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Abstract: Optical loss caused by metallic contacts are thought to be a major obstacle to the achievement of
organic laser diodes. We find that multi-channel emissions and Surface Plasmons (SPs) by designing a prop-
er distributed feedback structure can allow successful lasing in organic thin films in the presence of contact-
ing electrodes and even show better lasing performance when compared to metal-free cases. In this paper, a
lower threshold (0.026 mJ/pulse) laser emission is achieved with the Ag metal electrode on the grating struc-
ture with a period of 740 nm. Since there is no increase in device thickness, the electrical properties are not

reduced when the optical properties are improved.
Key words: organic laser; surface plasmons; grating coupling
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1 Introduction

Since the discovery of high optical-gain and
stimulated-emission properties in organic thin films
from small molecules and polymers!?, Organic
Semiconductor Lasers (OSLs) have been extens-
ively explored due to their broad wavelength tunab-
ility throughout the visible spectrum!**! and their po-
tential for low-cost fabrication®”. To date, although
devices have

classic laser been applied in

10]

chemistry®™, biology"”, physics'!, and many other

fields"*"], it is not yet possible to obtain stimulated

emission from electrical pumping¢'”

. A major
obstacle to achieving this is the need to include a
metallic electrode in close proximity to the gain me-
dium for charge carrier injection. This is a problem
because of the optical loss arising from metallic
contacts generally outweighs the optical gain. Previ-
ous attempts to study lasing action in organic mater-
ials in the presence of an electrode layer have shown
a substantial rise in lasing threshold"®. Reufer et
al'. have demonstrated a way in which a metal
contact can be applied without increasing the
threshold by increasing the thickness of the poly-
mer layer because, as they pointed out, the losses
depend on the electric field distribution through the
polymer layer. Increasing polymer thickness re-
duces the strength of the electric field at the metal
contact, thereby reducing the associated losses.
However, this leads to another problem: the amount
of current that could be passed through the device is
limited by the thicker polymer film due to charge in-
jection and transportation problems. A balance
needs to be achieved between threshold and current
by tuning the thickness of devices carefully, or it is
necessary to give up this idea and find another way
in which the threshold can be reduced without in-
creasing the polymer’s thickness. The utilization of

SPs may be a wise choice??!,

2 Experimental methods

SPs have been widely utilized to couple light
through the metal electrode layer in Organic Light-
Emitting Diodes (OLEDs) to enhance their emis-
sion propertiest''""*!. For a given frequency w and the
dielectric constant &, and &, (g,=1 for air) for the

metal and the dielectric, the dispersion for an SPs is

w EvE
ky=— | (D
c Eut&p

where k,, is the wave vector component of the SPs

given by

parallel to the surface. In the structures of OLEDs,
not all of the light emitted in the organic layer
emerges because much of it is trapped by the guided
modes of their structure, including the SPs modes
associated with electrode/organic interface. In order
to improve device efficiency, their wavelength scale
periodic microstructures have been introduced to al-
low coupling of the SPs modes to light***!. The
OSLs have similar problems since the metallic elec-
trode is unavoidable for electrical operation and the
loss of absorption by the electrode will increase the
lasing threshold. Therefore, it can be concluded that
the SPs should be excited to offset the negative ef-
fects caused by electrode absorption without redu-
cing their electrical efficiency (e.g. increasing the
thickness of devices).

In this paper, we show that SPs can minimize
the interaction between the gain mode and the
quenching channel of electrodes. We can achieve a
fully contacted laser structure with a mere 10% in-
crease in the lasing threshold by using multi-chan-
nel emission, and we demonstrate that the choice of
a proper metallic layer can even lead to a reduction
in threshold with the help of the SPs.

The K9 glass substrate grating was prepared
holographically in a photoresist and then dry-etched.
It had a depth of 60 nm and a period of 740 nm. A

30-nm thick metal layer was fabricated using
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thermal evaporation in a high-vacuum system with a
base pressure of less than 5 x 107 Pa without break-
ing the vacuum. An Atomic Force Microscope

(AFM) image of the substrate is shown in Fig. 1.

@

740 nm

k-

Fig. 1 The grating structure scanned with an atomic force

microscope

For comparison, a quartz substrate without
periodical corrugation has also been used. Red flu-
orescence dye 4-(dicyanomethylene)-2-isopropyl-6-
(1,1,7,7-tetramethyljulolidyl-9-enyl)-4h-pyran
(DCJTI) was used as the emissive dopant in poly(N-
vinylcarbazole) (PVK) and then spic-coated with
chlorobenzene. The doping concentration was ap-
proximately 2% (by weight). The resulting absorp-
tion and photoluminescence spectra are shown in
Fig. 2. The average film thickness was about 300 nm.
Here, we choose PVK as the film-forming material
since its refractive index allows the whole device’s
parameters to satisfy the Bragg condition. The laser
structures were optically pumped by a frequency-
tripled Nd-Y AG laser (Spectra-Physics) at 4,=355nm
with a 10 Hz repetition rate and 5 ns pulses.

The output pulse energy of the pump laser was
controlled using neutral-density filters. An adjustable
slit and a cylindrical lens were used before the beam
splitter to shape the beam into a narrow stripe with
varying length on the sample film. The films were
pumped at an angle incidence with the long axis of

the pump beam perpendicular to the groove of the

grating. The output signals were detected by a fiber-
coupled CCD spectrometer (JY Spex CCD3 000).
The pumped energies from the laser were measured
using a calibrated laser power and energy meter
(Gentec).
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Fig.2 Absorption and photoluminescence spectra of the
DCJTI:PVK film

3 Results and discussion

The characteristics of the red multi-beam laser
are shown in Fig. 3. The photographs of the far-field
pattern are shown in the inset, from which one can
see laser emissions along +53° with a grating peri-
od of 740 nm, and +28° or —56° with a grating peri-
od of 400 nm. Table 1 summarizes the threshold
values of devices with a flat substrate and periodic-
al substrate (400 nm and 740 nm) as well as differ-
ent metal layers. As for the flat quartz substrate, we
can see that the Amplified Spontaneous Emission
(ASE) threshold of the metal-free device is 0.057
mJ/pulse. In comparison, when the gain materials
are spin-coated onto the metal layers, the ASE
threshold increases dramatically at 0.37 mJ/pulse
with an Al layer and 0.41 mJ/pulse with an Ag layer.

If we spin-coat the gain medium onto the peri-
odical substrate with A of 400 nm, which satisfies
the second-order Bragg condition, the lasing
threshold also increases when adding metal layers
onto the substrate. However, when a periodical sub-
strate with A of 740 nm is utilized, which satisfies
the fourth-order Bragg condition, the threshold of
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the Al-backed device is 0.067 mJ/pulse. This is a
mere 10% increase with respect to the 0.06 mJ/pulse
threshold of the metal-free device. The threshold of
the Ag-backed device decreases to 0.026 mJ/pulse.

Laser

E

350 400 450 500 550 600 650 700
Wavelength/nm

Intensity/(a.u.)

Fig. 3 Emission spectra of DCITI:PVK system pumped
with an optically pulsed laser at above the lasing
threshold. The inset shows the photograph of the

far-field pattern.

Tab.1 ASE characteristics of DCJTI:PVK films with
quartz substrate and lasing characteristics of
distributed feedback lasers (gain material
DCJTI:PVK) with grating period of 400 nm and

740 nm.
. Threshold ~ Wavelength
Metal layer  Period /nm FWHM /nm
/(mJ -pulse ) /nm
(none)  (flat substrate) 0.057 635 12.4
Al (flat substrate) 0.37 632 11.8
Ag (flat substrate) 0.41 632 12.1
(none) 400 0.03 641 0.13
Al 400 0.13 637 0.15
Ag 400 0.16 640 0.23
(none) 740 0.06 613 0.32
Al 740 0.067 612 0.25
Ag 740 0.026 615 0.37

As shown in Table 1, the FWHMs of the devices
with a grating period of 740 nm are larger than those
with a period of 400 nm despite their lower lasing
thresholds. Compared to the device with a grating
period of 400 nm, the lower threshold of the one
with a period of 740 nm is due to the excitation of
the SPs, and the larger FWHM of the latter is due to

the frequency selection effect of the grating.

In order to understand these results, the grating

coupling condition should be considered:
kWG.z + lkg = klaser,z’ 2

Where kyg, = kon sina = ki is the z-directional
guided mode wave vector, k, = I is the grating
vector, k.., = k,sinf,, is the z-directional laser light
wave vector, 6, is the emission angle, and / is an in-
teger. According to equation (2), the DCITI:PVK
laser coupling is determined. From the inset in Fig. 4,
when A=740 nm, the forward mode can couple into
6., =55.47°, 6, =—0.25° and 0_, =56.39° emission
angles due to the grating coupling condition, which
is occurs when /= -1, [ = -2, [ = -3, respectively.
Meanwhile, the backward mode can emit into very
similar (theoretically equal) angles at 6, = —56.39°,
6, =0.25°, 6, = 55.47°.

~55.47° (+1) 55.47° (-1)
~56.39° (—3) \025°(-2) [025°(+2) - 5639+3)
613 NM Smeo=o =

1 H !
Backward ; \ I}foy(ar/d
i o ke, Kiaser, -

= L]

S|

® Metal-free
* Al-backed
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Pumped energy intensity/(mJ-pulse™)

Output intensity/(a.u.)

Fig. 4 Output emission intensity integrated over all wav-
elengths as a function of the pump intensity for met-
al-free device (circles); DCJTI:PVK films with
quartz substrate and Al-backed device (stars);
DCITI:PVK films with a grating period of 740 nm.
The inset shows the grating coupling processes
between the waveguide mode and lasing emission

under the fourth Bragg condition

The coupling between the forward and back-
ward modes forms the multi-beam laser emission. In
other words, a multi-output channel has been estab-
lished, which can minimize the interaction between
the gain mode and the quenching channel of the elec-
trodes. Therefore, as shown in Fig. 4 (color online),
the Al-backed device with A=740 nm has similar
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properties to the metal-free one. However, as for A=
400 nm, the coupling between the forward and back-
ward modes forms the single-beam laser emission at
angle 6_, = 0.2° and 6, = —0.2°, meaning that there is
no multi-output channel and the interaction between
the gain mode and the quenching channel of the elec-
trodes is large. Similar to the flat substrate, the
threshold of a metal-backed device with A=400 nm is
larger than the threshold of that without metal.

From Fig. 5, there is a novel phenomenon that
the Ag-backed device with A of 740 nm shows a
smaller laser threshold than the metal-free one. We
believe that the key is the SPs offset loss caused by
electrode absorption. Similar to OLEDs, the disper-
sion for SPs from the electrode/organic interface in
OSLs can be calculated using equation (1). This is
arguably even more complex due to the directional
properties of OSLs. However, with careful control,
we can couple the SPs modes to the lasing light.

Then, the excitation condition is satisfied by,
2
k, :neﬂ%t siné, + Ik,, (3)

where n, is the effective refractive index of the
DCJTI:PVK organic film, &, = 2A—n is the grating vec-
tor (when the grating period A is 740 nm), k,, is the
wave vector component of the SPs mode and / is an
integer. The SPs modes decay by emitting light ac-
cording to the grating coupling condition of the SPs

modes into air,

k\pzzjnsin ,nim%, (4)
where 8 is the emission angle and m is the order of
grating coupling. Then, according to equation (3)
and (4), we get that the SPs of the Ag-backed device
with A of 740 nm can exit at angle 6 = —28.35° and
emit at angle 8 = 55.78° (close to the laser emission
angle), which are summarized in the inset of Fig. 5.
We have observed subtle differences in spectra with
and without SPs but significant differences in the

output polarization.

W
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Fig. 5 Output emission intensity integrated over all
wavelengths as a function of the pump intensity for
metal-free device (rectangles); DCJTI:PVK films
with quartz substrate, Al-backed device (triangles);
DCJTI:PVK films and Ag-backed device (stars);
DCITI:PVK films with a grating period of 740 nm.
The inset shows the exiting and coupling processes

between the lasing light and the SPs mode

In the absence of SPs, the ratio of light polar-
ized parallel to the grating groove to light polarized
perpendicular to the grating groove is 200 : 1. This
ratio decreases to 4 : 1 in presence of SPs. This
shows that the SPs exited through the coupling to-
ward the emission direction of the Ag-backed
device with A of 740 nm, which should be attrib-
uted to the reduction of the lasing threshold. As for
the Al-backed device with A of 740 nm, since the
SPs cannot be coupled out to the lasing emission
direction according to equations (3) and (4), the
threshold is similar to the metal-free one. As for
A=400 nm, there were no multi-channel and coup-
ling SPs in metal-free and metal-backed devices.

In general, excited SPs influence the electric
field distribution in the grating. To further study the
coupling between SPs and laser emission, a Finite-
Difference Time-Domain (FDTD) simulation was
performed and the Maxwell equations were solved
numerically. The grating structure was modeled in
FDTD (Numerical FDTD Solutions 2018), with
constraints imposed by interface matching and peri-
odic boundary conditions. Figure 6 shows the elec-
tric field intensity distribution at normal incidence
obtained by FDTD simulations for the DCJTI:PVK
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DFB laser with an Ag thickness of 30 nm. It can be
seen that at the DCITL: PVK / Ag interface, large
photon energy of 1.97 eV (615 nm) can be estab-

lished, which indicates that SPs become excited.

mon substrate without a periodical structure, we
have achieved a lower threshold organic laser emis-
sion on a grating substrate where contact losses are

caused by a metal electrode. However, different

Fig. 6 Simulations for the excited SPs intensity from the

grating structures and different metal electrodes in-
fluence the performance of the laser properties. The
study shows that a lower threshold (0.026 mJ/pulse)
laser emission occurs with the Ag metal electrode
on a grating structure with a period of 740 nm,
which is due to the combined effect of the periodic
multichannel emission and the excited SPs of the Ag
layer. In comparison, there are no excited SPs on a
grating structure with a period of 400 nm, so the
threshold is shown to be higher (0.16 ml/pulse).

—300

—100 100 300

) However, when a metal-free substrate is applied, it
x/nm

once again has a low threshold. Meanwhile, the in-
troduction of an Al metal electrode does not excite

DCITI:PVK DFB laser with Ag layer thickness of ]
SPs on the grating structure, so the threshold must

30 nm
be higher (0.067 mJ/pulse). Our results show that by
4 Conclusions properly adjusting the grating structure and metal
electrodes, optical losses associated with metallic
In summary, compared to the ASE on a com- contacts can be overcome.
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