is observed in
8% doped CTP PhOLED. Deep hole trapping and shallow
electron trapping in the wide band-gap host such as CBP
and Ir(ppy)3 dopant system have been already reported by
other groups [46, 49]. The HOMO of Ir(ppy)3 (5.3 eV) forms
deep traps for holes in the host, governing the transport
of holes in the EML. At high doping concentration, the
emission zone is spread out in such a deep hole trapping
device. Consequently, the selection of suitable host candidate
with reasonable doping concentration is a critical issue to
achieve high efficiency PHOLEDs as proven in reference
[33]. Considering low roll-off characteristics in our devices,
self-exciton quenching and triplet-triplet annihilation may
be of high importance due to high doping concentration.
To substantiate our argument, the doping concentration of
Device B is varied to improve the triplet exciton confinement.
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Figure 3: J-V-L and efficiency characteristics of Devices A and B.

Several PHOLEDs with Ir(ppy)3 doping concentrations
of 5%, 3%, and 1% were fabricated with the Device B
structure. These devices are designated as Device C (5%), D
(3%), and E (1%). Figure 3 shows the J-V-L characteristics
of fabricated green phosphorescent devices. The J-V char-
acteristics with decreasing doping concentration from 5%
to 1% have significantly increased the resistance to current
conduction. The current densities at 5.0 V are 3.80 mA/cm2,
1.40 mA/cm2, and 0.63 mA/cm2 for, respectively, the 5%, 3%,
and 1% doped devices (Device C, D, and E, resp.). The
driving voltages for Device C, D, and E to reach 1000 cd/m2

are, respectively, 4.7, 5.1, and 5.4 V (Figure 4). Improvement
of J-V characteristics with increasing doping concentration
is a well-known phenomenon, as well as the origin of lumi-
nescence from trapped charges by dopant molecules [46]. In
fact, the Ir(ppy)3 dopant and CTP host have, respectively,
their HOMO energy levels at 5.3 and 5.7 eV, hence a gap of
0.4 eV leads to a hole trapping in our devices. At a given
constant brightness of 1000 cd/m2, the current and power
efficiencies are 49.14 cd/A and 32.16 lm/W for Device C,
55.76 cd/A and 33.68 lm/W for Device D, and 50.90 cd/A and
29.61 lm/W for Device E. The maximum current efficiency
and EQE of 49.14 cd/A and 15.5% for Device C, 56.89 cd/A
and 18.0% for Device D, and 51.56 cd/A and 16.3% for
Device E were obtained. The current efficiency of device E
is improved by a factor of 1.4 compared to Device B.

4. Charge Trapping

Electroluminescence in PhOLEDs, as described previously,
comes either from the energy transfer from the host to the
guest molecules or from the charge trapping by the guest
molecules. In the energy transfer model, the light emission
by the dopant is due to the energy transfer from the excited
host to the dopant [30, 50, 51]. The exciton is formed in
the host material before being transferred to the dopant.
Charge trapping has been studied from the beginning of
models in the field of organic semiconductor based devices;
it affects the device performance in OLEDs, organic thin film
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Figure 4: J-V-L and efficiency characteristics of Devices C, D, and
E.

transistors, and organic photovoltaic cells. In the emission
by charge trapping, the direct recombination of electrons
and holes occurs on guest molecules, and their trapping
can significantly influence the external electroluminescence
quantum efficiency. The essential requirement for carrier
trapping is that the guest dopant must have a higher HOMO
and a lower LUMO energy than that of the host material
[52]. The charge trapping mechanism will also be observed
when there is a large energy barrier for charge injection from
charge transport layer to the host material.

Charge trapping model assumes that the dopant acts as
a trap site which can capture a charged carrier [30, 53–
55]. The trapped charge recombines with a charge carrier
of opposite sign to form an exciton which can contribute to
light emission. In this mechanism charge carriers are directly
trapped at dopant sites and the dopant is the center for the
recombination and emission.

Charge trapping within the dopant material can be
explained by the distribution of dopant molecules within
the host. When a low concentration of the dopant in host
matrix is used, the mobility limitation of a charge from one
dopant site to another will lead a higher driving voltage
[30]. If for example the host is n type material, as 4,4′-
N,N′-dicarbazolebiphenyl (CBP), and the dopant material
Ir(ppy)3 which is a p-type molecule, holes hop among the
Ir(ppy)3 molecules in the CBP EML. With the low doping
concentration, the distance between the Ir(ppy)3 molecules
is large and appears to be a hole trap. In such a situation, the
hole trapping limits additional hole injection which results
in the increase of the driving voltage. However, when the
doping concentration increases, the hole mobility increases
since the distance between the Ir(ppy)3 molecules decreases.
Such a transport characteristic effectively decreases the driv-
ing voltage.

The two light emission mechanisms in PhOLEDs are
different in that the exciton formation center is the dopant
molecule in the case the charge trapping model and the host
molecule for the energy transfer model. Both mechanisms
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Figure 5: Energy level diagrams of CBP : Ir(ppy)3 (a) and
Bepp2 : Ir(ppy)3 PHOLEDs (b).

contribute to the light emission in a certain rate depending
on the device structure and energy levels of the organic
materials in the PhOLED.

Charge trapping in PhOLEDs can be investigated by
changing the concentration of the phosphorescent emitting
material in the emissive layer and its dependence with
the driving voltage can be studied. Charge trapping can
be shallow or deep and it can be selective as concerning
only electrons or only holes. In fact charge traps can be
divided in two categories described as shallow traps and
deep traps. The shallow traps can be activated and carried
in the electric current by tunneling thermally activated or
by hopping. Localized electronic states called deep traps are
too deep to be thermally activated into current carrying
states, they are effectively static. The presence of fixed charges
modifies the electrostatic landscape of the material and leads
to changes in electrons and holes recombination efficiency in
OLEDs. It can as well improve the brightness of the device
as it contributes to the electroluminescence, but it can be a
disadvantage as it enhances the driving voltage [30].

4.1. Charge Trapping in Green PhOLED. These above argu-
ments have been confirmed by our group in different studies
such as the effect of hole trapping in green PhOLEDs using
Ir(ppy)3 green emitter in two different host matrices CBP
and Bepp2 (bis[2-(2-hydroxyphenyl)-pyridine]beryllium)
[30] as represented, Figure 5. We fabricated PHOLEDs with
the following structure: ITO/NPB (30 nm)/TCTA (10 nm)
Bepp2 : Ir(ppy)3, or CBP : (30 nm) : Ir(ppy)3/Bphen (25 nm)/
LiF (5 nm)/Al (100 nm).

We have realized the host-guest system to optimize the
performance of green PHOLEDs based on a comparison
between two host materials with different energy gaps: CBP
and Bepp2. The minimization of hole trapping on the guest
molecules and reduction of self-quenching or triplet-triplet
annihilation are key factors to achieve the high efficiency.
When compared with the wide band gap CBP, using a
narrow band gap host (Bepp2) and green phosphorescent
Ir(ppy)3 metal complex guest concentration as low as 2%,
the current and power efficiencies of 62.5 cd/A (EQE 19.8%)
and 51.0 lm/W, respectively, and a low current efficiency roll-
off value of 10% over the brightness of 10,000 cd/m2 were
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Figure 6: J-V characteristics of fabricated Bepp2 : Ir(ppy)3 green
PHOLEDs with doping concentration from 1 to 3%. Inset shows
the EQE and power efficiency as a function of luminance.

demonstrated in this Bepp2 single-host system (see Figure 6).
We have limited the charge trapping by the use of an ideal
host-guest device structure to produce a high efficiency
phosphorescent device by minimizing hole trapping on the
guest molecules and reducing self-quenching or triplet-
triplet annihilation. The device structure to optimize the
high current efficiencies, low current roll-off, high color
stability, and low doping conditions has been explored.

To corroborate further our hypothesis of shallow hole
trapping at the phosphorescent molecules in the emitting
layer, we performed the capacitance measurements as a
function of applied voltages in a 3% Ir(ppy)3 doped in the
Bepp2 and CBP devices. A constant dc bias ranging from
0 V to 10 V was superimposed on the ac bias. Figure 7 shows
the capacitance variation normalized to the geometrical
capacitance (C0) with the applied dc voltage. As seen from
Figure 7, the capacitance of doped and undoped devices
increases in forward bias, reaches a maximum value, and
then decreases. Onset of the increase depends on the host
material. This result suggests that the increase of capacitance
may be dependent on the capacity of holding charges in the
emitting layer. At zero bias, the capacitance of all devices
is the same as the geometrical capacitance. On applying a
small forward bias, no change in capacitance is observed and
it remains equal to C0. It starts increasing when the hole
injection begins from the anode and reaches a maximum
point due to the accumulation of hole charges. On further
increase of bias voltage, the minority charge carriers injection
occur, resulting in a recombination of holes and electron in
the emitting layer and subsequently the emission of light.

Early occurrence of recombination as observed in a
Bepp2 : Ir(ppy)3 device indicates that the hole trapping in the
Bepp2 host is not a serious issue when compared to that of
CBP : Ir(ppy)3 and this cannot be attributed to the electron
mobility in Bepp2 (about 10−4 cm2/Vs) and CBP materials
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Figure 8: J-V characteristics of CBP : Ir(ppy)3 green PHOLEDs
with doping concentration from 1 to 8%. Inset shows the EQE and
power efficiency as a function of luminance.

(about 3 × 10−4 cm2/Vs). The shallow traps for hole charge
carriers which facilitate its transport may be responsible for
the early recombination of electron and hole carriers in
Bepp2 : Ir(ppy)3 device.

Ideal host-guest device structures produce a high effi-
ciency phosphorescent device minimizing the hole trapping
on the guest molecules and reducing the self-quenching or
triplet-triplet annihilation. The device structure to optimize
the high current efficiencies, low current roll-off, high color
stability, and low doping conditions has been explored. The
doping concentration was varied from 1 to 8%. The J-V
characteristics (Figure 8) show a strong dependence on the
dopant concentration.

The strong dependence of J-V characteristics on the
dopant concentration is the consequence of the fact that the
phosphorescent green emission is strongly dependent on the
hole trapping at the phosphorescent guest molecules level.
The deep hole trapping and the shallow electron trapping
in the CBP host and Ir(ppy)3 dopant system were reported
earlier by other groups [26, 29]. The HOMO of Ir (ppy)3

(5.3 eV) forms the deep traps for the holes in the CBP host
(HOMO= 5.9 eV), governing the transport of holes in the
emitting layer. Further, the strong 510 nm green Ir(ppy)3

emission peak (CIE (x, y) coordinates at 1000 cd/m2 are
(0.29 to 0.31, 0.60)) and a weak emission at about 450 nm
due to the CBP host appear at a concentration below 5%.
Upon enhancing the dopant concentration, the CBP host
emission completely disappeared. Even if the better device
performance appears at the low doping concentration, the
high roll-off and the emission from the host in the EL output
are attributed to the too narrow emission zone by deep
hole trapping in the CBP host. The emission zone is spread
out with a high doping concentration in such deep hole
trapping devices. Consequently, the selection of the suitable
host candidates is a critical issue to achieve the high efficiency
PHOLEDs.

4.2. Minimization of Charge Trapping in Red PhOLEDs. In
this section, we present the minimization of charge trapping
in red PhOLEDs by a good energy level match between
the host and guest. Förster and/or Dexter energy transfer
processes [56] between host and guest molecules play an
important role in confining the triplet energy excitons in
the phosphorescent guest. This determines the triplet state
emission efficiency in PHOLEDs. Förster energy transfer
[57] is a long range interaction (up to 10 nm) due to dipole-
dipole coupling of donor host and acceptor guest molecules,
while Dexter energy transfer [58] is a short-range process
(typically 1–3 nm) which requires overlapping of orbitals
of adjacent molecules. The phosphorescence emission in
the conventional host-guest phosphorescent system occurs
either with Förster transfer from the excited singlet S1 state
of the host to the excited singlet S1 state of the guest and
Dexter transfer from the triplet T1 state of the host to the
triplet T1 state of the guest or direct exciton formation on the
phosphorescent guest molecules, resulting in a reasonable
good efficiency.

In the following, we demonstrate that to achieve high
efficiency PhOLEDs a good confinement of the triplet
exciton of phosphorescent dopant is needed with the
use of an appropriate triplet energy gap host. Such a
combination host-guest will result in an efficient radiative
decay in the dopant. We illustrate this principle com-
paring first the efficiency of the same red emitter tris(1-
phenylisoquinoline)iridium (Ir(piq)3) in a CBP matrix or
in Bebq2 (bis(10-hydroxybenzo [h]quinolinato)beryllium)
matrix, the CBP band gap being wider than Bebq2

band gap. Second, the same host Bebq2 is doped with
Ir(phq)2(acac)(iridium (III) bis(2-phenylquinoline) acety-
lacetonate) that has a narrower gap than Ir(piq)3 (Figures 9
and 10).
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Figure 9 shows the energy level diagram of the Ir(piq)3

red phosphorescent complexes used in doping the CBP host
while Figure 10 shows the energy diagrams for both Ir(piq)3

and Ir(phq)2(acac) in Bebq2 matrix. However, the wide
band-gap host and narrow gap guest system often causes
an increase in the driving voltage due to the difference in
HOMO and/or LUMO levels between the guest and host
materials [59]. Thus, the guest molecules are thought to
act as deep trapping centers for electrons and holes in the
emitting layer, causing an increase in the driving voltage of
the PHOLED. The dopant concentration in such a host-
guest system is usually as high as about 6–10% because
injected charges should move through guest molecules in
the emitting layer. Therefore, self-quenching or triplet-triplet
annihilation by guest molecules is an inevitable problem in
host-guest systems with high doping concentrations. Earlier,
Kawamura et al. had reported that the phosphorescence
photoluminescence quantum efficiency of Ir(ppy)3 could be

decreased by 5% with an increase in the doping concentra-
tion from 2% to 6% [47]. Consequently, the selection of
suitable host candidates is a critical issue when fabricating
high efficiency PHOLEDs.

We demonstrate the importance of exciton confinement
in the efficiency of a PhOLED based on the energy difference
between the host matrix and the guest molecules for the same
phosphorescent emitter. A narrower band gap host will result
in a higher efficiency PhOLED. In this study, the minimized
charge trapped host-guest system is investigated by using
a narrow band-gap fluorescent host material in order to
address device performance and manufacturing constraints.
Here, we report an ideal host-guest system that requires
only 1% guest doping weight for a good energy transfer
and provides ideal quantum efficiency in PHOLEDs. We also
report that strong fluorescent host materials function very
well in phosphorescent OLEDs.

PhOLEDs operation can be explained based on efficient
Förster energy transfers from the host singlet state to the
guest singlet and triplet mixing state which appears to be the
key mechanism for phosphorescence emission.

Indeed, such an enhanced performance of the
Bebq2 : Ir(phq)2acac PHOLEDs was not expected with
an extraordinary low doping concentration (1%) by contrast
with most phosphorescent devices (6–10%). In order
to investigate the origin for the enhanced performance,
we fabricated several PHOLEDs by varying the doping
concentration from 0.5% to 2% in the host-guest system.
Current and luminance evolutions as a function of voltage
are presented in Figure 11. These data provide evidence
for: (1) complete energy transfer from the fluorescent host
to phosphorescent guest, except at extremely low doping
concentrations (0.5%); (2) no significant difference between
measured I-V characteristics for identical devices but with
different dopant concentrations ranging between 0.5 and
2%; (3) the quenching of both luminance, and current and
power efficiencies with higher doping concentrations (2%).

Therefore, a highly efficient simple bilayer PHOLED
structure with a Ir(phq)2acac guest doping concentration as
low as 1% in the narrow band-gap Bebq2 fluorescent host
was demonstrated for the first time by our group.

To understand the phosphorescence emission mecha-
nism more precisely in the Bebq2 : Ir(phq)2acac host-guest
system, we fabricated and studied a series of PHOLEDs. First,
we used the well-known wide band-gap CBP host material
instead of Bebq2 and fabricated the device with a struc-
ture: NPB (40 nm)/CBP : Ir(phq)2acac (30 nm, 10%)/BAlq
(5 nm)/Alq3 (20 nm)/LiF (0.5 nm)/Al (100 nm). At a lumi-
nance of 1000 cd/m2 the resultant operating voltage was
7.1 V with current and power efficiencies of 14.41 cd/A
and 6.28 lm/W, and an EQE of 11.5%. Furthermore, the
maximum current and power efficiencies were 14.43 cd/A
and 8.99 lm/W.

Obviously, the two fold increase in the driving voltage
is a consequence of the deep trapping of injected holes
and electrons at Ir(phq)2acac sites in the CBP : Ir(phq)2acac
system. Direct charge trapping at the Ir(phq)2acac guest
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Figure 11: J-V-L plot of red PHOLEDs doped with different
concentrations (0.5–2%) of Ir(phq)2acac in Bebq2.

molecules seems to be the key mechanism for phosphores-
cence emission in this host-guest system.

To corroborate our experimental results further, a
PHOLED was fabricated using Ir(piq)3 red emitting
phosphorescent doping instead of Ir(phq)2acac and a
Bebq2 host. The fabricated device was: DNTPD (N ,N ′-
diphenyl-N ,N ′-bis-[4-(phenyl-m-tolylamino)-phenyl]-bi-
phenyl-4,4′-diamine) (40 nm)/Bebq2 : Ir(piq)3 (50 nm,4%)/
LiF (0.5 nm)/Al (100 nm). A weak emission peak at 500 nm
in the electroluminescence spectra due to the Bebq2 host
arises at a doping concentration of 4% (significantly high
by comparison with an Ir(phq)2acac doping concentration
0.5%), accompanied by a strong peak at 620 nm due to
an Ir(piq)3 doping molecule. At luminance of 1000 cd/m2,
the corresponding operating voltage, current and power
efficiencies were 3.5 V, 8.41 cd/A, and 7.34 lm/W. Further-
more, the maximum current and power efficiency values
were 9.38 cd/A and 11.72 lm/W. Increasing the Ir(piq)3

concentration to 6% suppresses the Bebq2 host emission
and results in a clean electroluminescence red emitting peak
at 620 nm due to the Ir(piq)3 doping molecules. However,
the device performance deteriorates with increasing doping
concentration due to the self-quenching.

5. Ideal Doping Concentration

In PhOLEDs the triplet-triplet energy transfer between host
and dopant molecules is explained based on Dexter mech-
anism [21, 60, 61] which is a short-range intermolecular
interaction involving wave functions overlap [26, 62]; it takes
place within about 1 nm range [63, 64]. This imposes con-
straints in the distribution and concentration of the dopant
molecules within the host matrix. Among the conditions
for good efficiency is the fact that every host molecule in
an excited state will need to have a guest molecule in a
range close enough to receive this excitation energy and
radiate it back in form of phosphorescent light [65, 66]. This

doping concentration can be idealized for any system, but
among PhOLEDs of a given color, it is necessary to first
of all maximize the exciton confinement and minimize the
charge trapping by minimizing the energy gap between the
host and guest HOMOs and LUMOs [67, 68] as presented
earlier in this paper. The ideal doping concentration should
minimize charge trapping, self-quenching and triplet-triplet
annihilation [67, 69].

In this context, we have evaluated an ideal guest concen-
tration in PhOLEDs and made an experimental comparison
to support our predictions. We use a green PhOLED, for
which we evaluate an ideal doping concentration of about
1.5%.

We assume films with a crystalline structure. In order to
have the most compact configuration we choose a disposi-
tion of molecules in face-centered cubic (fcc) organization.
The host molecules are located at the vertexes of extended
unit lattice containing 4 × 4 × 4 host molecules. In such a
structure we replace the excited host molecule located at the
center by a dopant molecule. Obviously, this choice is not
completely conform with the reality as the actual samples
are rather amorphous. This will cause a certain discrepancy
when comparing with experimental results. Nevertheless,
this approach is valid because the molecular densities of
the structures are equivalent and the size of host and guest
molecules we will be using experimentally are comparable
both for CBP or Bepp2 as a host matrix when using Ir(ppy)3

as a green phosphorescent dopant, respectively, 8.67, 9.23,
and 11.9 Å.

Our computation gave a molecular number correspond-
ing to the constant molar fraction of 0.93 mol% (1/107
mole fraction) as an ideal Dexter transfer condition. From
this assumption and consideration of molecular weight of
host and dopant molecules, we could simply get an ideal
doping concentration. As an actual experimental condition,
we obtained 1.19% of doping concentration by changing
0.93 mole fraction to weight fraction for CBP/Ir(ppy)3

system from this approach. However, there could be some
discrepancy between this condition and experimental results
because it assumed that the dopant molecules may have
similar size to that of host molecules due to a small
fraction of dopant molecules. Nevertheless, the prediction
we obtained for the CBP/Ir(ppy)3 system was very close
to that obtained from the Kawamura’s approach (1.02%,
[70]). This indicates that our lattice assumption is closely
matched to a real amorphous film situation. Similarly, 1.93%
(0.93 mol%) of doping concentration was predicted in case
of Bepp2/Ir(ppy)3 system.

This consideration lead us to estimate that in 1D picture
two dopant molecules should be separated by two host
molecules (Figure 12).

From simulations and experiments with 1D concept we
obtain a good PhOLEDs performance with a doping concen-
tration as low as 1%. This is the reason why we assumed the
molecular arrangement described above.

For the verification of our assumptions, we conducted
a series of experiments varying the doping concentration
in the emissive layer. The strong green light emission at
510 nm for all electroluminescence curves is attributed to the
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Figure 12: Imaginary molecular arrangements assuming a cubic
lattice which is filled by imaginary spherical molecules as an fcc
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phosphorescence of Ir(ppy)3. In principle, we can detect the
side emission from the host material if the energy transfer
is incomplete or inefficient. We observed that the host
emission (at 420 nm–450 nm) disappears at the expected
ideal doping concentration of 1.0% when the EML thickness
of CBP is 10 nm. The doping concentration requirement
for the elimination of CBP host emission (for complete
energy transfer), however, increases when increasing the
EML thickness; for instance, 3% for 20 nm and 5% for 30 nm.
The necessity of a higher doping concentration for a thicker
EML condition is presumably due the large discrepancy
of HOMO and LUMO levels between the CBP host and
guest materials (Figure 13) which might give a deep trapping
nature. The injected holes in the doped EML cannot move
easily due to deep trapping in Ir(ppy)3 guest molecules and
as a result an excess of charges will be located around the
HLT/EML interface. Some electrons will be able to penetrate
the HTL due to a relatively high electron mobility of doped
EML. In such devices, a higher doping concentration is
favorable to get high device performances as we reported
previously [46].

However, such an overdoping is not necessary for thinner
EML (about 10 nm) because the countercharge carriers (the
electrons) may be injected and transported earlier than holes.
Thus, they are easily crowded at the HTL/EML interface
because the difference of LUMO levels between CBP host
and Ir(ppy)3 guest is relatively small (about 0.4 eV), while
the difference of HOMO levels of same system is larger
(about 0.6 eV) [46]. Thus, holes carriers can recombine
with electrons very early before the preliminary trapping
process starts at the guest molecules. In other words, the
probability of holes migration to the opposite side (toward
cathode) is presumably weaker than that of electrons migra-
tion toward anode side. From these circumstances and
results, we conclude that the ideal doping concentration of
CBP/Ir(ppy)3 system could be 1% to the exclusion of the
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Figure 13: Energy band diagram of CBP : Ir(ppy)3 and Bepp2 :
Ir(ppy)3 based green PHOLEDs.

trapping processes. As a result, we come to a conclusion
that the ideal doping ratio could be derived or predicted
from the consideration of the molecular packing condition
in extended unit lattice (the expected doping ratio of
CBP/Ir(ppy)3: 1.19%). However, we observed the maximum
EQE value at the slightly thicker, overdoped condition
suggesting that 10 nm is too thin to confine most carriers at
the EML region. It means that the ideal doping concentration
for complete energy transfer could be somewhat different
from that gives the maximum device efficiency.

Similarly, a relatively low doping concentration of about
1.93% was predicted for ideal and complete energy transfer
in Bepp2/Ir(ppy)3. And this was confirmed by the EML
spectra of Bepp2/Ir(ppy)3 as a function of EML thickness and
doping ratio. Bepp2/Ir(ppy)3 does not require an overdoping
at the thicker EML condition; for instance 1.5% at 20 nm,
2% at 30 nm. The reason for a complete energy transfer at
the relatively reduced doping ratio even in the thicker EML
condition of Bepp2/Ir(ppy)3 is possibly due to the lower
differences of LUMO levels and HOMO levels between host
and guest molecules (0.3 to 0.4 eV). In other words the
charge carriers may be spread out much more uniformly in
all around EML regions because of no radiation of charge
injection that provides good charge balancing in the EML
layer. From such a situation showing relatively low energy
barriers between HOMOs and LUMOs of host and guest
molecules, we could obtain the ideal doping condition even
at the normal thickness condition. As we recommended
before, the discrepancy between the calculation and the
experimental values might come from the assumptions of
crystal lattice and molecular spheres, the slight difference
of molecular sizes and so forth. Nevertheless, we achieved
a very close approximation in the evaluation of an ideal
doping concentration for PhOLEDs described by Dexter
energy transfer.

From the extensive comparison of our devices, we
conclude that the optimized condition for CBP/Ir(ppy)3 is
the 20 nm thickness and 3% doping concentration. In the
other hand, only 1.5% doping concentration for the same
thickness of 20 nm in the case of Bepp2/Ir(ppy)3, that shows
a lower driving voltage and higher EQE. This difference
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Figure 14: Schematic cross-section of red PHOLED with different complexes 1–5 and molecular structure of complexes 1–5.

reflects the fact that they are more delay processes such
as charge trapping, nonradiative decay process, and triplet-
triplet annihilation in CBP/Ir(ppy)3.

6. PhOLED Materials

We demonstrate the importance of material structure to
ultimately affect the HOMO and LUMO positions in the
dopant and consecutively affect the efficiency of the PhOLED
[41]. We synthesized red emitters based on Ir complexes
with successive modifications on the ligands. We report new
red dopants with methylated phenyl ring and quinoline ring
which are coordinated to the Ir(III) atom. Every dopant
also has ancillary ligands, such as acetylacetonate (acac)
and 2,2,6,6-tetrametylheptane-3,5-dionate (tmd) groups.
The PHOLEDs prepared by these organometallic complexes
showed very efficient and bright red phosphorescence with
extremely high EQE up to 24.6% (in case of the dopant
with methylated main ligand and a sterically crowded
tmd ancillary ligand). The addition of an electrondonating
methyl group to the metallated phenyl ring (mphq) gave a
bathochromic shift (compare to a reference sample), while
the additional introduction of methyl group to the quinoline
ring (mphmq ligand) led to a hypsochromic shift compared
to the spectral range of the mphq ligand as presented below.
In addition, the change of ancillary ligand to a tmd moiety
from an acac moiety results in significant improvement of
device efficiency.

In this study, we prepared Ir(phq)2(acac)-based red
dopants having sterically crowded alkyl moieties on their

main ligands as well as ancillary ligands. First, we added
methyl groups on a phenyl part as well as a quinoline part
of main lingand in Ir(phq)2(acac) to increase intermolecular
steric interaction to give reduced self-quenching effect. From
this chemical modification, we could obtain very clear red
spectra with much narrower full width at half-maximum. In
addition, we also added sterically crowded ancillary ligand
by using tert-butyl moiety to even protect the concentration
quenching. The PHOLEDs containing those dopants as
an emitter showed extremely high EQEs up to 24.6%,
which corresponds to an extremely high record as a red
electrophosphorescent device to date.

For the device fabrication, for the reasons of efficiency
presented earlier, we utilized a narrow bandgap fluores-
cent host material, Bebq2, to realize a highly efficient red
PHOLEDs with excellent energy transfer [31, 71–77]. The
exact device configuration used in this work was indium
tin oxide (ITO)/DNTPD (40 nm)/Bebq2: red dopants (3%,
30 nm)/Bebq2 (20 nm)/LiF (0.5 nm)/Al (100 nm).

The device performances of the five different red
PHOLEDs were investigated at the same doping concen-
tration. The synthetic scheme and the chemical struc-
tures of those materials with formula Ir(phq)2(acac) (1),
(mphq)2 Ir(acac) (2), (mphq)2 Ir(tmd) (3), (mphmq)2

Ir(acac) (4), (mphmq)2 Ir(tmd) (5), with (mphq) = 2-
(3,5-dimethylphenyl) quinoline, (acac) = acetylacetonate,
(tmd)= 2,2,6,6-tetrametylheptane-3,5-dionate, (mphmq) =
2-(3,5-dimethylphenyl)-4-methylquinoline, are summarized
in Figure 14 with the device structure.
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Figure 15: Energy band diagrams of complexes 1–5 from molecular simulation.

All five complexes show some vibronic bands in their
emission spectra at 77 K. The phosphorescence peak wave-
length can be fine-tuned by substitution of the electron-
donating or electron-withdrawing groups to the main lig-
and. In order to qualitatively understand the nature of
the phosphorescent excited state of cyclometalated iridium
complexes, we preliminarily executed a HOMO/LUMO
calculation on Ir(phq)2(acac). As a result, we found that the
HOMO is distributed over the phenyl ring (3,5-position)
and the iridium atom, while the LUMO is localized at
the quinoline ring (4-position). Thus, the substitution of
the electron-donating group (–CH3) to the phenyl ring is
expected to give a direct effect on lowering the HOMO
level (stabilization of HOMO), which results in a reduction
of the bandgap. The results obtained from the molecular
simulation are summarized in Figure 15.

As a result, substitution of electron donating methyl
group (–CH3) for hydrogen in 3,5-position of phenyl chro-
mophore of compound 1 leads to a 9–12 nm red shift, due
the a destabilization of the d-orbital in the central Ir(III)
atom from the change of this ligand-based excited state
(compounds 2 and 3). Figure 16 shows the current density-
voltage (J-V) characteristics of fabricated red PHOLEDs.
At a constant voltage of 5.0 V, current density values of
19.1, 23.7, 38.6, 24.4, and 27.9 mA/cm2 are observed in the
fabricated PHOLEDs A, B, C, D, and E, respectively. The
driving voltage to reach 1000 cd/m2 are 4.0, 3.8, 3.9, 3.7, and
3.7 V for Devices A, B, C, D, and E, respectively. All five
PHOLEDs show similar J-Vand luminance-voltage (L-V)
characteristics because of similar HOMO and LUMO energy
levels. Low turn-on voltages of 2.1 V for devices A, D, E, and
2.2 V for Devices B and C were observed. In the described
PHOLED structure, the low driving voltage performance
is attributed to the insignificant charge trapping and weak
charge injection barriers at the interfaces [31, 71–77].

7. Conclusion

In this paper, we have presented four main elements that can
have a direct control on the efficiency of iridium complex-
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Figure 16: J-V-L characteristics of fabricated red PHOLEDs.

based PhOLEDs: exciton confinement, charge trapping,
doping concentration, and the dopant molecular structure.
We have demonstrated through our study that the host
matrix HOMO and LUMO energy levels in comparison with
the dopant levels in one hand and with the adjacent charge
injection layers levels in the other hand, is the common
denominator for exciton confinement, charge trapping,
dopant concentration, and dopant molecular strucuture.

We have also shown the effects of exciton confinement
using CTP host matrix doped with Ir(ppy)3 for green
PhOLEDs. Improvement of electron and hole blocking
properties of the PhOLED by only changing the EML’s
adjacent layers from the structure ITO/NPB/CTP: Ir(ppy)3/
BAlq/Alq3/LiF/Al to ITO/NPB/TCTA/CTP : Ir(ppy)3/Bphen/
LiF/Al was observed. By implementing such configura-
tion, we increased the luminous efficacy from 10.82 lm/W
to 27.19 lm/W, the current efficiency from 21.93 cd/A to
38.81 cd/A while lowering the driving voltage from 6.5 V to
4.7 V.
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Furthermore, we showed that the charge trapping can be
controlled through the width of the host gap compared to
the dopant, the wider energy difference can result the more
charge trapping effect. That was illustrated with green dopant
Ir(ppy)3 and two different host matrices CBP and Bepp2.
Since CBP has a wider HOMO-LUMO gap than Bepp2, we
have shown that the charge trapping will be consecutively
more important and as a result the driving voltage for the
CBP based PhOLED is 6.8 V compared to 5.4 V for Bepp2 for
the same brightness.

The doping concentration that is tightly connected to
charge trapping was proven to be adjustable to a minimum,
once the energy mismatch was set to a minimum to reduce
charge trapping. Such a fact was proven by our comparative
study in green PhOLEDs, showing an optimum doping
concentration under 2% for Bepp2 matrix doped with
Ir(ppy)3 for green PhOLEDs.

The importance of the molecular structure of the dopant
manifests by giving the possibility to tune the HOMO and
LUMO levels of the dopant. In response, this had an effect
on the efficiency of the final device, as we have proven earlier
through the importance of the energy difference between the
host and the dopant LUMOs’ and HOMOs’ energies.

Charge trapping and doping concentration are tightly
connected as presented in this paper, nevertheless, we have
shown that the doping concentration can be reduce to its
minimum once the charge trapping itself is reduced to a min-
imum by minimizing the energy levels differences between
the host and the dopant.

The relation between exciton confinement and charge
trapping might also be a point of focus, as a better exciton
blocker will have an influence in the electron and hole injec-
tion, but that should be tuned to result in a higher efficiency
device.

In conclusion, we have demonstrated that four main ele-
ments: exciton confinement, charge trapping, dopant con-
centration, and dopant molecular structure directly affect
the performance of the presented red and green PhOLEDs.
These factors are dependent on each other and individually
predominant depending on the situation.
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New high-efficiency blue-light-emitting phosphorescent devices with 300 Å-thick emissive layer of N,N′-dicarbazolyl-3,5-
benzene [mCP] doped with 10 vol.% bis[(3,5-difluoro-4-cyanophenyl)pyridine]iridium picolinate [FCNIr(pic)] were fabricated
with the different treatments of hole and electron transport layers. In the experiments, a single layer of 1,1-bis-(di-4-
polyaminophenyl)cyclohexane [TAPC] and a double layer of N,N′-di(1-naphthyl)-N,N′-diphenylbenzidine [NPB] and mCP were
used as hole transport layers (HTLs). In addition, 500 Å-thick double layers of tris-[3-(3-pyridyl)mesityl]borane [3TPYMB] and
4,7-diphenyl-1,10-phenanthroline [Bphen] were used as electron transport layers (ETLs) with various thickness combination
of 3TPYMB/Bphen. Among the fabricated devices, the one using TAPC as an HTL and 3TPYMB(100 Å)/Bphen(400 Å) as
an ETL showed best electroluminescent characteristics with a maximum quantum efficiency of 13.3% and a luminance of
950 cd/m2 at 10 V. The color coordinates were (0.14, 0.22) on the Commission Internationale de I’Eclairage (CIE) chart, and
the electroluminescent spectra showed the double-peak emissions at 458 nm and 483 nm.

1. Introduction

Organic light-emitting devices (OLEDs) have been inten-
sively investigated for their applications in the solid-state
lightings as well as full-color displays [1, 2]. Though the blue
phosphorescent organic light-emitting diodes (PhOLEDs)
are essential for the development of all phosphorescent
active matrix OLEDs, highly efficient blue PhOLEDs are
hard to obtain due to the large energy gap of dopants,
which lead to insufficient carrier injection and exciton
confinement. In the blue PhOLEDs, triplet of dopant should
be larger than 2.7 eV for blue emission. Therefore, the use
of host with wide energy gap is necessary because triplet
of host shoud be larger than that of dopant in the host-
dopant system of an emissive layer. The well-known host
material in the blue PhOLEDs is mCP. It has a good
hole transport property due to a carbazole unit in the
backbone structure and a large triplet of 2.9 eV for efficient
energy transfer [3]. Iridium(III) bis((4,6-difluorophenyl)-
pyridinate-N,C2′)picolinate [FIrpic] is the most well-known

blue phosphorescent dopant [4]. Kawamura et al. demon-
strated that the photoluminescence internal quantum yield
of the blue emitter of FIrpic could approach nearly 100%
when doped into the wide energy gap host of mCP [5].
However, the theoretical electrophosphorescence is difficult
to carry out because of the lack of highly efficient carrier
transport materials with wide energy gap for sufficient
carrier injection and exciton confinement. Furthermore,
color performances of the FIrpic-based devices were poor
with the vertical coordinates of more than 0.3 on the CIE
chart.

The quantum efficiency remarkably decreases due to
carrier injection loss, nonradiative relaxation of excitons,
triplet-triplet annihilation at high current density, and so
forth [6, 7]. The triplets have rather long lifetime so that
they may diffuse to the neighbor layers by passing through
an emissive layer. This effect also results in the declination
of luminous efficiency and color purity due to energy
transfer and relaxation of excitons outside the emissive layer.
Therefore, the structural design of PhOLEDs which can
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Figure 1: Basic structure and classification of the fabricated devices.
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confine the triplet excitons in an emissive layer is extremely
important to obtain high-efficiency devices.

Yook et al. reported a deep blue PhOLED with structure
of N, N′-diphenyl-N,N′-bis-[4-(phenyl-m-tolylamino)-
phenyl]-biphenyl-4,4′-diamine[DNTPD]/NPB/mCP /mCP:
tris[(3,5-difluoro-4-cyanophenyl)pyridine]iridium[FCNIr]/
Bphen in which a quantum efficiency of 9.2% and a current
efficiency of 11 cd/A were obtained with a color coordinate
of (0.15.0.16) at 500 cd/m2 [8]. The FCNIr has a wide triplet
of 2.8 eV for deep blue emission due to a strong electron
withdrawing CN substituent besides F units.

In this work, new high efficiency blue-light-emitting
phosphorescent devices with an emissive layer of mCP doped
with FCNIr(pic) were fabricatedand evaluated according to
the treatments of hole and electron transport layers.

In the experiments, the electroluminescent character-
istics of the devices with a single layer of TAPC and a
double layer of NPB/mCP as an HTL were compared. In
addition, the double layers of 3TPYMB/Bphen were used as
an electron transport layers (ETLs) with various thickness
combinations of 3TPYMB/Bphen. To our knowledge, the use
of the mCP : FCNIr(pic) emitter as well as the adoption of the

TAPC as an HTL and the 3TPYMB/Bphen double layer as an
ETL in the blue PhOLEDs was firstly attempted in this paper.

2. Experimental Procedure

The substrates with an ITO (indium tin oxide) anode of
12Ω/sq on glass were cleaned by ultrasonic cleaning process
with acetone and isopropyl alcohol. The remaining solvent
was removed by soft baking for 10 minutes at 100◦C.
To improve the surface morphology of ITO transparent
electrode film, the substrates were plasma treated at 150 W
for two minutes under 8 mTorr pressure of O2/Ar. The
plasma treatment before deposition of the first organic
layer is expected to reduce the energy barrier for hole
injection from anode and remove the surface contaminants.
All organic layers and cathode layers were deposited by in-
situ method under 5× 10−8 Torr.

As a sequence of deposition process, the DNTPD with
thickness of 400 Å was firstly deposited as a hole injec-
tion layer. Then, two kinds of HTLs were used accord-
ing to device classifications: a conventional structure of
NPB(300 Å)/mCP(100 Å) was used in the device A and a
single layer of TAPC(300 Å) in the other devices. Next, 300 Å-
thick mCP doped with 10% FCNIr(pic) as a volume ratio
was deposited as an emissive layer. In the formation of ETLs,
the 3TPYMB/Bphen with a total thickness of 500 Å was
deposited with various 3TPYMB thicknesses according to the
device classifications: the thicknesses of 3TPYMB were 100 Å
in the devices (A, B), 0 Å in the device C, 150 Å in the device
D, and 200 Å in the device E. Finally, 10 Å-thick LiF and
1200 Å-thick Al were successively deposited as a cathode. The
structures of the fabricated devices and energy diagram of the
used materials are shown in Figures 1 and 2.

3. Results and Discussion

In the energy diagram of Figure 2, the DNTPD is well
known as a hole injection material with the HOMO level
of 5.1 eV and the LUMO level of 2.1 eV [9]. The electrons
from the anode of indium tin oxide (ITO) are easily injected
into the DNTPD because its highest occupied molecular
orbital (HOMO) level is similar to Fermi level of ITO. The
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Figure 3: UV-visible absorption and PL spectra of FCNIr(pic)
including the PL spectra of mCP.

TAPC as a hole transport material has the HOMO level
of 5.3 eV and the LUMO level of 1.8 eV [10]. The triplet
energy of TAPC is 2.87 eV [11] which is larger than that
of FCNIr(pic) so that the triplet excitons can be effectively
confined without diffusion loss into the HTL. Moreover, the
electrons injected from cathode are confined in the EML due
to the large LUMO offset (∼0.6 eV) at the interface of the
TAPC and the emissive layer. Therefore, the TAPC can be
used as a good HTL in the high-efficiency blue PhOLED.
With the same condition except HTL in the device structure,
the electroluminescent characteristics of the device with the
TAPC as an HTL were at firstly compared with those of the
device with the conventional NPB/mCP as an HTL. And
then, the composition effect of 3TPYMB/Bphen as an ETL on
the electroluminescent characteristics of the devices with the
TAPC as an HTL was investigated. Both Bphen and 3TPYMB
have been used as a material of ETL in the conventional
OLEDs. The triplet energy of Bphen is 2.5 eV [12] so that
the Bphen cannot sufficiently confine the excitons. On the
other hand, 3TPYMB has a triplet energy of 2.87 eV which
is higher than the exciton energy of FCNIr(pic) and a
deep HOMO level of 6.77 eV [13]. Therefore, the use of
3TPYMB as an ETL can expect an effective confinement of
the excitons as well as the injected holes in the emissive layer.
However, the electron mobility of 3TPYMB is much lower
than that of Bphen [14]. To solve these problems, the bilayer
of 3TPYMB/Bphen can be used as an ETL. The addition of a
properly thick 3TPYMB to Bphen in the ETL structure can
improve the electroluminescent characteristics in the blue
PhOLEDs because the excitons and the injected holes are
effectively confined in the emissive layer without a serious
increase of current resistance.

Figure 3 shows the UV-visible absorption and photolu-
minescence (PL) spectra of FCNIr(pic). The PL emission
peak of FCNIr(pic) was observed at 460 nm with a vibra-
tional peak at 485 nm. The FCNIr(pic) shows a deep blue
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Figure 4: Current efficiency-voltage-luminance characteristics of
the devices (A, B).

emission due to the strong electron withdrawing CN group
in the phenyl unit of main ligand. The PL spectra of mCP are
also shown in Figure 3. It can be clearly seen that PL spectra
of mCP are overlapped with absorption of FCNIr(pic) in a
range of 400∼450 nm. Therefore, the efficient energy transfer
from mCP to FCNIr(pic) can be expected. In addition,
Dexter energy transfer between the triplets of mCP and
FCNIr(pic) can be occurred because the triplet of mCP is
2.9 eV which is high compared to 2.72 eV of FCNIr(pic) [15].

The electrical properties of the devices were measured
using a Polaronix M6100 test system (McScience). The
optical properties such as luminance, emission spectrum,
and CIE color coordinates were evaluated using a CS-1000
spectro-radiometer (Konica Minolta) in a dark room.

The current efficiency-voltage-luminance characteristics
of the devices (A, B) are shown in Figure 4. In Figure 4, the
maximum current efficiencies were 12.7 cd/A for the device
A and 21.5 cd/A for the device B. The luminances under an
applied voltage of 10 V were 130 cd/m2 for the device A and
950 cd/m2 for the device B. The remarkable improvement of
electroluminescent characteristics in the device B compared
with device A comes from the better treatment of HTL
in the device B than in the device A. As a HTL in the
blue PhOLEDs, the TAPC could be more ideal than the
conventional NPB/mCP due to the better hole mobility,
larger triplet energy and better electron confinement by a
large LUMO offset at the interface of the TAPC and the
emissive layer.

Figure 5 shows the current efficiency-voltage-luminance
characteristic of the devices (C, D, E) compared with those
of device B. The organic layer compositions of the devices (B,
C, D, E) are the DNTPD/TAPC/mCP : 10%FCNIr(pic)/ETLs.
The only differences of the deivces (B, C, D, E) are
the thicknesses of 3TPYMB in the 500 Å-thick ETL of
3TPYMB/Bphen. Among the fabricated devices, the best
electroluminescent characteristics was obtained in the device
B with an ETL of 3TPYMB(100 Å)/Bphen(400 Å). As it can
be expected, the device C with the Bphen only as an ETL
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Figure 5: Current efficiency-voltage-luminance characteristics of
the devices (C, D, E) compared with those of device B.
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showed the rather poor electroluminescent characteristics
because the triplet energy of Bphen is not high enough
to confine the excitions. The maximum current efficiency
and luminance at 10 V were 17,4 cd/A and 423 cd/m2 in the
device C, respectively. In the devices (D, E) with the 3TPYMB
thicker than 100 Å in the ETL, the current efficiency and
luminance decreased according to the increase of 3TPYMB
thickness. The maximum current efficiencies were 18.8 cd/A
for the device D and 16.8 cd/A for the device E. The
luminance at 10 V were 900 cd/m2 for the device D and
580 cd/m2 for the device E. It is believed that the use of a
too thick 3TPYMB in the 3TPYMB/Bphen results in the poor
electroluminescent characteristics due to its low electron
mobility.
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Figure 7: Electroluminescence spectra of the fabricated devices at
7 V.

Figure 6 shows the quantum efficiency-voltage character-
istics of the fabricated devices. The best quantum efficiency-
voltage characteristics was also obtained in the device B
with a maximum quantum efficiency of 13.3% as shown in
Figure 6.

The electroluminescence spectra at 7 V for the fabricated
devices were shown in Figure 7. The Peak wavelengths were
458 nm and 483 nm, which corresponds to the typical double
peak emission of FCNIr(pic). The color of the fabricated
devices with a central peak at 458 nm could be evaluated to
be deep blue with the color coordinates on the CIE chart of
(0.14, 0.22).

From the above discussion, the new proposed device of
DNTPD/TAPC/mCP : 10 vol.%FCNIr(pic)/3TPYMB/Bphen
in this study can be a good blue PhOLED with high current
efficiency and deep blue emission if the thicknesses of each
layers are well controlled.

4. Conclusions

New high efficiency blue light-emitting phosphorescent
devices with structure of DNPTD/HTL/mCP : FCNIr(pic)/
ETL were fabricated and evaluated according to the different
treatments of HTL and ETL. A single layer of TAPC and a
double layer of NPB/mCP were compared as hole transport
layers and the 3TPYMB/Bphen layers with various thickness
combinations were used as electron transport layer.

Among the fabricated devices, the device B with a HTL
of TAPC and an ETL of 3TPYMB(100 Å)/Bphen(400 Å)
showed the best electroluminescent characteristics. It had a
maximum current efficiency of 21.5 cd/A, and a luminance
of 950 cd/m2 at 10 V.

The color coordinates were (0.14, 0.22) on the CIE chart,
and electroluminescent spectra showed the double peak
emission at 458 nm and 483 nm.
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As a deep blue PhOLED with the emissive layer of
mCP : FCNIr(pic), the excellent electroluminescent charac-
teristics of device B may be obtained from the adoption of
TAPC with high triplet energy as a HTL and the use of a
proper thick 3TPYMB combined with Bphen as an ETL.

References

[1] B. W. D. D’Andrade and S. R. Forrest, “White organic light-
emitting devices for solid-state lighting,” Advanced Materials,
vol. 16, no. 18, pp. 1585–1595, 2004.

[2] D. Yao, S. Zhao, J. Guo et al., “Hydroxyphenyl-benzothiazole
based full color organic emitting materials generated by facile
molecular modification,” Journal of Materials Chemistry, vol.
21, no. 11, pp. 3568–3570, 2011.

[3] S. H. Kim, J. S. Jang, and J. Y. Lee, “High efficiency phosphores-
cent organic light-emitting diodes using carbazole-type triplet
exciton blocking layer,” Applied Physics Letters, vol. 90, no. 22,
Article ID 223505, 3 pages, 2007.

[4] Z. Wu, Y. Xiong, J. L. Zou et al., “High-Triplet-Energy
Poly(9,90-bis(2-ethylhexyl)-3,6-fluorene) as Host for Blue and
Green Phosphorescent Complexes,” Advanced Materials, vol.
20, article 2359, 2008.

[5] Y. Kawamura, K. Goushi, J. Brooks, J. Brown, H. Sasabe, and C.
Adachi, “100% phosphorescence quantum efficiency of Ir(III)
complexes in organic semiconductor films,” Applied Physics
Letters, vol. 86, no. 7, Article ID 071104, 3 pages, 2005.

[6] Z. H. Zhao, J. Li, P. Lu, and Y. Yang, “Fluorescent, carrier-
trapping dopants for highly efficient single-layer polyfluorene
LEDs,” Advanced Functional Materials, vol. 17, no. 13, pp.
2203–2210, 2007.

[7] D. Beljonne, J. Cornil, R. H. Friend, R. A. J. Janssen, and J.
L. Bredas, “Influence of chain length and derivatization on
the lowest singlet and triplet states and intersystem crossing
in oligothiophenes,” Journal of the American Chemical Society,
vol. 118, no. 27, pp. 6453–6461, 1996.

[8] K. S. Yook, S. O. Jeon, C. W. Joo, and J. Y. Lee, “High
efficiency deep blue phosphorescent organic light-emitting
diodes,” Organic Electronics, vol. 10, no. 1, pp. 170–173, 2009.

[9] Y. M. Jeon, J. W. Kim, C. W. Lee, and M. S. Gong, “Blue
organic light-emitting diodes using novel spiro[fluorene-
benzofluorene]-type host materials,” Dyes and Pigments, vol.
83, no. 1, pp. 66–71, 2009.

[10] Y. Zhu, A. P. Kulkarni, and S. A. Jenekhe, “Phenoxazine-Based
Emissive Donor-Acceptor Materials for Efficient Organic
Light-Emitting Diodes,” Chemistry of Materials, vol. 17, article
5227, 2005.

[11] J. W. Lee, N. Chopra, S. H. Eom et al., “Effects of triplet
energies and transporting properties of carrier transporting
materials on blue phosphorescent organic light emitting
devices,” Applied Physics Letters, vol. 93, no. 12, Article ID
123306, 3 pages, 2008.

[12] J. S. Park, W. S. Jeon, J. H. Yu, R. Pode, and J. H. Kwon,
“Efficiency optimization of green phosphorescent organic
light-emitting device,” Thin Solid Films, vol. 519, no. 10, pp.
3259–3263, 2011.

[13] C. Han, G. Xie, H. Xu et al., “Towards Highly Efficient
Blue-Phosphorescent Organic Light-Emitting Diodes with
Low Operating Voltage and Excellent Efficiency Stability,”
Chemistry—A EuropeanJournal, vol. 17, article 445, 2011.

[14] S. H. Eom, Y. Zheng, E. Wrzesniewski et al., “Effect of electron
injection and transport materials on efficiency of deep-

blue phosphorescent organic light-emitting devices,” Organic
Electronics, vol. 10, no. 4, pp. 686–691, 2009.

[15] S. O. Jeon, K. S. Yook, C. W. Joo, and J. Y. Lee, “High-
efficiency deep-blue-phosphorescent organic light-emitting
diodes using a phosphine oxide and a phosphine sulfide high-
triplet-energy host material with bipolar charge-transport
properties,” Advanced Materials, vol. 22, no. 16, pp. 1872–
1876, 2010.



Hindawi Publishing Corporation
Advances in Materials Science and Engineering
Volume 2012, Article ID 270865, 5 pages
doi:10.1155/2012/270865

Research Article

LTPS-TFT Pixel Circuit Compensating for TFT Threshold Voltage
Shift and IR-Drop on the Power Line for AMOLED Displays

Ching-Lin Fan,1, 2 Min-Chi Shang,2 Wei-Chun Lin,2 Hsiu-Chen Chang,2

Kuang-Chi Chao,1 and Bo-Liang Guo1

1 Department of Electronic Engineering, National Taiwan University of Science and Technology, 43 Section 4, Keelung Road,
Taipei 106, Taiwan

2 Graduate Institute of Electro-Optical Engineering, National Taiwan University of Science and Technology, 43 Section 4,
Keelung Road, Taipei 106, Taiwan

Correspondence should be addressed to Ching-Lin Fan, clfan@mail.ntust.edu.tw

Received 1 March 2012; Revised 29 April 2012; Accepted 8 May 2012

Academic Editor: Yong Qiu

Copyright © 2012 Ching-Lin Fan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We propose a new pixel design for the active matrix organic light-emitting diode (AMOLED) using low-temperature
polycrystalline silicon thin-film transistors (LTPS-TFTs). The proposed pixel is composed of four switching TFTs, one driving TFT
(DTFT), and one capacitor. The simulation results are performed by AIM-SPICE software. The error rate of OLED output current
with VTH (threshold voltage) variation (0.3 V) and Vdd power line drop by 1 V are improved to about 1.67% and 15%, respectively.
Thus, the proposed pixel circuit can successfully overcome drawbacks suffered from DTFT threshold voltage deviation and IR-drop
on power line.

1. Introduction

Organic light-emitting diode (OLEDs) displays have gained
considerable interest in large-area flat panel display appli-
cations due to their excellent optoelectric properties, large
viewing angle, color versatility, and potentially low fabri-
cation cost [1]. Therefore, great effort has been made to
develop active matrix driving techniques for organic light-
emitting diode displays making it possible to achieve large,
high-resolution displays.

Recently, AMOLED driving pixel circuits are composed
of amorphous silicon thin-film transistors (a-Si TFTs) or
low-temperature polysilicon thin film transistors (LTPS-
TFTs). It is no doubt that LTPS-TFTs are suitable as switching
and driving devices for AMOLED because of their outstand-
ing driving capability due to the higher mobility, which can
approach more practical and powerful applications [2].
However, the LTPS-TFT manufacturing process will cause
nonuniform electrical characteristics such as threshold volt-
age variations in pixels, depending on the fluctuations
in excimer laser energy, resulting in uncontrollable gate
oxide trap density and irregular grain boundary distribution

in the polySilicon material [3–5]. In the typical p-type
2-TFT pixel circuit, the supply power line is connected
to the DTFT source node. The output current suffers from
parasitic resistance on the supply power lines. The parasitic
resistance may lead to power dissipation, called I × R
voltage drop. This is inevitable by Ohm’s Law and will
cause non-uniform luminance in the panel [6]. To solve the
nonuniformity issue caused by VTH variation and I×R drop-
voltage, several methods have been proposed [7–13]. The
current programming method effectively compensates for
the threshold voltage variation and field-effect mobility shifts
in TFTs. However, it requires longer charging time at the
data lines compared with the voltage programming method.
Thus, voltage programming methods are more suitable in
large-size displays. However, most of these studies could not
compensate for both the DTFT threshold voltage variation
and the I × R voltage drop at the same time. Comparatively,
our compensation methods can overcome both critical issues
and still preserve stable driving ability.

This paper describes a new voltage programming pixel
circuit based on the LTPS technology. The proposed pixel
circuit has high immunity to DTFT threshold voltage
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Figure 1: Signal lines for the proposed pixel circuit design and
timing scheme.

variation and can simultaneously compensate for the voltage
drop on the power line. Compared with conventional 2-
TFT pixel, the simulation results demonstrate that the output
current error rate and its degradation rate are improved by
1.67% and 4% due to DTFT VTH variation (±0.3 V) and Vdd

drop of 0.3 V, respectively. We believe that the proposed pixel
circuit is a good candidate for large-size, high-resolution
AMOLED applications.

2. Proposed Pixel Circuit and Driving Method

Figure 1 demonstrates the proposed schematic pixel circuit
based on poly-Si TFTs and its signal line driving scheme.
The pixel consists of four switching TFTs (M1, M3, M4, and
M5), one p-type driving TFT (M2), and one capacitor. The
driving scheme has two selection lines (Scan1, and Scan2)
and a data line (DT). M1 is a selection switch. M3 is used for
the diode connection with M2, and M4 is used for blocking
current through the OLED during the compensation period,
respectively. We can modify this pixel circuit for all p-type
TFT structures by adding an additional control line for M3,
which can be more advantageous for manufacturing. The

operation of the proposed circuit is divided into two periods:
data input and compensation period; emission period.
The following statements depict each operating period. Dur-
ing the period before (1), the high- and low-voltage signals
are applied to the Scan1 and Scan2, respectively. During this
period, it is the previous frame operation for the same pixel
and the DT voltage which was set to 0 V.

As shown in the period of Figure 2. Scan1 is set to the
low level to turn on M1 and M3. Scan2 is set to high level to
turn off M4 and M5 at the same time. The M2 gate node
is connected to the M2 drain node. At present, the input
signal (Vdata), which is applied to data line (DT) delivered
by M1, is stored on the left side of C1. In addition, by the M4
turnoff, we can turn off the OLED in this period to increase
the OLED lift time in long-time operation. Because of the
diode-connected structure of M2, the M2 gate node becomes
Vdd−|VTH|, where VTH is the M2 threshold voltage, and Vdd

is the supply power line voltage. The stored voltage across C1
is set to Vdd − |VTH| −Vdata. The C1 reset and compensation
stages can be finished at the same time in the period (1).

(2) Emission Period. As shown in the period (2) of the Figure
2. Scan1 is set to high level to turn off M1, and Scan2 is set
to low level to turn off M3, while it turns on M4 and M5.
The M2 drain node is connected to the OLED anode. The
left side of C1 is connected to ground. Consequently, the M2
gate voltage will be boosted toVdd−|VTH|−Vdata, coupling in
the first period. Accordingly, IOLED is determined by the VSG

of M2 and operated in the saturation region which becomes
as follows:

IOLED = 1
2
KM2(VSG − |VTH|)2

= 1
2
KM2[Vdd − (Vdd − |VTH| −Vdata)− |VTH|]2

= 1
2
KM2(Vdata)2,

(
K = µCOX

W

L

)
.

(1)

Therefore, IOLED is independent of the M2 threshold volt-
age variation and the voltage-drop of the power line (Vdd),
only decided by Vdata.

In addition, the time constant is well known as RC delay
time. The minimum required time for period (1) is depend-
ent on the RC value that you designed. Thus, the capacitance
area will affect the aperture area in the pixel. The smaller the
capacitance area is, the larger the aperture ratio is.

3. Proposed Circuit Simulation Results

To verify the effectiveness of the proposed 5T1C pixel circuit
further, we did an AIM-SPICE simulation. The TFT model
used in the simulation was poly-Si TFT Model PSIA2 (level
16). The OLED model is equivalent to a diode-connected
poly-Si TFT and a capacitor. The M2 threshold voltage is
set to –1 V. The M2 threshold voltage variation is set to
±0.3 V to validate it in the worst-case process. To generate
enough OLED output current, the width and length of M2 is
designed as 10 µm and 4 µm. The high- and low-level signals
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(Scan1 and Scan2) were set to –5–11.5 V and –11.5–11.5 V,
respectively.

Figure 3 shows the voltage of each node of DTFT when
the data voltage is 2.5 V. The two-stage circuit operation is
denoted by the notations (1) and (2). At the data input and
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Figure 4: OLED output current simulation results and error rate at
different Vdata and threshold voltage variations.

compensation stage (1), the DTFT gate voltage is charged up
to 7.5 V (Vdd − |VTH|). Then, the Vdata = 2.5 V is input to set
DTFT gate voltage to 5 V (Vdd − |VTH| − Vdata). During the
emission stage (2), the VSG of the DTFT is |VTH|+Vdata, and
the DTFT is operated in the saturation region. The proposed
circuit successfully compensates for the threshold voltage
degradation originating from the DTFT.

Figure 4 shows the simulation results for the proposed
5T1C pixel circuit at different Vdata (0.5–3.5 V) according to
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Figure 5: Measurement results for OLED luminance degradation
for each RGB element in conventional 2-TFT pixel circuit.

the M2 threshold voltage variation (ΔVTH = ±0.3 V, 0 V).
Obviously, IOLED is nearly independent of the threshold
voltage variation. Moreover, the average IOLED error rate in
Figure 2 is 1.67%, while it is about 30–40% in the conven-
tional 2-TFTs pixel.

Figure 5 shows the luminance data measured by PR-705
for the 2.2-inch QCIF (176 × RGB × 220) bottom-emission
AMOLED panel, which is driven using p-type conventional
2-TFTs pixel. In this panel, Vdd side and Idata side were
defined as the beginning and end of the supply power line,
respectively. The luminance data is measured at Vdd side and
Idata side, for each RGB elements, the luminance degradation
rate, which is the luminance difference between Vdd side
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Figure 6: Comparison of output current degradation rate versus
Vdd drop for conventional 2T1C pixel circuit and proposed pixel
circuit.

and Idata side, is about 70–80% at the input of Vdd = 9 V.
The degradation of the measured luminance reveals that
conventional panel which is driven by 2-TFT pixel seriously
suffered from VGS drop in driving TFT caused by power
line I × R voltage-drop, which means the source terminal
voltage of DTFT (Vdd) will cause the above phenomenon.
The luminance uniformity is extremely dependent on the
I × R voltage-drop. In addition, luminance uniformity and
IOLED are in direct proportion.

Figure 6 shows the simulation results of IOLED degrada-
tion rate compared with conventional 2-TFTs pixel circuit.
The initial Vdd was set to 9.5 V and the I × R voltage-drop of
Vdd was set to 1 V, which means it decays from 9.5 V to 8.5 V.
In the conventional 2-TFTs pixel, the IOLED degradation rate
is about 72%. It was found that the normalized degradation
rate of the output current caused by the power line I × R
voltage drop was apparently improved for the conventional
and proposed pixel, respectively. In addition, the degradation
rate of the output current, while Vdd drop of 0.3 V is
improved by about 4%. We believe that our proposed pixel
circuit can successfully solve both the threshold voltage
variation and the power line I × R drop-voltage influence.

4. Conclusions

A new voltage programming pixel circuit was proposed for
application to large-size, high-resolution AMOLED displays.
The new pixel design can successfully compensate for the
driving TFT threshold voltage non-uniform deviation. The
average OLED output current error rate is about 1.67%
when the threshold voltage is varied by ±0.3 V. It also has
less sensitivity to the supply power line voltage-drop than
conventional p-type 2-TFT pixel designs.
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The out-coupling efficiency of planar organic light emitting diodes (OLEDs) is only about 20% due to factors, such as, the total
internal reflection, surface plasmon coupling, and metal absorption. Two-dimensional periodic nanostructures, such as, photonic
crystals (PhCs) and microlenses arrays offer a potential method to improve the out-coupling efficiency of OLEDs. In this work, we
employed the finite-difference time-domain (FDTD) method to explore different mechanisms that embedded PhCs and surface
PhCs to improve the out-coupling efficiency. The effects of several parameters, including the filling factor, the depth, and the lattice
constant were investigated. The result showed that embedded PhCs play a key role in improving the out-coupling efficiency, and an
enhancement factor of 240% was obtained in OLEDs with embedded PhCs, while the enhancement factor of OLEDs with surface
PhCs was only 120%. Furthermore, the phenomena was analyzed using the mode theory and it demonstrated that the overlap
between the mode and PhCs was related to the distribution of vertical mode profiles. The enhancement of the extraction efficiency
in excess of 290% was observed for the optimized OLEDs structure with double PhCs. This proposed structure could be a very
promising candidate for high extraction efficiency OLEDs.

1. Introduction

Due to the advantages of a wide viewing angle, a low operat-
ing voltage, a fast response time, and flexibility, organic light
emitting diodes (OLEDs) have rapidly progressed in recent
years and have been successfully applied in flat panel displays
and solid-state lighting [1–3]. The extraction efficiency ηext

is related to the internal quantum efficiency ηint of the
organic material and the out-coupling efficiency ηout of the
multilayer planar structure:

ηext = ηintηout. (1)

The intrinsic efficiency has been considerably improved by
the use of phosphorescent harvesters [4]. However, the out-
coupling efficiency of OLEDs remains very poor (it is only
about 20%). This arises from Snell’s law. Because of the high
refractive index of indium-tin-oxide (ITO)/organic layers
and substrate layer, only a small fraction of total light is able
to escape from the light-emitting dielectric medium into the
air. The photons emitted in the active region of OLEDs are
coupled into three types of modes: the mode of direct trans-
mission into the air, the glass total internal reflection mode,

and the high index ITO/organic guided mode. There have
been various methods to increase the extraction efficiency of
OLEDs. These methods can be divided into two categories,
one is to place some nanostructures or low index materials
on the substrate-air interface for the extraction of substrate-
guided modes, such as, substrate surface roughening [5]
and use of microlenses arrays [6]. The other is to insert
some periodic nanostructures between the metallic cathode
and the substrate layer to recover the waveguide loss in the
ITO/organic layer, for example, using a refractive index
modulation layer [7] or photonic band gap structure [8].

Two-dimensional periodic nanostructures (photonic
crystals, PhCs) have previously been used with the aim of
increasing the extraction efficiency of GaN-based light-
emitting diodes (LEDs) [9, 10]. Similarly, PhCs structure can
be added to OLEDs devices to increase the out-coupling effi-
ciency. OLED out-coupling efficiency levels can be improved
by optimizing the structural characteristics of the 2D PhCs,
particularly the lattice constant (the period), the depth, the
filling factor, and the lattice symmetry (square or triangle
lattice).
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This paper is organized as follows. In the second section,
we provide a structural model of actual OLEDs in order to
analyze the mechanisms that affect the light out-coupling
characteristics. In this part, the mechanisms by which the
2D PhCs structures enhance the out-coupling efficiency
of OLEDs are also given. In Section 3, we employ the
finite-difference time-domain (FDTD) method to simulate
the out-coupling efficiency of the OLEDs and describe the
architecture of the device used in simulations. In Section 4,
in order to find the optimal structure, we scan the structural
characteristics of 2D periodic nanostructures (embedded
PhCs and surface PhCs), such as, the period, the depth, and
the filling factor. The influence of 2D periodic nanostruc-
tures on enhancing the out-coupling efficiency of the OLEDs
is discussed, and then it is found the embedded PhCs have a
key action in improving the out-coupling efficiency (about
240%) but the contribution of the surface PhCs is poor
(only about 120%). Furthermore, we analyze the phenomena
using the mode theory, and it demonstrates that the overlap
between the mode and PhCs is related to the vertical mode
profiles. At the end of this part, an optimized OLEDs
structure with surface PhCs on the top of the substrate and
embedded PhCs between the ITO layer and the substrate
layer is designed. Finally, the conclusion is presented.

2. The OLEDs Microcavity Model and the PhCs

A schematic diagram of the OLEDs structure is shown in
Figure 1. The typical OLEDs structure is a multilayer planar
structure with the reflective metal contact layer, the ITO layer
(n = 1.8 ∼ 2.0), the substrate layer (n = 1.5), and the organic
layer (n ≈ 1.8) which includes a hole injection layer, a hole
transporting layer, an emitting layer, an electron transporting
layer, and an electron injection layer. A small fraction of the
emitted light is directed into the air because the total internal
reflection can occur at the glass-ITO interface and the air-
glass interface. This leads to the conception of Fabry-Perot
(F-P) microcavity OLEDs [11]. The out-coupling losses
are caused by the surface plasmon polaritons (SPPs), the
waveguide mode, the substrate mode, and the electrode
absorption, as shown in Figure 1. Due to the SPPs at the
interface of the metal and the organic (dielectric), about
36% of the generated light is dissipated as scattered light or
as nonradiative emission in the cathode region. According
to the total internal reflection that occurs at the glass-ITO
interface and the air-glass interface, a greater portion of
the emitted light is confined within the substrate layer and
organic/ITO layer that can be guided as the substrate mode
(22%) and the waveguide mode (20%). Four percent of
generated light is absorbed by the metal electrodes. Thus,
only about 18% of the light can escape from planner OLEDs.
The total energy that is trapped as the substrate mode and
the waveguide mode is up to 40%. In order to improve
the light extraction efficiency, first the light that is confined
within the substrate layer and the organic/ITO layer from the
conventional planar structure of OLEDs should be extracted.

PhCs have previously been used to improve the extrac-
tion efficiency of GaN-based LED, and the best light
extraction efficiency of the PhCs LED achieves 73% without

Air

Glass

Outgoing light
(about 18%)
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SPPs
(about 36%)
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(about 4%)
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layer

Substrate mode
(about 22%)

Waveguide mode
(about 20%)

Figure 1: Kinds of light out-coupling losses in ordinary OLEDs.

using encapsulants [12]. PhCs are dielectric perturbations on
the scale of the wavelength, offering control of the way light
propagates in the medium. A guided mode that propagates
within the high index layer can be characterized by an
efficient index neff, smaller than the substrate index nsub,
whose wavevector is

k// = neff ω

c
= nsub sin(θm)ω

c
,

θm ≥ θc = arcsin
(
nlow

nsub

)
,

(2)

where nlow is the index of the low index layer, θm is the mode
propagation angle, and θc is the angle of total reflection. If
the mode wavevector is k// = neffω/c ≤ nlowω/c, the light will
radiate from the substrate layer into the low index layer and
form the leaky mode. In the presence of PhCs, the guided
modes become Bloch modes [12] and the wavevector k// is
now coupled to other harmonics k// + G by the reciprocal
lattice vectors G, increasing extraction efficiency. To diffract
the guided light into the low index layer, the lattice constant
p of the PhCs needs to satisfy the diffraction condition,

k// = |k// + mG0| ≤ nlow ω

c
, (3)

where G0 = 2π/p and m is an integer (determining which
harmonic is responsible for diffraction to the low refractive
index layer). The Bloch mode is then referred to as a leaky
mode, because its power leaks to the low index layer as it
propagates. So the PhCs can improve the light extraction
efficiency of the OLEDs. The diffraction condition depends
on the wavelength, the lattice constant, and the mode
propagation angle.

3. Numerical Analysis

In this study, the three-dimensional (3D) FDTD method was
employed for simulations, which is a space and time dis-
cretization of Maxwell curl equations [13]. The FDTD calcu-
lation domain is shown in Figure 2. The simulation structure
was composed of a glass layer, a SiNx layer, an ITO layer, an
organic layer, and a metal contact layer. The 2D PhCs were
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Figure 2: Schematics of OLED structure with (a) embedded PhCs
between the ITO layer and the substrate (b) surface PhCs etched on
the substrate.

embedded in a glass-substrate interface or located on the top
surface of the glass layer, as shown in Figures 2(a) and 2(b).
Dipole sources were chosen as the excitation source since
it has been proved that the electron-hole-recombination
can classically be represented by a dipole [14]. Multiple
dipole sources are intrinsically suited for the simulation
of the active layer in 3D FDTD method. Nevertheless, the
attempt of using multiple dipole sources as well as periodic
continuation boundary conditions is not convenient since it
will lead to a nonphysical interference pattern. Therefore, a
single dipole source within a finite computational domain
was chosen. Furthermore, a perfectly matched layer (PML)
[15] enclosing the entire simulation domain was used to
absorb outgoing waves and avoid nonphysical reflections
(see Figure 2). In addition, inhomogeneous mesh was used
during the simulation, the grid size was 15 nm in the x and y
directions and 10 nm in the z direction.

The power loss in materials (ITO and glass) during the
simulation was ignored since the imaginary part of the ITO
and glass index is closed to zero at the wavelength of 0.55 μm
(see Figure 3) [16].

The extraction efficiency ηext was calculated from the
power flux extracted from the OLEDs Pout with respect to
the overall emitted power from the active layer Pemit (see
Figure 2):

ηext = Pout

Pemit
= P+

z,out

P+
x,in + P−x,in + P+

y,in + P−y,in + P+
z,in + P−z,in

.

(4)

With P+
z,out the power flow integrated over a plane just

above the OLEDs structure and Px,y,z,in the integrated power
flux through the planes normal to x, y, or z enclosing the
source. The + and − signs indicate power flow parallel or
antiparallel to the corresponding axis.

The extraction efficiency enhancement factor F is defined
as follow:

F = ηext

ηcon
, (5)

where ηext is the extraction efficiency of the OLEDs with
PhCs structures, and ηcon is the extraction efficiency of the
conventional OLEDs.
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In the following, the continued guided wave was used as
the source in the organic layer, with its vacuum wavelength
of 0.55 μm at the plane in the center of the organic layer. The
enhancement of the output coupling efficiency was studied
based on the standard embedded PhCs with the filling factor
f = 0.35 and the etched depth d = 0.3μm (as shown in
Figure 2(a)), when the period varied from 0.3 μm to 1.4 μm
(see Figure 4). The filling factors of triangular lattice and
square lattice PhCs are expressed, respectively, as follows [17]

ftriangular = 2πR2
√

3p2
,

fsquare = πR2

p2
,

(6)
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Figure 5: Enhancement of the out-coupling efficiency as a function
of filling factor.

where, R is the radius of the hole which is filled with the glass
in Figure 2(a) or air hole in Figure 2(b). From Figure 4, it
can be seen that the enhancement factor of triangular PhCs
was approximately equal to the square lattice PhCs when the
period was changed from 0.3 μm to 0.7 μm. However, the F of
triangular PhCs was obviously much larger than the square
lattice with the period was between 0.7 μm to 1.4 μm. And the
average F of triangular lattice was also larger than the square
lattice PhCs. Thus, triangular lattice PhCs were selected for
the next simulations, since they have better performances
than square ones.

The dependence of the enhancement factor F on the
PhCs filling factor is illustrated in Figure 5 which shows that
the F is lower when the filling factor is too small or too large.
The highest enhancement was obtained at about f = 0.4.
These results are in agreement with [18].

Optimization of the PhCs is difficult, because it involves
solving a multiparameter inverse problem. There are count-
less combinations of vacuum wavelength, lattice symmetry,
period (lattice constant), filling factor and depth of PhCs,
and it is impossible to say which one gives the most efficient
PhCs structure in releasing the trapped energy in the OLEDs
structure. From the above discussion, in order to simplify the
problem we choose triangular lattice PhCs with filling factor
f = 0.35 to analyze the enhancement of the out-coupling
efficiency using the vacuum wavelength λ = 0.55μm. In the
next section, we concentrate on studying the influence of the
PhCs parameters, such as, lattice constant (period), depth of
the PhCs and thickness of the ITO layer on the enhancement
of the output-coupling efficiency.

4. Simulation Results and Discussion

4.1. Influence of the Embedded PhCs on the Enhancement of
the Out-Coupling Efficiency. For an OLED with embedded
PhCs, the dependence of the enhancement on the PhCs
parameters was calculated based on a standard embedded
PhCs structure with the period p = 0.5μm, the depth
d = 0.3μm, the thickness of the SiNx layer T = 0.4μm,

and the height of the ITO layer h = 0.2μm as shown in
Figure 2(a). Each parameter was varied in turn while other
parameters were kept constant, and the enhancement factor
F was calculated. Different Fs of light out-coupling efficiency
with period p varying from 0.3 μm to 1.4 μm were calculated
as illustrated in Figure 6(a). From Figure 6(a), it can be
seen that F was low when the p was too small or too large.
The F was kept at a larger value when the p was changed
from 0.5 μm to 1.1 μm. The wavevector k// became Bloch
mode and radiated from the substrate layer into the low
index layer by the reciprocal lattice vectors G according to
the theory in Section 2. The reciprocal lattice vectors G was
decided on by the period p of the PhCs. Evidently, each
guided mode has a separate optimum reciprocal lattice vector
for maximum extraction and is diffracted into the lower
refractive index layer. The OLEDs structure is a multimode
waveguide, and the single period hardly enhances the total
extraction efficiency of all the modes. Thus, it is reasonable
that the p of 0.5μm ∼ 1.1μm was chosen in the experiment.

The enhancement factor F was plotted as a function of
depth in Figure 6(b), which shows that F increased with the
depth d increasing. A maximum value of 172% was obtained
at a depth of 0.4 μm. In this case, the depth of the PhCs d
is equal to the SiNx layer. It means that a larger F can be
obtained by etching PhCs deeply through the SiNx layer. The
F grows as the depth of PhCs increases, and this is related
to the overlap of the vertical guided mode profile with the
PhCs layer. For small PhCs depth d < 0.1μm, the attenuation
length [18] of the guided mode profile within the PhCs layer
is larger than the etch depth, hence, a steep increase is found
until the mode profile negligibly penetrates into the low
index layer. For d > 0.2μm, the enhancement factor grows
since the guided mode is squeezed more and more between
the metal layer and the PhCs layer.

The effect of the height of the ITO layer h was also
investigated. The relationship between enhancement factor
F and h which was changed from 0 μm to 0.4 μm is shown in
Figure 6(c). The F almost linearly decreased with increasing
h, and the largest value 187% was obtained when the height
ITO layer was 0 μm. Because the power of the waveguide
mode was mostly confined in the region between the
ITO/organic layer and the PhCs, the smaller h resulted in
high energy concentrated in the PhCs layer. Theoretically,
to get the largest enhancement factor, the height of the
ITO layer should be chosen as 0 μm. However, this is not
reasonable because the ITO layer is the electrode of OLEDs.
The PhCs can be directly patterned in the ITO layer of
the glass cylinder to replace the PhCs in the SiNx layer. In
addition, there was no noticeable degradation of electrical
characteristics under typical operating conditions [19].

The patterned PhCs ITO layer is a good choice to improve
the enhancement factor of the out-coupling efficiency. The
patterned ITO layer was fabricated by the bellow method,
the ITO layer was deeply etched through the organic layer
and the holes were filled with glass. The influence of the
height of the ITO PhCs H on enhancing the out-coupling
efficiency was studied, and the enhancement factor F of out-
coupling efficiency was found when H varied from 0 μm to
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Figure 6: Enhancement of light out-coupling efficiency as a function of (a) period of the PhCs p, (b) depth of PhCs embedded in the SiNx

layer d, (c) height of ITO layer h, and (d) height of the total ITO layer H.

0.5 μm in Figure 6(d). The F significantly increased as H was
changed from 0 μm to 0.3 μm. The attenuation length [18]
of the guided mode profile within the PhCs layer was large
than H , and hence a steep increase was found until H =
0.3μm. Then an oscillation could be found in the range of
0.3μm < H < 0.5μm, and F gradually reached a constant
180%. Since low-order modes are strongly evanescent in the
etched region, their diffraction does not significantly increase
for H larger than∼λ/nPhC [9], where nPhC is the average index
of the PhCs layer. It can be expressed as follows:

n PhC ≈
√
f εglass +

(
1− f

)
εITO. (7)

The peak occurred at a height H equal to 0.3 μm.
However, this ascending trend approximately kept constant
at this depth and changed to fluctuation as the PhCs were
etched deeper. This implies that there is no additional benefit
from a much deeper ITO layer.

To fully explain the variation trend shown in Figure 6(d),
the vertical mode profiles of the ordinary OLEDs structures
are first discussed as shown in Figure 7 (actually, there are

0.5 1 1.5 2

Low-order modes

1

E2

0

1

E2

0

High-order modes

(a)

(b)

Z (µm)

Figure 7: The vertical mode profiles of the ordinary OLEDs struc-
tures. (a) low-order modes (b) high-order modes.

many modes in the multilayer planar structure, we used four
modes of these to express the modes profiles). As shown
in Figure 7(a), the power of these low order modes was
confined in the ITO/organic layer, so the embedded PhCs
could be used to improve the out-coupling efficiency by
extracting the power of these low order modes. Figure 7(b)
is the high-order modes profiles whose power was located
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Figure 8: The vertical low-order modes profiles of the OLEDs
structure with embedded ITO PhCs. The region in the red rectangle
is the PhCs layer.

in the substrate layer. Similarly, the out-coupling efficiency
was enhanced using surface PhCs to extract the high-order
modes power. Distributions of these low-order modes with
ITO PhCs thicknesses H are provided in Figure 8. The index
of the PhCs layer can be obtained by the formula (7), which
is larger than the index of the glass and smaller than the index
of the organic layer. Since, these low modes slowly penetrated
into the PhCs layer with H increasing from 0 μm to 0.5 μm,
the interaction between the PhCs and these modes increased,
and thus the out-coupling efficiency grew with changes in
H . When H = 0.2μm, the peak of first-order mode entered
into the PhCs layer, and most of the power of the first-order
mode escaped from the organic layer. The peak of the ground
state mode was out of the PhCs layer, whose power was partly
still in the organic layer. The peak of the ground state mode
became closer and closer to the PhCs layer with H increasing,
and thus the overlap of this mode with the PhCs increased
and the power strongly diffracted to the substrate. When
H = 0.5μm, the peak of the ground state mode got very
close to the PhCs but was still in the high index layer, the
out-coupling efficiency kept constant at 180% with a small
oscillation.

To get much higher light extraction efficiency, PhCs
etched through the active layer have been used in the
GaN-based LED [20]. A standard embedded PhCs OLEDs
structure with 0.3 μm PhCs pattern ITO layer was used
in simulations, and the glass cylinder penetrates into the
organic layer with the thickness T . The enhancement factor
F of the structure with T varying from 0 μm to 0.2 μm at an
interval of 0.01 μm was calculated. These results are shown
in Figure 9. It was found that the enhancement factors F
almost linearly increased from approximately 180% to 240%
when T was changed from 0 μm to 0.2 μm. The turning point
occurred at a thickness equal to 0.13 μm. When T ≥ 0.13μm,
the slope of the increasing line was larger than that for T ≤
0.13μm, and a maximum of 240% was obtained at T =
0.2μm. Similarly, the vertical mode profiles of the ordinary
OLEDs structure were studied. As shown in Figure 10, the
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Figure 9: The enhancement factors F of the structure with thick-
ness T .
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Figure 10: The vertical low-order modes profiles of the OLEDs
structure with PhCs embedded into organic layer. The region in the
red rectangle is the PhCs layer.

peak of the first-order mode penetrates completely into the
PhCs layer, which hardly affects the out-coupling efficiency.
To simplify the problem, only the ground state mode is
considered. The peak of this mode got closer and closer to
the PhCs layer when T was changed from 0 μm to 0.1 μm.
This implies that the interaction between the mode and the
PhCs becomes stronger and stronger. When T ≥ 0.1μm,
the peak of ground state mode completely enters into the
PhCs layer, the overlap of the mode and PhCs had a much
steeper enhancement, and a maximum of 240% was obtained
at T = 0.2μm.

4.2. Influence of the Surface PhCs on the Enhancement of the
Out-Coupling Efficiency. To analyze the effect of the surface
PhCs on the enhancement of the light extraction, we used
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Figure 11: Enhancement of the out-coupling efficiency as a func-
tion (a) the period and (b) the depth of PhCs.

an approach similar to that of the embedded PhCs. We used
the surface PhCs structure with the period p = 0.5μm,
depth of the PhCs d = 0.2μm as the standard structure (see
Figure 2(b)). The enhancement is depicted as a function of
the period p and depth d in Figures 10(a) and 10(b). The
highest enhancement factor F was obtained at the period
of 0.5 ∼ 0.9μm. The result is close to the embedded PhCs,
but somewhat differently, the maximum is only about 120%.
From Figure 11(b), it can be found that the light out-
coupling efficiency dramatically increased when the surface
PhCs were etched from 0 μm to 0.35 μm. This is attributed
to the strong overlap between the high-order guided modes
and PhCs. As shown in Figure 12, the peaks of these modes
slowly entered into the PhCs layer with d increasing. Much
more power of the high-order guided modes can escape
from the substrate layer. When d ≥ 0.35μm, this ascending
trend stopped and changed to fluctuation as the PhCs were
etched deeper. Because peaks of these high-order modes have
been located in the PhCs regions, deeper etched PhCs cannot
enhance the interaction between these modes and PhCs. This
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Figure 13: Schematics of optimized OLED structure with embed-
ded PhCs and surface PhCs.

implies that there is no additional benefit from drilling the
holes deeper and deeper. From the simulation results, it was
found that the surface PhCs play a poor role in enhancing the
out-coupling efficiency of the OLEDs (about 120%). In the
experiment, the enhancement factor F of about 130% with
surface PhCs was obtained [21].

4.3. Optimized OLEDs Structure with Embedded PhCs and
Surface PhCs. We designed an OLED structure with embed-
ded PhCs and surface PhCs (see Figure 13). The parameters
of embedded PhCs were set as period p = 0.7μm, height
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OLEDs with embedded PhCs and surface PhCs. The region in the yellow rectangle is the PhCs layer.

of the ITO layer h = 0.3μm, and depth d = 0.5μm. The
ITO layer and the organic layer were patterned with PhCs
using glass. At the same time, the surface PhCs structure with
the period p = 0.5μm and depth d = 0.3μm was etched
in the surface of the substrate. An enhancement factor F
of 290% was obtained via FDTD simulation. Figure 14(a)
shows that with the vertical power distribution of ordinary
OLEDs, most of emitted light from the organic layer is
confined in the high index layers. The emitted light was
redistributed by the embedded PhCs [22] in this structure, as
shown in Figure 14(b), since the light can be easily extracted
by the embedded PhCs. From the results presented in the
Section 4.2, it was found that the top PhCs contribute little to
enhance the out-coupling efficiency of OLEDs. The surface
PhCs can extract a small fraction of the light (the power

of the high order modes), as illustrated in Figure 14(c).
The structures with embedded PhCs and surface PhCs (see
Figure 14(d)) present an effective way to avoid energy
spreading into the ITO/organic layer and substrate layer
and contribute to the extraction of low-order modes and
high-order modes. This proposed structure could be a very
promising candidate for high extraction efficiency OLEDs.

5. Conclusion

In this paper, we employed the finite-difference time-domain
(FDTD) method to study the improvement of the out-
coupling efficiency using embedded PhCs and surface PhCs.
Some parameters of the PhCs including the filling factor,
the depth, and the lattice constant were investigated. The
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result shows that the embedded PhCs play a key role in
enhancing the out-coupling efficiency, a maximum of 187%
was obtained using SiNx PhCs, and the largest value of 240%
was obtained when the PhCs were etch into the organic layer.
The out-coupling efficiency of the surface PhCs is only about
120%, so it has a poor role in improving the out-coupling
efficiency. And then we analyzed the phenomena by using
the mode theory, which showed that the low-order modes
and high-order modes should be modified to escape from
OLEDs using the double PhCs. It demonstrated that the
overlap between the mode and PhCs is related to the vertical
mode profiles and that it is an effective attempt to enhance
the light extraction efficiency by changing the distributions
of vertical mode profiles. Finally, the enhancement of the
extraction efficiency in excess of 290% was observed for the
optimized double photonic crystal pattern. This proposed
that structure could be a very promising candidate for high
extraction efficiency OLEDs.
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We have demonstrated efficient blue organic light-emitting diode with the structure of indium tin oxide/4,4′,4′′ -tris(N-(2-
naphthyl)-N-phenyl-amino)triphenylamine/1,4-bis[N-(1-naphthyl)-N′-phenylamino]-4,4′-diamine/9,10-di(2-naphthyl)anthra-
cene (ADN): 1-4-di-[4-(N,N-di-phenyl)amino]styryl-benzene (DSA-ph) 3 wt%/tris-(8-hydroxyquinoline)aluminum/LiF/Al.
Improved efficiencies and longer operational lifetime were obtained by codoping a styrylamine-based dopant BD-3 (0.1 wt%)
into the emitting layer of ADN doped with DSA-ph compared to the case of non-codoping. This was due to the improved charge
balance and expansion of exciton recombination zone. The better charge balance was obtained by reducing the electron mobility
of ADN which was higher than the hole mobility in the case of non-codoping.

1. Introduction

High performance and high efficiency in organic light-
emitting diodes (OLEDs) depend on charge carrier distribu-
tion and charge balance. Especially the charge balance is very
important to achieve a long lifetime of OLED, because the
balance avoids charge leakage from the emitting layer to the
electrodes. A number of methods have been undertaken to
achieve high carrier density and charge balance. For example,
one method is to carry out a good alignment between the
Fermi level of the electrode and the corresponding transport
band of the adjacent organic layer. Other methods are
that indium tin oxide (ITO) has been physically (e.g., UV-
ozone), chemically, and/or electrochemically treated, and
hole injection layer (HIL) has been inserted between anode
and organic layer, to reduce the carrier injection barrier
height and to obtain high-density hole injection [1].

The electron mobility is largely different from the hole
mobility for most organic materials, giving rise to charge
imbalance. It is necessary to make the electron and hole
mobilities in emitting layer (EML) comparable to each other
[2]. In the present paper we propose a codoping method to
obtain the comparable mobilities using a blue OLED.

Blue OLEDs are important for various applications, for
example, traffic signals, full color scanners, displays, and
lighting including white emission generated by color conver-
sion method. Therefore we fabricate a blue OLED to find
a method to obtain the charge-balanced OLEDs. Of vari-
ous blue emitters, 1-4-di-[4-(N,N-di-phenyl)amino]styryl-
benzene (DSA-ph) has been paid much attention because of
its high efficiency and stability [3]. Diphenylanthracene
derivative, 9,10-di(2-naphthyl)anthracene (ADN) has been
used as highly efficient host material for not only green
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Figure 1: Device structure and energy levels of Device B.

and red emitters but also blue emitters such as 2,5,8,11-
tetra-t-butylperylene (TBP) [4] and 4,4′-bis[2-(4-(N,N-
diphenylamino)phenyl)vinyl]biphenyl (DPAVBi) [5]. There-
fore we are concerned with blue OLED with emitting layer
(EML) of DSA-ph doped ADN in this paper.

2. Experimental

The OLEDs were fabricated by vacuum thermal evaporation
method. The base pressure was better than 7 × 10−4 Pa
during the evaporation of organic materials and Al cathode.
The deposition rate was lower than 0.3 nm/s for 4,4′,
4′′-tris(N-(2-naphthyl)-N-phenyl-amino) triphenylamine
(2-TNATA), 1,4-bis[N-(1-naphthyl)-N′-phenylamino]-4,4′-
diamine (NPB), ADN, DSA-ph, and tris-(8-hydroxyquino-
line)aluminum (Alq3). All these materials were purchased
from e-Ray Optoelectronics Technology Co., Ltd. All the
device fabrication processes were performed without break-
ing the vacuum. The layer thickness was controlled in situ
using a quartz crystal monitor.

The following two devices were fabricated:

Device A: ITO/2-TNATA (75 nm)/NPB (20 nm)/
ADN: DSA-ph 3 wt% (30 nm)/Alq3 (20 nm)/LiF
(0.5 nm)/Al (100 nm);

Device B: ITO/2-TNATA (75 nm)/NPB (20 nm)/
ADN: DSA-ph 3 wt%: BD-3 0.1 wt% (30 nm)/Alq3

(20 nm)/LiF (0.5 nm)/Al (100 nm),

where the thickness of each layer and the doping concentra-
tion of emitting layer (EML) are indicated. The ITO had a
thickness of 220 nm. The layer structure of Device B is shown
in Figure 1, together with the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels for each layer.

The difference of Device B from Device A is that a sty-
rylamine-based blue-emitting dye BD-3 is codoped in EML
in Device B. The BD-3 was purchased from Kodak Co., Ltd. It
was selected because it exhibited a very high electrolumines-
cence (EL) efficiency of 7.2 cd/A and emitted a 448 nm deep
blue light which can be distinguished from DSA-ph emission
[6].
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Figure 2: Electroluminescence spectra of Devices A and B mea-
sured at 10 V.
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3. Results and Discussion

Figure 2 shows the EL spectra of Devices A and B measured
at 10 V. The nearly identical EL spectra were obtained for the
two devices, that is, intense peak at 470 nm accompanied by
vibronic sidebands at 504 and about 540 nm, but a higher
intensity for Device A than for Device B. The 470 nm emis-
sion band with two vibronic sidebands is ascribed to DSA-
ph. Emission of ADN at 452–455 nm [7–9] was not observed,
indicating efficient energy transfer from ADN to the dopant.
Emission of BD-3 at 448 nm [10] was also not observed
because of much smaller concentration than DSA-ph.

The luminance-voltage (L-V) and current density-
voltage (J-V) characteristics are shown in Figures 3 and 4,
respectively. It is found that the luminance is higher for
Device A than for Device B at high voltages above about 6.5 V
(Figure 3). Different OLED performance is observed between



Advances in Materials Science and Engineering 3

100

10−1

10−2

10−3

10−4

10−5

10

2 3 4 5 6 7 8 9 10 11

−6

Device A
Device B

C
u

rr
en

t 
de

n
si

ty
J

(A
/c

m
2
)

J V13.9

J V5.2

J V15.5

J V1∝

∝

∝

∝

Voltage (V)

Figure 4: The current density-voltage characteristics of Devices A
and B.
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Figure 5: The luminous power efficiencies of Devices A and B,
which are plotted against current density.

the two devices although the two devices follow the same
Ohmic law of J ∝ V below 3 V and J ∝ V 5.2 above 7 V,
while Devices A and B follow J ∝ V 13.9 and J ∝ V 15.5 at
3-4 V, respectively (Figure 4). An increase of current density
in Device B relative to Device A is observed at 3-4 V. This
indicates increase of electron mobility due to decrease of
electron traps in Device B.

Figure 5 shows the luminous efficiency-current density
(ηlumi− J) and the power efficiency-current density (ηpower−
J) characteristics for the two devices. The efficiencies ηlumi

and ηpower of Device B are higher than those of Device A
at current densities below 0.1 A/cm2, while these efficiencies
are almost the same at current densities above 0.2 A/cm2 for
the two devices. The external quantum efficiency (EQE) of
fluorescent OLEDs is considered to be the product of the
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Figure 6: The external quantum efficiencies of Devices A and B,
which are plotted against current density.

0 500 1000 1500 2000

0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

Device A
Device B

Lu
m

in
an

ce
 (

n
or

m
al

iz
ed

)

Operation time (hr)

Figure 7: The lifetime performance of Devices A and B, which
were obtained at initial luminance of 2500 cd/m2 (the luminance
is normalized at the initial time).

following four factors: the charge balance of holes and the
electrons, the singlet exciton ratio, the photoluminescence
quantum efficiency (PLQE), and the light outcoupling effi-
ciency [11]. The charge balance and PLQE can be maximized
to 100%, and the singlet ratio is considered to be 25% due
to the spinstatistics of the charge recombination. Thus, if the
outcoupling efficiency ranges from 20% to 30%, the upper
limit of EQE becomes 5%–7.5%. It is noteworthy that we
obtained an almost upper EQE of 6% (see Figure 6) in Device
B based on the fluorescent emitter DSA-ph. The superiority
of Device B to Device A is found in not only the EQE but also
the device operational lifetime as shown in Figures 6 and 7,
respectively. Regarding the lifetime, it is longer by about 1.3
times for Device B than for Device A.
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We consider the reason why Device B shows higher lumi-
nous, power, and external quantum efficiencies than Device
A although Device B shows lower luminance at a fixed
voltage than Device A. The hole and electron mobilities of
ADN are in the range of (1 − 5) × 10−7 cm2 V−1 s−1 under
external applied fields in a range of 0.5–1 MV cm−1 [12]. The
electron mobility is slightly higher than the hole mobility,
for example, 4.65 × 10−7 cm2 V−1 s−1 at 1 MV cm−1 for the
former and 4.50 × 10−7 cm2 V−1 s−1 for the latter. However,
Ho et al. found that the electron mobility of ADN was one
order of magnitude higher than its hole mobility [13]. Unlike
Device A, BD-3 of 0.1 wt% concentration was codoped in
EML of Device B. Such a codoping leads to decrease of
electron mobility by electron trapping at BD-3 molecules and
becomes comparable to the hole mobility of ADN, resulting
in a better charge balance in ADN emissive layer. In this way
we understand the observed higher efficiencies of Device B
than those of Device A.

The peak of the DSA-ph emission band is observed at
471.2 nm in Device A, while at 470.7 nm in Device B.
Blue-shift is observed in Device B although the shift is
very small. In the OLEDs with two-layer structure of ITO/
NPB/Alq3/LiF/Al, the Alq3 emission band shows blue-shift
with decreasing the Alq3 layer thickness due to optical
interference effects (the recombination zone which is located
at the NPB/Alq3 interface tends to be closer to the metal cath-
ode with decreasing Alq3 layer thickness) [14]. Therefore, the
observed blue shift confirms the expansion of electron-hole
recombination zone in Device B compared with Device A.
It is also suggested that the expansion of exciton generation
region contributes to lengthening the OLED operational
lifetime. The reason is that, since the carriers are not confined
in a limited area, Joule heating due to recombination of
high density electrons and holes is avoided. Therefore we
obtained the longer operational lifetime in Device B than in
Device A.

4. Conclusions

Higher luminous and power efficiencies have been obtained
at current densities below 0.1 A/cm2 by codoping BD-3 into
the emitting layer of ADN doped with 3 wt% DSA-ph when
compared to the case of non-codoping. This improvement
is attributed to the charge balance in emitting layer, which is
obtained by reducing a higher electron mobility of ADN than
the hole mobility. Additionally longer operational lifetime
by 1.3 times has been achieved. This is attributed to the
expansion of recombination zone, which leads to reduction
of heat from recombination of high density electrons and
holes in a narrow area.
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