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We report an organic solid-state distributed feedback laser consisting of an organic active layer and
a Bragg grating without morphological change. The active layer consists of
4-(dicyanomethylene2-methyl-6¢4-dimethylaminostryt4H-pyran as a laser dye, &
hydroxyquinoling aluminum as a host, and péigethyl methacrylateas a binder. The threshold

and linewidth of the laser are 40@J/cnf and 1.5 nm, respectively. With this laser, the Bragg
grating exists out of the active layer and the grating surface is flat, which are very important for
device fabrication and electric driving of the laser. 2000 American Institute of Physics.
[S0003-695(100)03243-5

Recent advances in the materials and structures of ogermanium was doped to increase the refractive index. The
ganic light-emitting diodes(OLEDs) (Refs. 1-6 have relative refractive index between the core layer and the silica
opened the door to a generation of light-emitting organicsubstrate is 0.8%. The thickness of the core layer jar6
devices, namely, organic semiconductor 1ag@SLs. Op-  The Bragg grating is a periodic change in the refractive in-
tically pumped solid-state organic lasers are being investidex of the germanium-doped silica core, fabricated by UV
gated by many researchers for the realization of OSE%. jrradiation. Before writing the Bragg grating, the planar slab
Many types of laser structures suitable for organic lasers, fowaveguide was treated with hydrogen loading under high
example, microdisks and spheres, vertical-cavity surfaceatmospheric pressure to enhance the photosensitivity of the
emitting lasers, distributed Bragg reflectéBBRs), and dis-  core. The Bragg grating was fabricated in the core layer by
tributed feedbackDFB) have been demonstrated. The ulti- irradiating a KrF excimer laser beam emitting light at 248
mate goal is to develop a “current-driven” OSL. Therefore, nm through a phase mask. The pitch of the phase mask was
studies on light-pumped organic lasers should consider th&00 nm. A laser beam of 293 mm was scanned, and the
aptitude for electric driving. grating area was 910 mm. After the Bragg grating was

The efficiency and luminosity of OLED devices have imprinted, the grating was annealed at 150 °@ 4oh to

been improved in recent years, making them suitable as theuppress the shift in the Bragg wavelength that occurs over a
emission mechanism of OSLs. When a resonator is imtong period of time.

planted in the OLED, there are many constraints onthe reso- The active layer of the device consists of

nator. For example, because the OLED consists of thin lami4 -(dicyanomethylene 2-methyl -6 {4 - dimethiyaminostryt

nated deposition layer@ach about 50-80 nm thigksteps  4H-pyran(DCM) as a laser dye, tri8-quinolinolatd alumi-

are not allowed on the substrate and the layers must be flajym (Alq) as a host material, and petgethylmethacryrate

In addition, the resonator should be separated from the lightys 5 hinder polymetaverage molecular weight of 996 000

emission part to facilitate fabrication. The concentration of DCM for the Alg was 3 mol %, and the
The DFB resonator is characterized by high efficiencymixing ratio of the small molecules to the binder was unity.

wavelength selectivity, and ease of fabricatfdriThe sur-  The active layer was prepared on the Bragg grating by using

face, however, is not flat. In this letter, we report an organicspin coating. The thickness of this layer was, typically, 320

solid-state laser consisting of an organic active layer and &m_ Figure 1 shows the chemical structures and device struc-
DFB resonator without morphological modification. ture used in this study.

A Bragg grating in a planar slab waveguide acting as &  The active layer was optically pumped with a nitrogen
DFB resonator was fabricated using the planar lightwave cir-gas laser X =337 nm) that generated 500 ps pulses at a 10
cuit (PLC) method* as follows. First, the core layer was py, repetition rate. The pump beam was focused to 1 mm in
deposited by rf sputtering on a silica substrate. In this layeryiqih and 5 mm in length on the surface of the active layer
by using a cylindrical lensf(=50 mm). The long axis of the
¥Electronic mail: tany@giptc.shinshu-u.ac.jp rectangular excitation area was normal to the refractive index

0003-6951/2000/77(17)/2641/3/$17.00 2641 © 2000 American Institute of Physics
Downloaded 13 Mar 2003 to 160.252.124.1. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



2642 Appl. Phys. Lett., Vol. 77, No. 17, 23 October 2000 Nagawa et al.
Pumping light 7 r ; .
,,,,,,,,,,,,,,,,,,,,,,, 6 3
2 [ —®— 596 nm ]
~ £ 5[ | —®—609nm .
: Emission light 8 [ 1
A < [
S 4f .
400nm ~ [ ]
> i ]
'Nesonator area @ 3 ]
.
Active layer (n=1.56) £ o L E
SiO2 substrate (n=1.457) % t
Ge-doped layer (n=1.469) C‘\I_J [
t - ]
= l\ L
2 N/O 0. O U S B R
}i‘\( E? 0 200 400 600 800 1000 1200 1400
SN “N
Ao L Pump energy / /1 J cm?>
DCM
Alg FIG. 3. Excitation intensity dependence of emission intensity at 594 nm

CHa
H,C
CO,CH;
n

PMMA

(circles and 609 nm(squares

Emissions were detected at the edge of the planar device,

hence, the spectral profile was deformed by the mode distri-
FI_G. 1. Schematic illustration of device and structures of chemicals used ifhyytion of the planar waveguide, which consisted of the sub-
this study. strate, the grating, and the active layer. Therefore, a mis-
match occurred. We also experimentally found that the
grooves of the grating, and the short side was aligned to ehickness of the device affects the spectral profile deforma-
device end. The emitted light was detected at the end face afon and the peak position displacement of the spontaneous
the device by using a fiber contacting the end face. The deamission.
tected light was analyzed using a spectrogré@RIEL MS- Compared to the spectral shape at the low excitation
127i) with an intensified charge-coupled devit€CD) (An-  intensity, that at the high intensity was drastically changed.
dor ICCD V). The spectral resolution of the measurementA very sharp and high-intensity peak came into view at 596
system was 0.4 nm. nm with the background of the spontaneous emission of
Emission spectra from the device at excitation intensitiesDCM. The Bragg wavelengths of the resonathgggg) can
of 1300 and 27QuJ/cnt are shown in Fig. 2. The spectrum at be calculated from the following equation:
the lower intensity is a broadband with a peak at 609 nm, and
this band is assigned to the spontaneous emission of DCM. Agragg= 2NeA/M, (1)
The intensity peak wavelength of the band is slightly differ-

ent from that of the fluorescence peak of DCM in a thin ﬂlm'whereneﬁ is the effective refractive index of the resonatar,

is the period length of the Bragg grating, amds the order.
Theng; was estimated to be 1.48 by using the transfer matrix
method® Therefore, the resonance wavelength of the device
atm=2 is estimated to be 592 nm. This value agrees with
the wavelength of the line spectrum at the high excitation
intensity within the experimental error of the estimateg.

The linewidth (full width at half maximum of the sharp
peak after subtracting the spontaneous background was only
1.5 nm. These findings strongly suggest that the line at 596
1 nm arises from the laser action and that the refractive index
5 grating without morphological change under the active layer
1 acts as a DFB resonator.

] The excitation intensity dependencies of the lumines-
] cence intensity at 596 and 609 nm are displayed in Fig. 3.
The intensity of the broadband at 609 nm was proportional to
the excitation intensity because of the spontaneous emission.
On the other hand, the intensity at 596 nm radically in-
creased with the excitation intensity. This nonlinear increase
based on induced radiation confirms that the line spectrum is
determined by the laser action. In general, the intensity de-

FIG. 2. Emission spectra from the device at excitation intensities of 1400Oendence bends suddenly at the energy threshold for lasing.

wdicnt (solid line) and 270uJ/cnt (dashed ling While this bend is not shown in Fig. 3, the threshold is
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estimated to about 400J/cnf if the threshold is equal to the band, and splitting of the two DFB modes with the stop band
minimum energy fluence at which the sharp line is observedbecomes smaff Therefore, the two DFB modes could not
The power threshold of the device was approximatelybe observed in this study.
800 kwi/cnf, a value much larger than that of other recently In conclusion, we have demonstrated an optically
reported organic solid-state lasers with a grating. For expumped organic solid-state DFB laser consisting of a refrac-
ample, McGeheet al. obtained a threshold of 3 kW/cnfor  tive index grating without morphological fabrication and an
a DFB laser using a Si{grating and PPV derivatives as the organic active layer. This structure is suitable for current-
active matter® Berrgrenet al. obtained a threshold of 200 driven devices. The threshold and linewidth of the laser were
W/cn? for a DBR laser consisting of a SjQyrating and 400 wJ/cnf and 1.5 nm, respectively. With this laser, the
Alg/DCM2 as the active mattérThese lasers have a mor- Bragg grating exists out of the active layer and the grating
phological grating. Therefore, the relative refractive indexsurface is flat, which are very important for device fabrica-
between the concave and convex positions of a gratingjon and electric driving of the laser.
which is determined from the refractive indices of the SiO ) o
and active matter, is sufficiently large. On the other hand, the ' NiS Work was supported by a grant-in-aid for COE Re-
relative refractive index of our PLC grating without morpho- S€arcii10CE2003 from the Japanese Ministry of Education,
logical changes was only 0.1%. Hence, the diffraction effi-SCi€nce, Sports, and Culture.
ciency of our PLC grating is much smaller than that of the
other reported gratings. Therefore, the threshold of this laser
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