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Abstract We propose a low-threshold optically pumped
organic vertical-cavity surface-emitting laser (OVCSEL).
This device has the capability to apply both electrical and
optical excitation. The microcavity structure consists of an
organic light emitting diode with field-effect electron
transport inserted in a high-quality factor double dis-
tributed Bragg reflector. The simulated quality factor of the
microcavity is shown to be as high as 16,000. Also, we
investigate threshold behaviour and the dynamics of the
optically pumped OVCSEL with sub-picosecond pulses.
Results from numerical simulation show that lasing
threshold is 12.8 pJ/0.64 wJ cm™2 when pumped by sub-
picosecond pulses of 4 = 400 nm wavelength light.

Keywords Organic semiconductor - Organic vertical-
cavity surface-emitting laser (OVCSEL) - Optical pump -
Quality factor - Lasing threshold

Introduction
Organic semiconductor lasers provide superior features

such as flexibility, accessibility of all wavelengths in the
visible spectrum, and possibility of low cost and large-area
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fabrication. These properties would make organic semi-
conductor lasers suitable for many applications in bioana-
Iytics, digital printing, and fluorescence spectroscopy [1].
Although the first optically pumped organic laser has been
demonstrated as early as 1996 [2], an electrically pumped
organic laser has not been realized yet. Low charge carrier
mobility, bimolecular annihilations process, induced
absorption process, field quenching, and metal contact
losses are the important factors that prevent lasing. More-
over, electrode contact absorption losses are most common
losses in organic laser diodes. To develop an effective
electrically pumped organic laser, one part of the strategy
is lowering the optical losses. The wvarious optically
pumped organic microcavity geometries such as double
distributed Bragg reflectors (DBRs) [3, 4], distributed
feedback structures [5, 6], 2D photonic crystals [7, 8],
photonic band gap fiber resonators [9], photonic crystal
nanobeam cavity [10], and high contrast grating (HCG)-
based microcavity [11] have been demonstrated. For opti-
cally pumped organic laser, microcavity with a high-
quality factor leads to a lower optical power input. Cha-
karoun et al. proposed a high-quality factor microcavity
organic laser for electrical pumping [12]. They have used
high-reflection and low-absorption DBR mirror layers for
reaching high-quality factor.

In this paper, we propose a low-threshold OVCSEL
which has the feasibility to apply both electrical and optical
pumping. The extended microcavity structure consists of
an organic light emitting diode (OLED) with field-effect
electron transport [13] set in between DBR mirrors. We
also model the threshold behaviour and the dynamics of the
OVCSEL optically pumped with sub-picosecond pulses.
The results of optical pump-out will help us to estimate the
injection current density value for electrical pumping.

\g
’r @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-016-0209-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40094-016-0209-9&amp;domain=pdf

124

J Theor Appl Phys (2016) 10:123-127

Organic VCSEL structure design

The schematic structure of the proposed OVCSEL is shown
in Fig. 1. The OLED with field-effect electron transport
has been used as the active region. In our device structure,
the metallic top contact is remote from the light-emission
zone. As a result, the additional losses due to absorption
photon at the metal contact can be decreased. Therefore,
the quality factor of the microcavity that is inversely pro-
portional to the cavity loss coefficient can be increased.
The exciton density at the laser threshold (Nth) is reduced
with a high-quality factor. The active region consists of
several organic layers, including the host—guest system of
tris-(8-hydroxyquinoline) aluminum (Alqs) doped with
4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminos-
tyryl)-4H-pyran (DCM) with a thickness of 40 nm as the
emission layer (EML), N,N'-ditridecylperylene-3,4,9,10-
tetracarboxylic diimide (PTCDI-C 3H,;) with a thickness
of 40 nm as the electron transport (ETL) and hole blocking
(HBL) layer, and poly(triarylamine) (PTAA) with a
thickness of 80 nm as the hole transport layer (HTL). The
host—guest system as the emission layer has several
advantages: (1) the host molecules efficiently absorb the
pump light and non-radiatively transfer it via a Forster
process to the guest molecules with efficiency of more than
90 % [14] and (2) the low concentration of the guest
molecules reduces bimolecular annihilation and hence
lowers the laser threshold.

The chosen anode is an indium tin oxide (ITO) (12 nm)/
Ag (6 nm)/ITO (12 nm) to decrease the sheet resistance
and support both hole injection and transparency. Also, we
used the Al (100 nm) as the cathode to support a better
electron injection. Ta,05/Si0, as DBR layers provide high
reflection and low absorption. Therefore, 12 and 11 pairs of
Ta,05/Si0, layers with a quarter wavelength optical
thickness for each layer are used as the bottom mirror and
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Fig. 1 Schematic structure of the proposed OVCSEL device
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top mirror, respectively. To improve the quality factor, a
matching layer (or spacer) with a thickness of a multiple of
A2 between the active region and the top mirror has been
used. The spacing layer can be a dielectric layer or more
simply air or nitrogen if the top mirror is mounted on
micromanipulators. As a result of optical modeling of the
transmission spectrum, the thickness of spacing layer is
derived to be 6510 nm corresponding to 214/2 at
A = 620 nm.

For the fabrication of the device structure, the bottom
mirror could be made by ion beam assisted deposition
(IBAD) method on the glass substrate. Then, deposition of
the OLED layers onto the bottom mirror is performed.
Accurate alignment of the metallic cathode is obtained
using an integrated shadow mask technique and angled
deposition of the aluminum layer. To prevent the destruc-
tion of the organic layers duo to the top mirror deposition,
the fabricated top mirror is placed closer to the rest of the
device using a micro-positioning to control its position
[12].

For electrical excitation case, when an electric current is
injected to the device, electrons are injected from cathode
into ETL layer. The EML layer on top of the insulator is
depleted of holes. The lowest unoccupied molecular orbital
(LUMO) offset at the interface between EML and ETL
prevents electron injection from ETL into EML. As a
result, the depleted EML on top of the insulator behaves as
a dielectric layer in series to the insulator, and an electron
accumulation layer is formed in the ETL at the interface
with EML. These electrons are transported laterally by the
electric field from the cathode towards the recombination
zone, i.e. the insulator edge. Hence, a micrometer-sized
distance between the cathode and the light-emission zone is
bridged by electrons with enhanced field-effect mobility.
Near the insulator edge, electrons are injected into the
EML, where they recombine with holes, injected from the
anode and transported vertically through HTL. The exciton
formation occurs and then radiative relaxation of these
excitons to the ground state results in light-emission near
the insulator edge, at a micrometer-sized distance from the
metallic contact [13]. In this way, the proposed OVCSEL
allows to minimize optical losses at the metal cathode.

Theoretical modeling

In this section, we investigate the dynamics of the OVC-
SEL optically pumped with sub-picosecond pulses. The
high-quality factor and the sub-picosecond pulses pump
avoid relaxation oscillation. Therefore, lasing in the
OVCSEL can be modeled using the following rate equa-
tions [10, 15]:
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where N and Np denote the excited state density of Alqs
and DCM, respectively, while Np represents the photon
density of the lasing mode. Equation (1) describes the
dynamics of the Alg; molecules. The first term represents
the loss mechanism due to radiative and nonradiative
decay. The last term represents the loss mechanism due to
Forster resonant energy transfer (FRET) to DCM mole-
cules. Due to the delta-like pumping, the initial excited
state density of Alqs is nEj/hvpveyc , Wwhere Ej, is the pump
energy density, # is fraction of energy absorbed by the film,
vp is the pump frequency, & is Planck constant, and veycis
excitation volume. We also assume that excitation spot size
is 50 pum and the area of incident beam is 20 x 107® cm?.

Equation (2) describes the dynamics of DCM mole-
cules. The first term denotes the rate at which the DCM
excitons are created due to FRET process. The second term
accounts for the losses of excitons due to radiative and
nonradiative decay. The third term accounts for the simu-
lated photons; oy, is the stimulated emission cross section
of DCM, and c is the vacuum speed of light.

Equation (3) describes the dynamics for photon in the
lasing mode. The first term is proportional to number of
stimulated emitted photons with the power confinement
factor I'. Power confinement factor was calculated using
FDTD simulation to be 0.3 for the fundamental mode. The
second term includes all cavity losses with the cavity life-
time (7.,y), Which is calculated from 7.,, = Q/27v. The last
term represents the spontaneous emission photons into the
laser mode with f§ as fraction emitted into the laser mode.

Simulation results

The reflectance spectrum of the mirrors is shown in Fig. 2.
The mirrors were designed to have a maximum reflectivity
at the central emission wavelength of the active region, i.e.
Ao = 620 nm which is the peak emission of the Alq;:DCM
guest—host system [16]. The simulated transmission spec-
trum of the microcavity which is calculated using transfer
matrix method (TMM) is shown in Fig. 3. This fig-
ure shows that the microcavity exhibits only one trans-
mission peak within the photoluminescence spectrum of
Alq;:DCM and a quality factor up to 16,000. Indeed, the
satellite transmissions peaks are located outside of the
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Fig. 2 Reflectance spectrum of the DBR mirror consists of 12 pairs
of Ta,05/Si0, layers
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Fig. 3 Calculated transmission spectrum of the microcavity using
TMM

photoluminescence spectrum of Alq;:DCM. Therefore, the
dynamic single-mode operations can be obtained.

For laser emission, the device is optically pumped by
pulse lengths of about 200 fs, and the optical pump
wavelength of A =400 nm is considered. When wave-
length of optical pump is 400 nm, the microcavity will
have low reflection for a large range of incident angles. To
evaluate the results, the coupled Egs. (1)-(3) are numeri-
cally solved with initial condition by a fourth-order Runge—
Kutta algorithm. The simulation parameters are given in
Table 1. The quality factor and confinement factor of the
microcavity are determined using numerical simulation. In
the calculation the materials are characterized by complex
refractive indices. Other parameters such as radiative
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Tabl(? 1 Device Pararr.leters . Symbol Parameter Value
used in the numerical simulation
(10, 11, 13] A Lasing wavelength 620 nm
7% Radiative and non-radiative relaxations time for guest molecules 1.3 ns
D, Radiative lifetime 5 ns
TF Forster transfer time 10 ps
Ta Radiative and non-radiative relaxations time for host molecules 16 ns
p Spontaneous emission coupling factor 1 x 107
) Quality factor of microcavity 16,000
OSE Stimulated emission cross section 1 x 1071 cm?
T Confinement factor 0.3
n Fraction of absorbed light 0.9
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Fig. 4 Photon density peak versus pump energy densities pump energy density of 2 pJ cm
lifetime, Forster transfer time, and spontaneous emission
coupling factor, etc., are values from the literature. x 10
Figure 4 shows the photon density peak versus pump 2.5
energy densities. This plot shows threshold at pulse energy
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density of about 0.64 uJ cm™> (pump energy = 12.8 pl). ol

Figure 5 shows the photon density and the exciton density R

versus time for pump energy density of 2 pJ cm™2, which "'\g

is above threshold. As can be seen in this figure, the E 1.5}

excitons increase fast; however, the photon density rises to g

its pick when exciton density decreases abruptly. g 71
Figure 6 shows the photon density versus time for dif- g

ferent pump energy densities above the threshold. As one = 05

can see, both delay and output pulse width decrease with
higher pump energy density, as it is well known for optical
gain-switched inorganic semiconductor VCSEL and has 0
been demonstrated already [17, 18].

For electrical excitation, the current density needed to Fig. 6 Photon density versus time for different pump energy
achieve the same pumping which is required for lasing in densities
the optical pumped structure can be calculated by [19]
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where n is number of excitons formed in the emission layer
and e is the electron charge. y is the ratio of radiative
singlet excitons to the total number of excitons formed by
electrical injection, which is assumed to be 0.25. Using
Eq. (4), the electrical current density is 55 A em 2 for
lasing threshold.

In this work, we have focused on design and simulation
of a high-quality optical microcavity toward the develop-
ment of an electrical pumped organic laser. In this context,
it has to be noted that the optical properties of these
structures depend on the preparation technique. However,
practical works are under progress to demonstrate the
feasibility of such devices.

Conclusion

In this paper, we have proposed a low-threshold optically
pumped organic vertical-cavity surface-emitting laser. The
device has the feasibility to apply both electrical and optical
pumping. Moreover, the device exhibits several character-
istics that promise to respect to the realization of an electri-
cally pumped organic laser. The reduction optical losses due
to the remoteness of the metallic cathode are the most
important ones. The laser microcavity structure consists of
an OLED with field-effect electron transport inserted in a
high-quality factor double DBR. The simulated quality fac-
tor of the microcavity which has been calculated using
transfer matrix method (TMM) is as high as 16,000. Also, we
have investigated the threshold behaviour and ultrafast
dynamics of the OVCSEL optically pumped with sub-pi-
cosecond pulses. Results from numerical simulation show
that lasing threshold is of about 12.8 pJ/0.64 pJ cm™2 when
pumped by sub-picosecond pulses of 1 = 400 nm wave-
length light. This optically pumped laser threshold would
correspond to a laser current density as high as 55 A cm ™.
Therefore, this structure might be a promising route towards
the realization of an electrically pumped organic laser.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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