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Low-Threshold Blue Emission from First-Order Organic
DFB Laser Using 2,7-bis[4-(N-carbazole)phenylvinyl]-
9,9'-Spirobifluorene as Active Gain Medium

Masaya Hirade', Hajime Nakanotani', Reiji Hattori?,
Akihiro Ikeda?, Masayuki Yahiro', and Chihaya Adachi’
!Center for Future Chemistry, Kyushu University, Nishi,

Fukuoka, Japan

2Department of Information Science and Electrical Engineering,
Kyushu University, Nishi, Fukuoka, Japan

We demonstrate optically excited lasing by an organic semiconducting thin-film
based on 2,7-bis[4-(N-carbazole)phenylvinyl]-9,9 -spirobifluorene (spiro-SBCz) as
an active gain medium with a first-order distributed feedback (DFB) reflector.
We prepared DFB reflectors with periods from 132.5 to 145.00nm and grooves
from 70 to 140 nm depth by using electron-beam-lithography and plasma-etching
techniques. The laser having a reflector with a 145.0nm period had a lasing
threshold of 0.72 £ 0.07 e Jcm?, 83% lower than its threshold of amplified sponta-
neous emission (4.1+ 0.4 pJ Jem?).

Keywords: amplified spontaneous emission; DFB laser; e-beam lithography; reactive
ion etching

INTRODUCTION

Organic semiconductor laser diodes are next-generation organic
opto-electronic devices that can provide any lasing wavelength in
the visible region. Unlike conventional inorganic semiconductors,
organic semiconducting thin films are easily prepared using low-cost
and low-temperature fabrication techniques such as vacuum deposi-
tion and spin-coating. The first amplified spontaneous emission
(ASE) obtained using small organic molecules was observed in a tris-
(8-hydroxyquinoline)aluminum (Alqs) thin film doped with the highly
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fluorescent [2-methyl-6-[2-(2,3,6,7-tetrahydro-1H,5H-benzo [ijlquinoli-
zin-9-yl)ethenyl]-4H-pyran-4-ylidene]propane-dinitrile (DCM2) [1].
Although lasing and ASE have also been observed in polymers [2—6]
and organic single crystals under optical excitation [7,8], they have
not been observed in organic molecules under electrical excitation
because exciton annihilation processes occurring under high current
density make the lasing threshold too high [9]. To reduce the lasing
threshold enough for electrical excitation to be effective, we need to
insert optical reflectors into the organic thin films. The most promis-
ing kind of optical reflector to use in films only a few hundred nan-
ometers thick is the first-order distributed feedback (DFB) reflector,
and in this report we demonstrate a first-order DFB laser using a
2,7-bis[4-(N-carbazole)phenylvinyl]-9,9’-spirobifluorene (spiro-SBCz)
thin film as its active layer. We previously reported that a film consist-
ing of spiro-SBCz doped into 4,4’-bis-(N-carbazole) biphenyl (CBP) has
an ASE threshold E,;, of only 0.11+0.05 pJ/cm? under optical excita-
tion, which is the lowest ASE threshold ever reported [10].

The lasing wavelength (/z) of DFB lasers can be derived from
Bragg’s law: Ag =2n.4A/m, where 1,z is the effective refractive index,
A is the period of the grating, and m is the order of Bragg diffraction.
There have been many reports on organic semiconductor lasers with
second-order (m =2) DFB reflectors [6,11,12], but a second-order
DFB lasers emits radiation not only in-plane but also perpendicular
to the waveguide surface. Because it does not confine light as well
as a first-order DFB laser does [13], its lasing threshold is higher. In
this study we therefore made first-order DFB reflectors for lasers
emitting in the deep-blue wavelength region. This required reflectors
with a grating periodicity A of about 140 nm. Since it is difficult to
make gratings this fine when using conventional laser-beam inter-
ference lithography [14], we instead used a direct electron beam litho-
graphy technique combined with plasma etching.

EXPERIMENTAL METHODS

We used an electron beam lithography system (JBX-5000SL, JEOL Co.)
and reactive ion etching (RIE) system (RIE-10NR-K1, Samco Co.). A
thermally oxidized silicon wafer substrate with a 1-um-thick SiO,
layer was first cleaned by ultrasonication using neutral detergent,
acetone, and isopropanol. It was then treated with hexamethyldisi-
lazane (HMDS) and spin-coated with an 85 nm-thick resist layer for
electron-beam lithography (ZEP520A-7, Nihon ZEON Co.) with an
electron dose optimized to 0.50nC/cm. After the exposure the sub-
strate was developed using a developer solution (ZED-N50, Nihon



Downloaded by [University of California, San Diego] at 14:36 08 August 2012

Low-Threshold DFB Laser 3

ZEON Co.), and the development was terminated by rinsing the
substrate with a rinse solution (ZMD-B, Nihon ZEON Co.). After a
Cr layer 20 nm thick was deposited on the patterned resist layer by
thermal evaporation under a vacuum (~1 x 10~2Pa), the resist layer
was removed by using N-methyl-2-pyroridone, leaving a patterned
Cr layer on the thermally oxidized silicon wafer. This layer was used
as an etching mask while the substrate was etched with CF, plasma.
After the etching, the Cr mask was removed in acid solution, leaving
DFB reflector gratings with grooves that had periodicities ranging
from 130.0 to 142.5nm and were either 70, 110, or 140nm depth
(Fig. 1). Each of the gratings was then covered with a 50-nm-thick
spiro-SBCz layer deposited under ~1 x 102 Pa.

The excitation light source was a nitrogen gas laser (1=337nm,
pulse width ~500 ps, repetition rate =20 Hz), and the excitation light
was focused onto 3 x 10° um? area of the organic layer through a
cylindrical lens and slit, and the emitted light was collected from the
edge of the samples into an optical fiber connected to a spectrometer
(PMA-11, Hamamatsu Photonics Co.). The size of radiation area was
carefully checked by using a beam profiler (C9164-01, Hamamatsu
Photonics Co.), and all measurements were made under a nitrogen
atmosphere to keep the samples from being degraded by moisture
and oxygen.

Depth = 110nm

Depth = 140nm

6701FMW 5.0kV X80,000 100nm

FIGURE 1 SEM cross sections of DFB reflectors with optical gratings of
various depths, 70nm, 110nm and 140 nm.
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RESULTS AND DISCUSSION

The absorption, photoluminescence (PL), and ASE spectra of a spiro-
SBCz layer are shown in Figure 2 along with the molecular structure
of spiro-SBCz. The PL spectrum shows three vibronic emission bands:
one at 446 nm corresponding to the 0-0 transition, one at 473 nm cor-
responding to the 0-1 transition, and one at 504 nm corresponding to
the 0-2 transition. The spiro-SBCz film shows an absolute PL quantum
efficiency ¢py, of 42% and a fluorescence lifetime 7, of 0.65ns. Its PL
spectrum and emission intensity changed dramatically increases in
excitation intensity, and a clear ASE threshold E,; was observed at
4.1+04pd/ cm?. The peak emission wavelength /.. of the ASE spec-
trum was at 474 nm, which is very close to the wavelength of the 0-1
transition of spiro-SBCz.

The lasing characteristics of various DFB reflectors are summar-
ized in Table 1. In the reflectors having grooves 70 nm depth, lasing
occurred in samples with A=137.5, 140.0, 142.5, or 145.0nm and
the lasing threshold was lowest (0.72pJ/cm?) for the sample with
A=145.0nm. In the reflectors with grooves 110 or 140nm depth,
the lowest lasing thresholds were 2.6ud/cm?® in the sample with
A=140.0nm and 2.4 pJ/cm? in the sample with A =132.5nm. Thus,
the lowest threshold shifted to the larger A with an decrease of the
depths. We suppose that these differences are attributable to the
shapes of the reflectors. Since the deeper grooves have a sharper
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FIGURE 2 Absorption, PL, and ASE spectra of spiro-SBCz thin film. Inset:
Chemical structure of spiro-SBCz.
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TABLE 1 Lasing and ASE Wavelengths and Thresholds for each Sample

Depth (nm) A 132.50 135.00 137.50 140.00 142.50 145.00
70 masx (D) 467.14 470.90 474.66 479.91
Ey, (ud/cm?) 7.1+£0.7 1.8+0.2 0.90+0.09 0.724+0.07
110 Amax (NMN) 467.89 47240 473.15 478.41 482.92 490.42
E; (WJ/em?) 1942 43+04 10+1 2.6+03 43404 17+2
140 emazx (M) 474.66 479.92 484.42 489.68

Ey, (J/em?) 25403 24+40.2 29403 57+0.6

triangular structure (Fig. 1), the lasing wavelength was red-shifted
with increasing groove depth, probably because the 7.4 changed even
when the reflector period was the same. Furthermore, we mention the
threshold dependence on the depth. Although the reflectors having
deep grooves can confine light into a waveguide effectively, our results
showed the opposite tendency. One possible reason is the geometric
shape of the DFB reflectors. The surface topography of the organic
layer on a DFB reflector with grooves 70nm depth is shown in
Figure 3. This sample has 40-nm-depth curved structures in the
organic active layer, causing scattering loss in the waveguides.

Figure 4(a) shows the PL spectrum of a spiro-SBCz thin film and
the lasing spectra from the various DFB reflectors with the grooves
70nm depth. The lasing wavelength systematically shifted from
467.14nm to 479.91 nm when the grating period of the DFB reflectors
changed from 137.5nm to 140.0nm. The lowest lasing threshold,
0.72 nd /cmz, was observed at 2, =479.91nm in the sample with
A =145.0nm, although we expect the lowest threshold occurs around
the 0-1 transition. Figure 4(b) shows excitation-intensity dependence
of edge-emission intensity and full width at half maximum (FWHM)
in the samples with and without DFB reflectors. With increasing exci-
tation intensity the DFB laser with A =145.0nm and grooves 70 nm
depth showed a more rapid increase of emission intensity and more
rapid decrease of FWHM than did the corresponding laser without
the DFB reflector. The lasing threshold was 83% lower than the
ASE threshold, indicating that the light was effectively fed back into
the spiro-SBCz layer using the first-order DFB reflector.

To understand mechanism of the dependence of lasing threshold on
lasing wavelength, we calculate the stimulated emission cross section
(Gom) of spiro-SBCz by using the following equations [15]:

PE()

Gem (2) = 8nn?(A)ety’
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FIGURE 3 AFM image showing the topography of an organic layer with DFB
reflector with grooves 70 nm depth.

and
$pr, = /Ef(/l)di,

where E(/) is the fluorescence distribution, ¢pz, is the PL quantum
efficiency (ny=0.42), n(A) is the refractive index (1.8), c is the speed
of light in a vacuum, and 1, is the fluorescence lifetime (0.65 ns). The
large stimulated emission cross section ge,(1) 2.0 x 107 ¢ cm ™2 was
obtained at an ASE peak wavelength A of 474nm. The inset in
Figure 4(a) shows the relation between the o,,, and the lasing thresh-
olds of several samples. We observed an unusual correlation between
E, and o,,,. In spite of o.,, being lower at wavelengths longer than the
peak wavelength, 473 nm, the lowest E,;, was obtained at 479.91 nm.
This result indicates the presence of optical loss such as self-
absorption around the peak wavelength.
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FIGURE 4 (a) Photoluminescence and lasing spectra of samples with depth of
70nm and periods of 137.5nm, 140.0nm, 142.5nm, and 145.0 nm, respec-
tively. Inset: (- - - -) stimulated emission cross section of spiro-SBCz thin film,
(——) dependence of lasing threshold on lasing wavelength. (b) Dependence of
edge emission intensity on excitation intensity (0) with and (A) without an
optical reflector. Inset: Dependence of FWHM on excitation intensity (0) with
and (A) without an optical reflector.



Downloaded by [University of California, San Diego] at 14:36 08 August 2012

8 M. Hirade et al.

SUMMARY

We prepared first-order DFB reflectors by using electron-beam
lithography and plasma etching. We demonstrated control of lasing
wavelength depended on the periodicity and groove-depth of the reflec-
tors and obtained the low lasing threshold 0.72 + 0.07 uJ /cm? by using
a first-order DFB reflector with A=145.0nm and grooves 70nm
depth. This lasing threshold was 83% lower than the ASE threshold
(4.1+0.04 pdJ /em?).
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