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We present a detailed design method of quantum dot-organic light emitting devices (QD-OLED) based
on microcavity model. CdTe quantum dot is used as an emissive layer for blue, green and red emissions.
We have simulated the internal photoluminescence emissions of the quantum dot layer by Gaussian
function based on the published experimental results. Using these simulated internal photolumines-
cence emissions for different quantum dot sizes we have calculated the output emissions intensities of
blue, green and red lights. We have investigated the effect of changing the device geometry on the
emission intensity. We found that the emission intensity is highly depends on the device geometry. On
the other hand, we found that the optimizations of the device structure are different for different

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recently, optoelectronic devices have become essential ele-
ments in optoelectronics based hardware technology in the area
ranging from communication systems to consumer electronics [1].
Light emitting diode (LED) is considered as one of the most
important optoelectronic devices. During the last five decades,
LEDs have undergone a significant development, the first LEDs
emitting in the visible wave length region were based on GaAsP
compound semiconductor with external efficiency of only 0.2%.
Since that time, a lot of developments have been introduced to
improve the performance of such inorganic LEDs [2].

For certain device applications, semiconducting polymers can
replace inorganic semiconductors at low cost because they are more
easily processed, one example of these applications, is the develop-
ment of organic light emitting diodes(OLEDs) for full-color light
emitting displays[3]. Organic LEDs have sufficient brightness, range
of color and operating life times to make them a possible alternative
to liquid crystal based flat panel displays [4]. Recently, a hybrid
device of an OLED incorporating nanocrystal (NC) quantum dots
(QD) has been suggested as a new form for solid state lighting [5,6].
This hybrid device has the advantages of exhibiting high bright-
ness, narrow spectral full width at half maximum (FWHM) and QD
size dependence of the emission peak of the photoluminescence.
The excellent size dependent, bright and narrow photoemission of
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colloidal semiconductor cadmium nanocrystals, such as CdS, CdSe
and CdTe, combined with the flexibility in process ability enables
them to be used in solution processed hybrid of organic and
inorganic LEDs [7].

Although, CdSe is frequently used in LEDs, CdTe NCs have an
advantage in terms of band alignment which in turn provides a
significant reduction of the barrier for hole injection compared to
CdSe [7]. Since the device modeling has become a powerful tool as it
avoids tedious experiments and offers exploration into wide range of
critical microscopic behaviors, this paper concerns with the design
and optimization of an organic LED based on CdTe NCs as an emissive
layer using microcavity modeling. Up to now optical studies on
device simulation and design on light emitting devices based on
quantum dots are very rare [8-12]. In this work, we have designed
three devices based on CdTe quantum dot as emissive layer for blue,
green and red light emissions. Also, we have investigated the effect of
device geometry and cavity length on the emission intensity.

This paper organized as follows; Description of the device
structure and the microcavity model, the design method and
simulation parameters, the results and discussions and finally, the
conclusions are drawn.

2. Device structure and microcavity modeling of QD-OLED

A schematic diagram of a typical microcavity QD-OLED with a
multilayer structure is shown in Fig. 1. Where Al and Ag represent
the upper and lower metallic mirrors, respectively. We have used
here metallic mirrors instead of high-performance dielectric
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Fig. 1. The schematic of microcavity light emitting device used in calculations of
ITO/TPD/CdTe (quantum dots)/ Alqs/AL, with Ag as bottom reflecting mirror.

mirrors, to maintain fabrication simplicity (only one layer must
be deposited) and hence, suitability for applications in micro-
systems because of its small size. In addition, the metallic mirrors
can be applied over a wide spectral range of frequency, because of
the high reflectivity of silver and aluminum in the visible range
[13]. Our future work is the comparison of the performance of the
devices based on metallic and dielectric mirrors. ETL, EML, HTL
refer to the electron transporting layer, emissive layer and hole
transporting layer, respectively. In case of QD-OLED, the emissive
layer consists of nanocrystal quantum dots of a semiconducting
material. We have used here the same method that was used for
simulation of the microcavity OLED [14] to design and simulate the
emission of QD-OLED. The external emission spectrum of the
microcavity device can be calculated by:

1N (1-Rp)(1 4Ry +2+/Rycos@nzicoslin /24| @y )
Icav.(;‘) = N Z

Iin(h
“=1+RyR;—2/RyRicos(4nLcosOin /7. + | y| + | @) in(4)

M

where, 1 is the wave length, Ry and R; are the reflectivity of the
upper and lower interfaces of the cavity (metallic mirrors), respec-
tively. z; is the optical distance of the emitting dipoles to the metal
mirror, ¢y and ¢; are the wave length dependent phase changes
upon reflection from upper and lower mirrors, respectively. [;,(4) is
the free space spontaneous emission of the emissive layer. L is the
optical thickness of the cavity (L= > Tini(4)). T; and n; are the
physical thickness and refractive index of the ith layer, respectively.

3. Materials and optical parameters used in simulation model

The device considered consists of Al and Ag as metallic
mirrors, Algs as electron transporting layer, TPD as hole trans-
porting layer and CdTe quantum dots as an emissive layer. In this
section we discuss the optical parameters for each layer which
have been used in simulation model.

3.1. Spontaneous emission (Iin(7.))

The spontaneous photoluminescence emissions of CdTe quantum
dots have been simulated using Gaussian distribution function.

First, we have collected from the published experimental
results the data which relate the size of the quantum dots and

the position of the emission peaks [9]. Then, through fitting the
experimental results we have found the fitting equation that
relates the size of the quantum dot and the position of emission
peak wave length. The obtained fitting equation is:

P=11.108d*> +39.439d+321.11 )

where d is the QD diameter. Fig. 2(a) shows the agreement
between the experimental data and the fitted curve for the
relation between the emission peak position and quantum
dot size.

Then, using Eq. (2) we can simulate the spontaneous emission
as follows:

Iin(2) = exp(—(A—P)* /2¢?) 3)

where P is the position center of the peak and c is a factor related
to the full width at half maximum (FWHM) according to
FWHM = 2+/2In2c. We have applied 35 nm for the FWHM of CdTe
QD emission [12]. Fig. 2(b) represents the simulated photolumi-
nescence emissions for different sizes of CdTe quantum dots.

3.2. Refractive indices of the materials used

The refractive index of the emissive layer which in our case is
CdTe QDs, was determined using the equation developed in literature
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Fig. 2. (a) Position of photoluminescence (PL) emission peak maximum versus
QD diameter, (b) Simulated photoluminescence emission profiles of CdTe for 1.5,
2.0, 3.04, 3.82 and 4.0 nm QD sizes.
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Table 1
Refractive indices of materials used for building the device of the three emission
colors blue, green and red.

Material Refractive index at Refractive index at Refractive index at

A=445 nm /=543 nm /=633 nm
Algs 1.8111 1.753 1.74
TPD 1.822 1.753 1.74
ITO 2.4+0.01i 2+0.01i 1.94
Al 0.61564+5.39411i 0.928 +6.6i 1.374+7.62i
Ag 0.1553+2.42i 0.128+3.282i 0.135+3.988i

which relates the refractive index with the size of QD [15]:

n= [14+ @/ +0.75/d)'2]

where &y, is the dielectric constant of the bulk material and d is
the average diameter of the QD in nanometer. In our calculation
we take the value of refractive index for bulk CdTe to be 2.69
[16] and then the dielectric constant is calculated as the square
of the refractive index [17]. This value of dielectric constant
will be approximately reasonable if we disperse the quantum
dots in a high dielectric constant solvent such as chloroform or
tetrahydrofuran.

The frequency-dependent refractive indices of Al and Ag
are calculated using the Drude formula [18].The refractive
indices of Alqs and TPD at different wavelengths were ob-
tained from the measured spectrum of optical parameters
found in [19]. It was found that, the refractive indices of Alqs
and TPD have very small difference in the visible range. As we
interested for the study of the devices emit blue, green and red
emissions, we have determined the refractive indices of
different materials at 445, 543 and 633 nm wavelengths which
are listed in Table 1.

4. Design and simulation

We have simulated the emitted radiation of CdTe QD-OLED
microcavity device. We have applied the following steps to
compute the emission, in case of normal incidence, for different
wavelengths and different device geometries:

First, based on Eq. (1) the resonance of the cavity for the
normal incidence occurs at:

S Y T+ | dut0.0)] + |610.1) = 2mn 4)

i. Determine the resonance of the required emission peak wave-
length (J;s) by applying resonance formula (Eq. (4)), then
estimate the compatible QD size matching this wavelength
using Eq. (2). Then, simulate the internal emission profile by
applying Eq. (3).

ii. Estimate the reflectivity and phase changes upon reflections
from upper and lower metallic mirrors.

iii. Estimate the optical thickness (Lop) of the materials consisting
the device at normal incidence and resonance wavelength
(4res) using Eq. (4).

iv. Estimate the physical thickness (L) of the materials consist-
ing the device through Lop=ncav.Lpn.

v. Adopting the geometry of each device by applying the follow-
ing relation between emission layer thickness, ITO layer
thickness and total optical thickness:

Lop = niro.Trro + Nem-Tem +1.(Lpn —Trro—TEm) (©)

where n is the refractive index of HTL and ETL.

Finally, based on the previous steps, the thickness of each layer
can be estimated and optimized for maximum luminescence
intensity.

5. Results and discussion

We have investigated the emission spectra of three devices
based on CdTe QDs as an emissive layer, for emissions at 445, 543
and 633 nm which correspond to blue, green and red emissions,
respectively.

We have investigated the first mode (m=1) of blue, green and
red emissions for the device consists of Glass/Ag/ITO/TBD/ Alqs/
Al. Table 1 summarizes the calculated QD diameter, optical
thickness of the materials inside the cavity and the physical
thickness for the devices emit blue, green and red emissions
colors with (m=1). The calculated physical thicknesses matching
the resonance for blue, green and red emissions are 73, 85 and
99 nm, respectively. We have studied the relation between ITO
thickness and the thickness of the emissive layer (with constant
value of the sum of HTL and ETL) by applying Eq. (5). This study
gives us how to vary the device geometry with conserving the
resonance. Fig. 3 shows the relation between the ITO thickness
against emission layer thickness for the first mode of resonance
(m=1) of blue green and red emissions. Here, each value of EML
thickness and ITO thickness is restricted to a certain value that
can fix the resonance at the required wave length. According to
the relation between the ITO thicknesses against emission layer
thickness we have restricted the EML layer thickness to 20 nm
and varying the thickness of ITO layer. The values of ITO thickness
are 22, 25 and 44 nm for blue, green and red emissions, respec-
tively. Then for each value of ITO layer thickness we have
optimized the devices through changing the HTL and ETL layer
thicknesses. Figs. 4-6 show the blue, green and red emissions
with different HTL and EML layers thicknesses. Clearly, with
increasing the HTL thickness and decreasing the ETL layer thick-
ness the emission intensity increases for the blue, green and red
emissions. We attributed this result to the change in the distance
between the recombination zones (i.e., emitting centers) to the
cathode where the reflection is most significant. This means that
the change of the distance between the emissions centers and the
cathode plays an important role in optimizing the optical density.
It is worth to mention that the intensity of the red emission is

150
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125 —®— Green Emission
—4A— Red Emission

ITO thickness (nm)

T
0 10 20 30
Emissive Layer thickness

Fig. 3. Relation between ITO layer thickness and emissive layer thickness for
blue, green and red emissions for the devices designed for resonance with first
mode m=1.
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Fig. 5. Variation of intensity for different HTL thicknesses in case of the first
resonance mode of green emission with thicknesses of EML=20nm and
ITO=25 nm.

high in comparison with blue and green emissions devices. We
ascribed this result to the variation in wavelength which results
in variation in refractive index of the cavity and hence the
magnitude and phase of reflection coefficients which leads to
the variation of intensity. We should bear in mind that, the
change in ITO layer thickness will affect on the resistivity of ITO
layer [20] and consequently affect on the device performance.
So, to completely optimize the emission of devices we should
compromise the study of optical and electrical characteristics
which will be the future work.

Also we have investigated the second mode of resonance
(m=2) for blue, green and red emissions for the device consists
of Glass/Ag/ITO/TBD/ Alqs/Al. Table 2 summarizes the calculated
QD diameter, optical thickness of the materials inside the cavity
and the physical thickness for the devices emit blue, green and
red emissions colors with (m=2).

In this case there is a chance to highly increase the physical
thickness relative the first resonance mode with (m=1). To decide
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Fig. 6. Variation of intensity for different HTL thicknesses in case of the first
resonance mode of red emission with thicknesses of EML=20nm and
ITO=44 nm.

Table 2

Optical thickness and physical thickness matches first resonance mode (m=1) of
the cavity for different emissions wavelengths, which correspond to different
QD sizes.

Wavelength (nm) 445 543 633
QD diameter in (nm) 2 3.04 3.82
Optical thickness (nm) 149.3 170 197
Physical thickness (nm) 73.5 85 99
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Fig. 7. Relation between ITO layer thickness and emissive layer thickness for blue,
green and red emissions for the devices designed for resonance with second mode
m=2.

the required physical thickness of both HTL and ETL layers which
corresponding to maximum emission intensity for blue, green and
red emissions. Also, we have studied for second resonance mode
the relation between ITO thickness and the thickness of the
emissive layer (with constant value of the sum of HTL and ETL)
to investigate the most possible variations of the device geometry.
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Fig. 7 shows the relation between the ITO thickness and emission
layer thickness for the second mode of resonance of blue, green
and red emissions. Clearly, for each value of EML thickness, the
ITO thickness is restricted to a certain value that can fix the
resonance at the required wave length. For example the device
designed for red emission (at 633 nm), we have found that the
less value for EML thickness is 35 nm, and this is because EML
with thickness smaller than this value restricts ITO thickness to a
value very close to the total physical thickness of the device and
consequently unreasonable thickness for ETL and HTL.

Table 3

Optical thickness and physical thickness matches the second resonance mode
(m=2) of the cavity for different emissions wavelengths, which correspond to
different QD sizes.

Wavelength (nm) 445 543 633
QD diameter in (nm) 2 3.04 3.82
Optical thickness (nm) 371 442 514
Physical thickness (nm) 183 221 258
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Fig. 8. EL intensity with changing HTL thickness for second resonance mode of
blue emission: (a) EML thickness of 20 nm, (b) EML thickness of 30 nm.

Table 3 Based on the relation between ITO thickness and the
thickness of the emissive layer with a constant value of the sum of
HTL and ETL we have investigated the effect of varying the device
geometry through the thickness of each layer on the emission
spectra. Here, for each pair of ITO and EML layers thicknesses
there is a value of the sum of (HTL+ETL) and hence, increasing
HTL thickness means decreasing ETL thickness and vice versa.

Figs. 8(a) and (b) show the effect of increasing the HTL
thickness on the expense of ETL thickness on the luminescence
emission intensity with thicknesses of EML=20 and 30 nm,
respectively. It was noted that, for the device designed with
EML=20 nm, the increasing in HTL thickness up to 30 nm leads
to a decrease of emission intensity. By further increasing of HTL
thickness the emission intensity highly increases. While for the
device designed with EML=30 nm the emission intensity con-
tinuously decreasing with increasing HTL thickness up to 40 nm
and slightly increased for the HTL=50 nm. These results indicate
that upon the variation of HTL and ETL thicknesses the device
performance is highly dependent on the thickness of EML layer.
So, we decided to investigate the effect of varying EML thickness
on the emission intensity for the devices having various HTL
thicknesses. Fig. 9 shows the effect of changing EML thickness on
the emission intensity with varying HTL thicknesses. Clearly, for
the thicknesses of HTL equal 15 and 20 nm, the emission peak
intensity increases with increasing EML thickness. While for the
thicknesses of HTL equal 30 and 40 nm, the emission peak
intensity first decreases with increasing EML thickness up to
30 nm. But for the higher values more than 30nm of EML
thickness the emission intensity continuously increase with
increasing EML thickness. By changing EML and HTL thickness
we have two effects on the emission intensity (1) the increase of
EML thickness on the expense on ITO layer (this effect is very
small because the difference between the refractive index of the
quantum dot and the ITO is very small), (2) the change of the
optical distance of the emitting center to the metal mirror which
improve the alignment with antinode position of the field. We can
consider the second effect is predominant reason for the increase
of the emission intensity with increasing the EML layer thickness
for the devices based on thicker EML layer.

Figs. 10 and 11 show the effect of increasing HTL layer
thickness on the emission intensity of the green light for various
EML layer thicknesses. Clearly, the emission intensity decreases
with increasing HTL layer thickness from 20 to 30 nm, then
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Fig. 9. Emission peak intensity for the second resonance mode of blue emission
versus EML thickness with different HTL thickness.
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green emission (a) EML thickness of 30 nm, (b) EML thickness of 40 nm.

emission intensity starts to increase with increasing the HTL layer
thickness up to 55 nm. On the other hand, the effect of increasing
the EML layer thickness leads to a decrease in emission intensity
which is opposite in trend relative to design of blue emission.
Here, the design of the cavity length for green is thicker than
that one for blue light emission device due to the increase of
QD refractive index. This longer cavity length will affect on the
position of alignment with antinode of the field. Also, the
reflectivity of the cathode for the green light is different from
the blue light which will also affect on the resonance of the
device.

Fig. 12(a) and (b) show the effect of changing the HTL layer
thickness for device designed for red light emission with EML
layer thicknesses 50 and 60 nm, respectively. Here, we selected
thicker EML layer thickness due to longer cavity length relative to
green and blue emissions. It is noted that the increase of HTL layer
thickness leads to decrease of the emission intensity. On the other
hand, the emission intensity of red color is relatively higher than
the emission intensities of green and blue emissions. We attrib-
uted this increase in intensity to the increase of reflectivity of
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Fig. 11. Variation in the output emission intensity of second resonance mode of
green emission against HTL thickness for various EML layer thicknesses.

cathode to red light relative to the reflectivity to green and
blue light.

It is worth to mention that, our calculations for the devices
designed with EML layer with 40 nm or more the position of the
emissions peaks are not have noticeable change with increasing
the HTL layer thickness. While the devices designed with EML
layer thickness equal 30 nm or less there is a nonsystemically
change in the position of the emission peaks with increasing the
thickness of HTL layer on the expense of ETL layer. In the case of
the thicker EML layer, the change in HTL layer thickness has very
small effect on the optical length of cavity that is because the EML
layer has high dielectric constant relative to HTL and ETI layers. In
addition, the difference in the dielectric constants between ETL
and HTL is very small. While for the case of thin EML layer the
change in HTL layer thickness will give a noticeable change in
optical length of the cavity. Consequently, the change in the optical
length of the cavity affect on the resonance of the emission. So, to
keep the resonance of the cavity the emission wavelength should
change in this case.

We have compared our results with available systematic study of
the noncavity light emitting devices by Mattoussi et al. [21]. The
work published by Mattoussi et al. is a systematic study of light
emitting devices based on CdSe nanocrystals while our work based
on CdTe nanocrystals. So, we have adopted the difference in the
peak positions according to the difference of the bulk band gaps of
the two materials. We found that the difference between the
position of the emission band of our work and the experimental
work by about 6%. We attributed this difference to the difference in
the structures of the two devices. On the other hand, we have found
a good improvement in the sharpening of emission peak with
application of the cavity on the devices. The half width of emission
peak decreased by about 10 nm relative to the spontaneous photo-
luminesnce emission and the experimental work by Mattoussi et al.
Also, we compared our work with the published theoretical and
experimental work about organic light emitting devices and we
found in general, the results for optical properties obtained from our
design methodology agree well with the general behavior of the
obtained results found in references [22-23].

Finally, this work have directed to the simulations of the devices
which emit the three primary colors blue, green and red emissions.
Our future work we will consider the simulation of the design that
produces white light based on the obtained results in this work.
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Fig. 12. EL intensity with changing HTL thickness for second resonance mode of
red emission (a) EML thickness of 50 nm, (b) EML thickness of 60 nm.

6. Conclusion

A detailed design method for microcavity QD-OLED was
introduced through this paper. Three LEDs for blue, green and

red emissions were designed and simulated. From the simulated
results, QD-OLED can be optimized by changing the device
geometry through varying the thicknesses of the layers which
consisting the device. We found that the optimizations for the
device structures are different for different colors. On the other
hand, we have compared our results with the experimental work
and found fairly good agreement between our results and experi-
mental one.
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