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Surface-emitting polymer laser was fabricated with 1,4-bis�2-�4-�N,N-di�p-totyl�amino�phenyl�
vinyl�benzene-doped poly�vinyl-pyrrolidone� thin films sandwiched between two distributed Bragg
reflector �DBR� mirrors. Under pulsed optical pumping, Fabry–Perot �FP� type resonation resulted
in multi-mode laser oscillations depending upon the active film thickness. With increasing excitation
wavelengths, an emission peak based on stimulated resonant Raman scattering �SRRS� was
superimposed on the multimode band region. When the SRRS peak just overlapped with one of the
FP modes, the emission intensity was enhanced and the line width was considerably narrowed. Such
SRRS-coupled FP oscillations can be applied to realize a tunable single-mode surface-emitting
polymer laser. © 2010 American Institute of Physics. �doi:10.1063/1.3459967�

Polymer lasers and optical amplifiers will be indispens-
able for future photonic networks constructed with easy-
handled and low-cost plastic optical fibers �POFs� in short
range communications. The broad visible emissions of
�-conjugated polymers and dye-doped polymers cover the
wavelength gaps among the laser diodes and it can be well
matched to the lowest light-loss waveguiding region of the
POF around 500–600 nm. Various types of optically pumped
polymer lasers have been so far reported to meet such mid-
visible wavelengths by using distributed feedback �DFB�,1–3

microdisk4 and microring5 resonators. The DFB laser is
widely employed since its tunable single-mode oscillation is
simply attained by thin film coating on a grating substrate
with desired spacing. On the other side, the microdisk/ring
lasers give rise to multimode lasing. In order to selectively
pick up one single-mode oscillation among the multimode
lasing, we have been proposing tunable coupling with stimu-
lated resonant Raman scattering �SRRS� in the �-conjugated
polymer and doped dye.6,7

Stimulated Raman scattering �SRS� provides mirrorless
light amplification as realized in fiber Raman amplifiers in
which a tunable gain is obtained at any wavelength accom-
panied with Raman shifts of the incident light by quartz
phonons. Moreover, a compact Raman laser has been re-
searched by means of the SRS with an on-tip silicon
waveguide.8,9 However, those SRS gains are quite low due to
its off-resonant Raman process, therefore, a long fiber length
and a feedback cavity are required for the FRA and the Si
Raman laser, respectively. On the other hand, the optical am-
plification by SRRS can be obtained with tiny molecular
crystals as first found for anthracene10 and then for
thiophene/phenylene co-oligomer crystals.11,12 The resonant
electronic excitation and efficient light confinement in the
low-dimensional crystal enhance the Raman amplification
even in a submillimeter-scale cavity. Similar SRRS phenom-
ena have also been found for �-conjugated polymer13–15 and

dye-doped polymer films.16 Under resonant excitation at
their absorption edge, the emission peak Raman-shifted by
the �-conjugated backbone stretching appears in the wave-
length region where the amplified spontaneous emission
�ASE� band overlaps. However, their SRRS intensity is con-
siderably weak and its peak width is broad as compared with
that taken from the low-molecular crystals due to random
orientation of polymer chains.

When those polymer films are incorporated with DFB
and microring resonators,6,7 the SRRS intensity can be en-
hanced with reduced peak width and ASE background by
coupling with their laser modes. In particular, a selective
coupling of the SRRS peak with one of the multimode mi-
croring oscillations envisages us to realize a single-mode
polymer Raman laser. However, the decoupling of the emis-
sion from the microring cavity is not suitable for simple light
coupling into POFs. As a polymer laser to meet such issues,
surface-emitting devices with a Fabry–Perot �FP� type reso-
nator have demonstrated a low-threshold lasing and a com-
pact integrated system with LD pumping.17,18 In this work,
therefore, a surface-emitting FP-type laser is fabricated with
dye-doped polymer films using distributed Bragg reflector
�DBR� mirrors, and the SRRS-coupled lasing is studied.

As a laser dye molecule, 1, 4-bis�2-�4-�N,N-
di�p-totyl�amino�phenyl�vinyl�benzene �DADSB� was used
and dissolved in a 10 wt % chloroform solution of
poly�vinyl-pyrrolidone� �PVP�. Their molecular structures
are shown in Fig. 1�a�. The DADSB concentration was 3.6
wt % to PVP. The DADSB/PVP solution was spin-coated
on a DBR mirror surface typically at a rotation speed of 1000
rpm for 20 s. Then, another DBR mirror was faced down
onto the coated surface. Dryness at 80 °C for 5 min in an air
oven yielded a DADSB/PVP film sandwiched between the
two DBR mirrors as schematically shown in Fig. 1�b�. The
thickness of the DADSB/PVP film was changed by different
loading onto the top DBR mirror during dryness.

The DBR mirror used was made by multilayered dielec-
tric sputtering of SiO2 /TiO2 on a quartz substrate �10�10a�Electronic mail: yanagi@ms.naist.jp.
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�1 mm3�. Nine pairs of SiO2 �235 nm thick� and TiO2

�65 nm thick� were alternately coated as is shown in a scan-
ning electron micrograph in Fig. 2�a�. The transmission spec-
tra of the prepared DBR mirror is shown in Fig. 2�b� together
with the absorption and fluorescence spectra of the DADSB/
PVP film coated on glass as a reference. The transmittance is
�70% in the absorption region at ��480 nm while the re-
flectance of �99.5% is obtained in the fluorescence band

region at 498���549 nm. Optically pumped photolumi-
nescence �PL� spectra were taken under pulsed excitation
using a frequency variable YAG/OPO laser �pulse duration
�5 ns, repetition rate 10 Hz� at room temperature. The
excitation beam with a spot size �1 mm was vertically in-
cident onto the back side of one DBR mirror and the
emission escaped from the backside of another DBR was
detected with a charge coupled device �CCD� spectrometer
as shown in Fig. 1�b�. A low-pass filter was set in front of
the CCD spectrometer to cut the excitation beam. The
wavelength resolution of the spectrometer with a 1200
gratings/mm is 0.15 nm.

A reference DADSB/PVP film coated on glass exhibited
an ASE band around �=510 nm with a full width of half
maximum �FWHM� of �9 nm when the edge emission
from the film was collected in the direction parallel to the
film surface under excitation at �ex�460 nm. With increas-
ing �ex, an additional peak by SRRS �FWHM �0.5 nm�
appeared in the ASE band region and its peak position
shifted to the longer wavelengths according to �ex. The Ra-
man shift was kept at �1600 cm−1 which was assigned to
the �-conjugated stretching vibration of the DADSB mol-
ecule. On the other hand, the emission collected in the direc-
tion normal to the film surface was very weak with a broad
fluorescence spectrum.

When the DADSB/PVP film was sandwiched between
the DBR mirrors, a variety of FP mode lasing was observed
depending upon the film thickness as shown in Fig. 3. A thin
DADSB/PVP film exhibited a couple of emission peaks un-
der excitation at �ex=441 nm as shown in Fig. 3�a�. With
increasing film thickness, the number of the FP mode peaks
increased as shown in Figs. 3�b� and 3�c�. Their thicknesses
were estimated to be 18 �m, 37 �m, and 64 �m for the
films in Figs. 3�a�–3�c�, respectively, according to the equa-

FIG. 1. �Color online� Molecular structures of DADSB and PVP �a�, and
schematic of surface-emitting FP structure with DADSB/PVP active film
sandwiched between DBR mirrors �b�.

FIG. 2. �Color online� Cross-sectional scanning electron micrograph of the
DBR mirror �a� and its optical transmission spectrum �solid line� together
with absorption �dotted-dashed line� and fluorescence �dashed line� spectra
�b�.

FIG. 3. Optically pumped PL spectra of the surface-emitting FP structures
with DADSB/PPV films having different thicknesses. �ex is 440.6 �a�, 441.0
�b�, and 454.2 nm �c�.
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tion, L=1 / �2n�	�, where L is the cavity length, n is the
refractive index of the film and �	 is the mode interval in
frequency. The n of the DADSB/PVP film was measured to
be 1.57 around �=510 nm by using spectroscopic ellipsom-
etry.

When the �ex was shifted to the longer wavelengths
close to the absorption edge of the DADSB/PVP film, the PL
spectra taken from the FP structure changed with an over-
lapped SRRS peak as shown in Fig. 4. At �ex=466.2 nm, FP
multimode peaks corresponding to a cavity length of
�20 �m appeared at �=500–530 nm. Their peak width is
considerably broad as compared with those shown in Fig. 3
because the thickness of the DADSB/PVP film is not homo-
geneous. When the �ex was increased to 478.4 nm, the
multimode peaks shifted to the longer wavelengths at
�=510–535 nm due to the self-absorption effect. Under less
excitation at the longer �ex, the absorption tail causes the
redshift in the ASE band to lower the self-absorption. Note
that an intense peak is appeared at �=518.1 nm overlapping
with one of the FP modes. This amplified peak is assigned to
SRRS with the Raman shift of 1602 cm−1. A slight shift
to �ex=478.6 nm still gives rise to the SRRS peak at
�=518.4 nm although its intensity is reduced to about half.
When �ex is further increased to 479.0 nm, the SRRS peak
became very weak at 518.6 nm locating on the shoulder of
the FP mode. These spectral changes reveal that the SRRS is
enhanced when its Raman-shifted wavelength is just coupled
with the FP mode peak, and tunable surface-emitting lasing
by SRRS/FP coupling is attained even from such an inhomo-
geneous film.

This coupling effect was evaluated with the quality fac-
tor Q calculated from Q=	 /�	 where 	 and �	 are the
frequency and the FWHM of the SRRS peak. The Q values
of the FP-coupled SRRS peaks at �ex=478.4 and 478.6 nm
in Fig. 4 are 1400 and 1178, respectively. The value, in par-
ticular obtained at the former well-coupled frequency, is
meaningfully higher than Q=1003 estimated for the SRRS
peak of the reference DADSB/PVP film on glass. This Q
value corresponding to the SRRS in the slab waveguide is
dependent on the Raman broadening but less sensitive to the
film quality. Therefore, we conclude that the increase in the
Q value in the coupled peak is synergetic effect of the SRRS
with the FP lasing mode.

In summary, we have fabricated a surface-emitting dye-
doped polymer laser with the DBR-sandwiched FP cavity.
By tuning the excitation wavelength to which the SRRS peak
just couples with one of the FP lasing modes, the emission
peak was considerably gain-narrowed with an improved Q
factor. In the present study, such SRRS/FP coupling was not
attained with homogeneous films as shown in Fig. 3, since
the FP peaks usually disappeared at longer �ex where the
resonant absorption became very weak. Furthermore, this
coupling effect was demonstrated only at one FP mode peak,
since the large Stokes shift in DADSB prevents the efficient
SRRS from being coupled with the FP mode at the longer
wavelengths. With more suitably designed spectral condi-
tions for resonant excitation and precise cavity structures, we
could realize tunable single-mode lasing from such a simple
surface-emitting polymer device.
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