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Low Thresholds in Polymer Lasers on Conductive
Substrates by Distributed Feedback Nanoimprinting:
Progress Toward Electrically Pumped Plastic Lasers

By Ebinazar B. Namdas,* Minghong Tong, Peter Ledochowitsch,
Sarah R. Mednick, Jonathan D. Yuen, Daniel Moses, and Alan J. Heeger*

Organic light-emitting materials are attractive for applications in
organic light-emitting diodes (OLEDs), light-emitting field-effect
transistors (LEFETs),l'™ and as the gain medium in optically
pumped lasers.* 2 Lasing over the full range of the visible
spectrum has been demonstrated using a number of semi-
conducting polymers with different molecular structures. Despite
success in optically pumped lasing, the electrically pumped
‘polymer injection laser’ remains a significant challenge.!'!! Three
major obstacles must be overcome in order to demonstrate an
electrically pumped laser:!">'% i) the threshold for lasing must be
decreased using an architecture containing the electrodes
required for charge injection; ii) high carrier injection and high
current densities must be demonstrated in the same device
architecture; and iii) optical losses from charge-induced absorp-
tion must be reduced or eliminated.

Although the standard OLED configuration has been
proposed, the losses in the two metal electrodes overcome the
potential gain in the organic semiconductor. In order to
reduce the optical loss in the OLED structure, one strategy is
to increase the thickness of the organic layers to reduce the losses
from the metal electrode. Kozlov et al.'”! showed that a 1.0 pm
thick organic layer could yield reasonable loss. Gartner et al.
proposed an OLED structure as thick as 1.3 um."™® However,
because of the low carrier mobility in organic semiconductors,
the thickness of the diode structure cannot be increased
arbitrarily.

Recently, we reported very high current densities in the
accumulation zone (~2.5kA cm™?) in a LEFET device fabricated
with a bilayer film comprising a hole-transport polymer, (poly 2,5-
bis(3-tetradecylthiophen-2-yl) thieno[3,2-b] thiophene)-C14) and a
light-emitting polymer, Super Yellow (SY), a poly(phenylene
vinylene) derivative (see Figure 1 for structure)."”’ Takenobu
etal.?” have also reported high current densities (~4 kA cm ™) in
single-crystal LEFETS. Furthermore, in a LEFET configuration the
position of the light-emitting zone can be controlled and placed
well away from the source and drain electrodes. Because of these
features, the LEFET structure offers specific advantages compared
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to the conventional OLED structure as regards the fabrication of
an injection laser.

Here, we show that a LEFET architecture with a distributed
feedback (DFB) resonator structure nanoimprinted into the gain
medium offers a route to achieving an electrically pumped plastic
laser. We report here the results of a study of optically pumped
lasing in a ‘Super Yellow film cast onto a gate dielectric and gate
conducting (ITO) electrode, mimicking losses from the LEFET
architecture. We apply nanoimprint lithography to fabricate 1D
and 2D DFB grating resonator structures in multilayer films
consisting of SY on ~200nm thick poly(vinyl alcohol) (PVA,
serving as the gate dielectric) on quartz or ITO/glass substrates.
The DFB structure was also fabricated on a doped silicon wafer
substrate with bilayer dielectrics consisting of 200 nm thick PVA
and 400 nm thick silicon nitride films. Lasing output intensity
was measured under optical pumping using a Ti:sapphire laser at
an excitation wavelength of ~400nm. We demonstrate that the
2D DFB laser provides a lower lasing threshold than the 1D DFB
laser under identical conditions. The nanoimprinted 2D DFB

Figure 1. Schematic fabrication steps for the DFB structure. A rigid nano-
structure template, a ‘master,’ is pressed at 400 psi onto the polymer film
and heated to 140 °C for 120s. Upon heating, the polymer becomes fluid
and fills the empty space of the master, forming a nanopattern which is a
negative of the master. Finally, the sample is carefully separated from the
master. A molecular structure of Super Yellow is shown in the side panel.
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lasers exhibit excellent characteristics with a lasing threshold and
slope efficiency of 32n]/pulse and 1.2%, respectively.

Hot-embossing, a recently developed nanoimprint lithography
(NIL) method, is capable of low-cost, high-throughput, large-area
nanopatterning of thermoplastic thin films.*' % A rigid
nanostructure template, a ‘master,” is pressed onto the polymer
film and heated to above the glass-transition temperature (Ty).
Upon heating, the polymer becomes fluid and fills the empty
spaces in the master, forming a nanopattern that is a negative of
the pattern on the master. Finally, the sample is carefully
separated from the master.

Figure 1 shows the molecular structure of SYand the DFB laser
architecture. Samples were prepared on quartz, ITO, and Si wafer
substrates as follows: 1) SY/PVA/quartz; 2) SY/PVA/ITO; and 3) SY/
PVA on 400 nm thick silicon nitride on n™** silicon (SY/PVA/SiNx/
Si). PVA was spin-castfirstfrom solution (5% PVA in DI (deionized)
water). The SY (0.6 wt % in toluene), was then spin-cast onto the
PVA film at 1000rpm to serve as the lasing material. The
thicknesses of the PVA and SY films were ~200 nm and ~100 nm,
respectively. The SY films were hot-embossed in a commercial
nanoimprinter (Nanonex NX 2000). The imprinting was carried out
at 140 °C and 400 psi (1 psi= 6.894 kPa) pressure for 120s.

Figure 2a and b shows high-resolution scanning electron
microscopy (SEM) images of the master. The 1D grating consists
of arrays of lines with a periodicity of 344 nm; the 2D grating
consists of a square array of pillars with a 344 nm period. Cross
sectional SEM images showed 100 nm feature definition for both
the 1D and 2D gratings. Figure 2c and d show high-resolution
SEM images of the imprinted 1D and 2D gratings on an SY/PVA/
ITO sample. The 344 nm periodicity for both the 1D and the 2D
master are faithfully replicated on the samples. The depth of the
printed samples was about ~30nm, as determined by atomic
force microscopy) AFM. The polymer shrinks around the
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Figure 3. Output energy as a function of pump energy for 1D DFB on SY/
PVA/quartz and SY/PVA/ITO substrates. The inset shows laser spectra
below and above the lasing threshold.

stamped pillar array during cooling resulting in a round shaped
‘hole’ feature.

Figure 3 shows the emission output of the 1D DFB laser on the
SY/PVA/quartz and SY/PVA/ITO samples as a function of
excitation pump energy. On both substrates, we observed a lasing
threshold as indicated by an abrupt change in the slope of the
output energy, followed by a linear increase in output signal as the
pump energy increased beyond the threshold. For pump
excitation below threshold, the spectra are broad and featureless,
whereas for pump excitation above the lasing threshold, a narrow
peak arose at 580 nm with full width at half maximum of <3 nm.
The measured spectral width was limited by
the resolution of spectrometer.
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Figure 2. SEM and AFM images (inset) of a) the 1D master, b) the 2D master, c) the
nanoimprinted 1D DFB structure on SY/PVA/ITO, and d) the nanoimprinted 2D DFB structure

on SY/PVA/ITO.
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From the Bragg expression, miy, = 2neg A,
where A is the periodicity of the grating, m is the
order of the diffraction, and n.gis the effective
refractive index of the waveguide. Considering
negr~ 1.7, we obtained second-order diffraction
from the DFB grating. The lowest threshold,
32n]J/pulse, was obtained from the SY/PVA/
quartz structure. For SY/PVA/ITO, the laser
threshold increased to 100 nJ/pulse.

The slope efficiencies were calculated for the
1D DFB laser from the input/output energies.
The slope efficiency was 0.65% and 0.2% for
the SY/PVA/quartz and SY/PVA/ITO samples,
respectively. The higher threshold and reduced
slope efficiency for the ITO substrate indicates
optical loss in the resonator. This optical loss is
attributed to penetration of the lasing modes
into the conducting ITO electrode; the loss is
significant even though the ITO electrode is
separated from the SY by a 200 nm thick PVA
dielectric.

Figure 4 shows the output emission char-
acteristics of 2D DFB lasers on SY/PVA/quartz
and SY/PVA/ITO as a function of excitation
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Figure 4. Output energy as a function of pump energy for 2D DFB on SY/
PVA/quartz and SY/PVA/ITO substrates. The inset shows the laser below
and above the lasing threshold.

pump energy. Both structures exhibited lasing thresholds of
approximately 35 nJ/pulse. As expected for pump excitation below
threshold, the spectrum was broad, whereas for pump excitation
above the threshold for lasing, a narrow peak emerged at 582 nm.
The slope efficiencies from input/output characteristics were
1.2% and 0.65% for the SY/PVA/Quartz and SY/PVA/ITO
samples respectively. The data indicate that the lasing threshold
for the 2D resonator on the ITO substrate drops significantly (by a
factor of three), whereas the slope efficiency increases by a factor
of three compared to the 1D resonator on the ITO substrate. To
the best of our knowledge, this is the first report of a reduction in
the lasing threshold using a 2D resonator fabricated on an ITO
electrode. We attribute the lower threshold and the higher slope
efficiency to better optical confinement resulting in increased
feedback in the 2D resonator. Residual optical losses from
the penetration and absorption of the lasing mode into the
conducting ITO electrode are overcome by the increase in the
feedback of the 2D resonator. These results indicate the potential
utility of the 2D DFB resonator superposed onto the LEFET
architecture, with ITO as the gate electrode.

We have also investigated the optical lasing threshold of SYon a
silicon wafer substrate, the configuration routinely used for
LEFETs. The n*™ silicon wafer was first coated with a 400 nm
thick silicon nitride layer by using plasma-enhanced chemical
vapor deposition (PECVD) and then spin-coated with ~200 nm
thick PVA; the total spacing between the SY and the conducting
gate electrode was about 600 nm. When the 1D and 2D DFB
imprinted samples were excited by the pump laser, lasing was not
observed even at pump energies of up to 0.5m]/pulse, the
maximum available pump intensity from the Ti:sapphire laser
system. This indicates the dominance of the optical loss
mechanisms in this structure. The optical loss results from
substantial absorption by the silicon in the visible spectral range
and the high refractive index of silicon, which prevents the
confinement of the lasing mode in the resonator cavity. These
finding imply that adequate device architecture is necessary for
lasing with silicon substrate,” or, alternatively, ITO should be
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used as the gate electrode in attempts to demonstrate LEFET
lasers.

For the SY/PVA/quartz samples without the DFB grating, the
onset of line narrowing through amplified spontaneous emission
(ASE) was ~315n]J/pulse. The sample without DFB grating was
again excited at ~20 ° to the film normal, and the spectral output
from the films was measured at close to normal incidence. These
observations indicate that by using the DFB grating structure, we
were able to lower the ASE lasing threshold by a factor of
approximately ten.

From these measurements, we can estimate the lasing
threshold required for electrically pumped lasers. We obtained
the lowest lasing threshold for SY of 32 nJ/pulse. This corresponds
to a photon density of 7.2 x 10'2cm™2 (or 3.6 ] cm™ %) in the
pump laser. Because only 25% of pump energy is absorbed
by the SY film at 400 nm excitation, the density of excitation
at the lasing threshold is approximately 1.8 x 10'%cm 2.
Taking into account the photoluminescence quantum yield
(@) of the SY film, ~53%,*°! we estimate the density of emitted
photons (generated by photoluminescence) near the lasing
threshold as 10'*cm ™% This is the minimum photon density
necessary for lasing and must be generated electrically (by
electroluminescence) to reach the threshold for electrically
pumped laser. Assuming that there are no other optical losses,
e.g., from carrier-induced absorption, then the lasing threshold
for the injection current can be estimated by the following
equation

No x q

Jurg (1)

int—el X Trad

where No is density of photons at the lasing threshold
(1x10%cm™?), q is electrical charge, ®ine is the internal
quantum efficiency for the electroluminescence, and t,.q4 is the
radiative lifetime of the excitons. The highest reported value of
the external quantum efficiency of SY LEFETS is 0.5%, implying
an internal quantum efficiency of 2.5% (estimated assuming 80%
of the photons are trapped by the dielectric mismatch®® inside
the light-emitting polymer and gate dielectrics). With ®;,.q
~2.5%, and 7,44 for SY ~5 ns,?”) we estimate the lasing threshold
for the injection current to be ~1.2kA cm™% This value has
already been demonstrated (~2.5kA cm™?) for the current
density in the LEFET,™ calculated assuming carrier confinement
takes place within a thickness of ~2nm. Note, however, that
although the injected carriers are confined to the accumulation
layer near the interface with the gate dielectric, the excitons in the
recombination zone can spread to the thickness of the
luminescent polymer (100 nm). Thus, ~60kA cm ™ is a realistic
estimate of the threshold current density for lasing with the
LEFET architecture.

In summary, we have demonstrated that 1D or 2D DFB
gratings can be directly incorporated into the LEFET device
structure by nanoimprint lithography. Both the 1D and 2D
gratings have merits. Although the 2D grating yielded a lower
threshold in these initial experiments, the 1D grating can provide
a high degree of chain orientation for the organic semiconducting
polymers in the source—drain channel.”® The results presented
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here open up a new opportunity for LEFET research using NIL.
Although increasing the current density by a factor of 50 is a
serious challenge, this challenge can be met by implementing a
number of approaches including reducing the channel length,
increasing the gate capacitance, using polymers with higher PL
quantum efficiency, and by using pulsed operation to higher
voltages. Moreover, as demonstrated earlier,” the losses that
limit the gain can be further reduced by a factor of twenty-five
using polymer blends and the Forster energy transfer mechan-
ism. Our focus during the next period of this research will be to
implement these improvements with the goal of successfully
demonstrating the organic injection laser.

Experimental

The master, consisting of 1D and 2D gratings, was fabricated by
electron-beam (e-beam) lithography (JEOL FS-6300) on a fused 200 nm
thick SiO; on silicon (500 um) substrate. After cleaning the substrate, ZEP-
520, a positive e-beam resist was spin-cast onto the master at 3000 rpm.
Subsequently, a thin layer of conductive polyaniline was deposited in order
to avoid charging of the nonconductive resist and SiO, during the e-beam
write. After the e-beam exposure, the patterns were rinsed, developed, and
etched. The period for both the 1D and 2D gratings was chosen to be
A =344 nm, matching the second-order Bragg condition suitable for the
emission wavelength of the SY. The 2D grating consisted of a square array
of pillars with 344nm period. Each grating covers of an area of
3mm x 3mm; the 1D and 2D gratings were simultaneously fabricated
on the same substrate for direct comparison.

The samples were mounted in a vacuum chamber and maintained
under a pressure of ~10~® mbar to avoid degradation of the SY by oxygen.
The samples were optically pumped using a frequency-doubled Ti:sapphire
laser, which produced 100 fs pulses at a wavelength of 400 nm with a
repetition rate of 1kHz. The output of the laser beam was attenuated using
neutral density filters and then focused using a cylindrical lens to form a
rectangular shape with a length of 2.5 mm and width of ~350 wm. The
pump beam was aligned at ~20° to the film normal. The spectral output
and the output energy from the films were measured in a direction close to
normal incidence using an Ocean Optics fiber-coupled CCD (charge-
coupled device) spectrograph (USB 2000) with a spectral resolution of
approximately 3 nm. The sample emits two beams in opposite directions
normal to the surface; the emitted pulse energies and slope efficiencies
quoted in this article are the measured for a single beam.
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