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ABSTRACT Microring cavities were fabricated by depositing
poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene)
(MEH-PPV) on glass fibers by a dip-coating method. Laser
emissions in whispering gallery modes were observed by pump-
ing with a frequency-doubled Nd:YAG laser. The threshold
energy of the MEH-PPV microring laser was as low as 10nJ
per pulse (1.5 jLJ/mm?). The polarization characteristics of the
microring lasers were studied and a polarization model was de-
veloped to explain the observed phenomena.

PACS 42.55.Sa; 42.70.Jk

1 Introduction

The rapid development of conjugated polymers as
a new class of laser materials injects new opportunities into
the research and design of laser devices [1]. The advantages
of these materials include the availability of a large variety
of synthetic procedures to tailor-make designed structures;
low-cost fabrication processes, such as dip coating and spin
coating to prepare thin-film waveguides; and the possibility to
be electrically pumped. As an alternative to the conventional
resonant cavity in a thin film waveguide structure, micro-
cavities offer the advantage of being compact in size. Most
types of microcavities, such as vertical microcavities [2], mi-
crodisks [3], and photonic crystals [4], are usually fabricated
by rather complicated techniques. In contrast, the microring
cavity has attracted much attention due to its simplified fabri-
cation process. Microring lasers typically show low threshold
energy, narrow line width lasing output, and high cavity qual-
ity factor. Microring lasing actions have been demonstrated
in light-emitting polymers [5—11] and dye-doped poly-
mers [3, 12—-14].
Poly(2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vi-
nylene) (MEH-PPV) is one of the best known light-emitting
polymers. A number of applications based on MEH-PPV
have been found in light-emitting diodes [15], photovoltaic
cells [16], and laser devices [17, 18]. In this paper we demon-
strate microring lasing actions from MEH-PPV thin films
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and investigate, both experimentally and theoretically, their
polarization characteristics. By using a transverse pumping
configuration, the polarization of the microring lasing output
dramatically varied with the polarization of the pump light.
Transverse electric (TE) mode lasing was observed when the
microring laser was pumped by s-polarized, p-polarized, 45°
linearly polarized, or circularly polarized light. No obvious
transverse magnetic (TM) mode lasing was observed in all
cases. A strong TE mode lasing emission was observed for s-
polarized pumping, while, for p-polarized pumping, the qual-
ity of the TE mode lasing became poor and the output intensity
seriously decreased. A near-threshold model was developed
to explain the polarization phenomena of the microring laser.
From the model, we found that the orientational distribution
of the molecular dipole moments has significant contributions
to the polarization characteristics of the microring lasers.

2 Experiments

The microring cavity was fabricated by one-step
coating the polymer solution upon a single-mode fiber. The
MEH-PPV was used as received and dissolved in chloroben-
zene in the dark and a nitrogen gas environment at room
temperature. The MEH-PPV can normally be dissolved com-
pletely after stirring for 12 h. The final concentration varied
from 5 g/1 to 20 g/1, which, in combination with the speed
of the dip coating, determine the thickness of the films. In
order to vary the diameter of the fibers, and hence the cavity
volume, the fibers were etched at room temperature in low-
concentration hydrofluoric acid. Depending on the etching
time, fibers with diameters varying from the original size of
125 pum to 45 um were obtained. The coating process was
completed by dipping the etched fiber into a polymer solu-
tion using a home-made dip coater. After the subsequent quick
evaporation, a uniform active layer was formed around the
cylindrical core. The thickness of the polymer layer was es-
timated to be > 1 wm with the dip speed of 0.75 mm/s in the
20 g/1 solution.

A schematic diagram of the experimental setup for study-
ing the microring laser is illustrated in Fig. 1. A transverse
pumping configuration was adopted. The frequency-doubled
output from a nanosecond Nd:YAG laser that served as the
pumping source was s-polarized. Polarizing optics and wave
plates were inserted in the optical path wherever necessary to
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FIGURE 1 Experimental setup for the study of the microring laser

control the polarization property of the pump beam. The pump
beam was focused onto the fiber by a cylindrical lens. The
lasing output emerges from every point on the circumference
of the microring, instead of in the form of a single beam of
light from an ordinary Fabry—Pérot laser. This unconventional
output may find specific applications in the future. A 0.3 m
spectrograph/array detector system was employed for spec-
tral measurements of the laser output. The spectral resolution
of the detection system was 0.5 nm, which is adequate to re-
solve the multi-mode emission lines of the microring laser.
Multi-mode lasing from an MEH-PPV microring cavity
with an outer diameter D of 50 pum was observed at a pump en-
ergy of 100 nJ per pulse. Accounting for reflection, transmis-
sion, and scattering losses of the pump laser, the actual energy
delivered to the film was about 10 nJ per pulse (1.5 wJ/mm?).
Figure 2a shows the emission spectra of the MEH-PPV mi-
croring laser at different excitation energies. When the pump
energy reached the threshold, multi-wavelength lasing at fixed
wavelengths appeared on top of the amplified spontaneous
emission (ASE) background. The lasing intensity increased

significantly as the pump energy increased, while the wave-
length of each mode remained constant. Figure 2b shows the
emission intensity as a function of the exciting energy. The
emission intensities were obtained by integrating over all the
lasing peaks. By increasing the pump energy, the output inten-
sity increased linearly. The threshold energy was determined
to be about 10 nJ per pulse. Saturation of the emission was
observed when the pump energy exceeded 90 nJ per pulse.
Saturation in the high pump energy region was attributed to
gain saturation and degradation of the sample [6].

Figure 3 shows a typical spectrum of an MEH-PPV mi-
croring laser with an approximate diameter of 50 um. The
average mode separation AA was measured to be 1.48 nm. A
can be theoretically estimated by [7]

)\2

AL = ,
27 Ron

ey

where Ry is the outer radius of the ring and 7 is the effective re-
fractive index of a waveguided mode. By setting the effective
refractive index to be 1.63, we observed good agreement be-
tween experiment and theory, as shown in the inset of Fig. 3.
The azimuthal mode number M was determined by [3]

2w Ron = Mhy , 2)
and the radial mode number N was kept at 1 [13]. As indi-
cated in Fig. 3, M ranged from 409 to 420. When a microring
of diameter 80 um was used instead, the lasing emission with
an average mode separation AX of 1.00 nm was observed. As
shown in the inset of Fig. 3, good agreement between theory
and experiment was also obtained. The corresponding azi-
muthal mode number ranged from 608 to 622.

Polarization characteristics of the microring laser were
studied by changing the state of polarization of the pump light.
The microring lasing emission was analyzed by a polarizer
that was placed in front of the fiber in conjunction with the

FIGURE 2 (a) Emission spectra of
a 50-pm-diameter MEH-PPV mi-
croring laser by transverse pumping
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FIGURE 3 A typical output spectrum for a 50-pm-diameter MEH-PPV
microring laser. Inset: mode separations AX for microring lasers with two

different diameters

detector, as shown in Fig. 1. TE and TM lasing modes can
be separately detected by rotating the transmission axis of
the analyzer to a parallel or perpendicular orientation with
respect to the fiber axis of the microring. Figure 4 shows
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the output spectra for a 50-pum-diameter MEH-PPV micror-
ing laser by s-polarized pumping, p-polarized pumping, 45°
linearly polarized pumping, and circularly polarized pump-
ing, respectively. The lasing output dramatically changed with
the pump polarization. We use the polarization ratio P, de-
fined by P = Itg/ItMm, as a measurement of the polarization
state of the microring lasing output. For s-polarized pumping,
strong TE mode lasing emission was observed and Py = 140.
For p-polarized pumping, the quality of the TE mode las-
ing became poor and the output intensity seriously decreased.
While the TM mode lasing shows no significant decrease,
the polarization ratio P, reduced to approximately 9. For the
other two pumping schemes, the values of P lie between P
and P,. These polarization phenomena are consistent with
those reported previously, but no quantitative explanation was
given [5]. We note that although the pump energy is close to
the saturation value (see also Fig. 2b), the TM mode lasing
was observed to be very weak in all cases.

The suppression of TM modes of a microring laser is in
contrast to the polarization phenomena of a planar thin film
waveguide laser that we studied previously [19]. For a planar
waveguide laser, significant TM mode lasing can be gener-
ated by p-polarized and circularly polarized pumping. It was
suspected that the suppression of the TM mode could be a re-
sult of the preferential orientation of the polymer chains in

T T
p-pola. pumping
—— TE mode
400 - - - TM mode
3
R
2
2 300
L
£
200},
1
600 620 640
b Wavelength (nm)
! circular[y-,pola. pumping
500 TE mode i
- - -TMmode
S 400 |
R
2
:
£ 300+ o o |
o 2l oy
v 6} gt g
) 4 |.h|1“ R T
i AP Tt gy B O vgd LS R
200 K * LS INRLEIN Py ) I“A"""m\‘; g
1
600 620 640
d Wavelength (nm)

FIGURE 4 Output spectra for a 50-wm-diameter MEH-PPV microring laser with (a) s-polarized pumping, (b) p-polarized pumping, (c¢) 45° linearly

polarized pumping, and (d) circularly polarized pumping
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the plane of the substrate [20]; however, no quantitative in-
vestigation was performed. In Sect. 3, we will present a near-
threshold polarization model of microring lasers for a trans-
verse pumping configuration. In the model, the orientational
distribution of the dipole moment of the excitons in the MEH-
PPV film is assumed to be either

1. athree-dimensional isotropic distribution (3-D) or
2. atwo-dimensional random distribution in the plane of the
fiber substrate (2-D).

The small-signal gain coefficients for s-polarized, p-
polarized, and 45°-polarized pumping schemes will be cal-
culated for the two orientational distribution models and
compared with the experiment.

3 Theory

For the calculation of the gain coefficients, we shall
adapt the semi-classical amplifier theory developed by Reyzer
and Casperson [21, 22] for a dye laser. In this approach, the
frozen-dipole approximation was used such that the reorien-
tation of the lasing dye molecules as a result of rotational
diffusion was assumed to be negligible. Since we are dealing
with a solid state polymer film, the physical reorientation of
the polymer chain is clearly not possible. On the other hand, it
is generally known that through certain internal energy coup-
ling processes such as Forster transfer, energy from an excited
exciton localized in a conjugated segment can be transferred
to another exciton of lower energy in another segment. This
energy transfer, which results in the red shift of the lumines-
cence peak, was found to occur in the first few picoseconds
after an optical excitation [23]. This stochastic energy trans-
fer process will cause a randomization of the orientations of
the emitting dipoles and it may appear that the frozen-dipole
approximation is not applicable. However, it was found that
in a conjugated polymer, the onset of the stimulated emission
(SE) line narrowing is concomitant with a blue shift of the
emission peak [24]. The blue shifting of the SE peak com-
pared to the non-SE peak indicates that the SE spectrum draws
the gain from excited species that are without internal relax-
ation. It was thus concluded that stimulated emission occurs
on a time scale faster than interchain energy migration [24].
Since the orientations of the emitting dipoles that are responsi-
ble for lasing can be regarded to be largely undisturbed before
internal relaxations cause the randomization, we therefore as-
sume the frozen-dipole approximation to be valid and employ
the theory developed by Reyzer and Casperson [21, 22] to cal-
culate the gain coefficients.

The gain coefficients for the two orthogonal polarizations
along the propagation direction are defined by [21]

oy = 0y / n(6, ) Dscos>0d 2, (3a)
2
ay = oy / n(6, ¢) D sin” 6 cos® pd 2, (3b)

2

where oy is the stimulated emission cross section, n(6, ¢) d§2
is the molecular number density in the solid angle d£2 along
the (0, ) direction, and Dy is the population difference be-
tween the two energy states where the stimulated transition

takes place. Assuming no pump saturation, Dy is linearly de-
pendent on the pump intensity, and is given by

; “)

where 7 is the fluorescence decay time, o}, is the absorption
cross section, i1v;, is the photon energy of the pump light, E; is
the complex amplitude of the pump field, and the term ec/2n
relates the electric field with the light intensity. The orien-
tation of the dipole moments p is represented by the Euler
angles (0, ¢), which is expressed in Cartesian coordinates by

3)

For an isotropic distribution of the dipole moment orienta-
tions, we have

= (XcosO+ ysin6cosp+Zsinbsing) || .

n(0, ¢) = N/4m, (6)

where N is the number density of the gain medium. By
assuming that each singlet exciton extends over 10 repeat
units of MEH-PPV [25], we estimate N to be approximately
2 x 10%° cm~3. Substituting (4) and (6) into (3), we can ex-
press the gain coefficients for the TE and TM modes by

gTEzcof |Epp|” cos® 042, (7a)
2

oM = CO/ |Epp| sin® 0 cos® 9d 2, (7b)
2

where
N to50p &c
Co= — Rl

~dm hv, 2no

For s-polarized pumping, the exciting field E,, can be writ-
ten as

Ep = Epts(w)éx ’ (8)

where #;(¥) is the transmissivity of the s-polarized wave that
is given by the Fresnel formula

2 cosyr
cos Y +/nZ —sin2 ¢

where 7 is the refractive index of the MEH-PPV film and
is the azimuthal angle as shown in Fig. 5. Substituting (8)
into (7), we obtain the azimuthal-angle-dependent gain coef-
ficients of the form

(V) = ®)

gre(¥) = Cits(P)*, (10a)
1
grm(¥) = gclts(w)zs (10b)
where
4 , Nrtosop
=5 Ch=g (n

At near-threshold conditions, the exciting intensity I, =
1.5x10°Wem™2 (100n] per pulse), the average number
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FIGURE 5 A schematic representation of the pumping geometry

density N =2 x 10 cm™3, the absorption and stimulated
emission cross sections o, ~ o5 ~ 1.2 x 10717 cm? [26], and
the fluorescence decay time t = 260 ps [27]. Thus, a value of
the threshold gain factor C; of 6 x 1072 mm™! is estimated for
the TE mode by s-polarized pumping. The total gain can be
obtained by integrating (10). Due to the symmetrical geom-
etry, we only need to consider the first quadrant 0° < ¢ < 90°
as shown in Fig. 5. Then, the average gain coefficients in the
first quadrant can be written as

/2
2
Gm=;a/mwﬂw, (12a)
0
/2
2
Gm=—a/mw%w (12b)
3
0
The p-polarized exciting field has the form
E, = Ept, () sin ey + Ept, () cos yré (13)

where the refraction angle v, is related to ¢ by Y, =
arcsin(sin ¥/n). Eptp,(¥) sinyy and Ept,(¥) cos ;. are the
contributions of E, in the y and z directions, respectively.
t,(¥) is the transmissivity of the p-polarized wave, which is
given by

2n cos Y
n2cos ¥ +/n —sin>

The angle-dependent gain coefficients are obtained by substi-
tuting (13) into (7) to give

H(Y) = (14)

1
&ﬂw=§a%wf, (152)

1
wmw=cwwawm+§w¥m>. (15b)

The corresponding average gain coefficients are of the form

/2
2
Grg = —C, / (W) dy, (162)
3
0
/2

G = %cl / <sin2 Yy + % cos’ wr) t(Y)?dyr . (16b)
0

The electric field for a 45°-polarized exciting field is given by

2 2
By= L B+ L Byt sin i,

V2 R
+ TEptp(w) cos e, .
Similarly, the expressions for the angle-dependent gain coef-

ficients and the average gain are respectively given by

(17

1 1
&ﬂw=§CmWf+EQ%WV, (18a)

1 2, 1 2 2 L
8TM(¢)=6C1IS(¢) +§C1lp(¢) (sm ¢r+§COS Wr) ;
(18b)

and

/2
1 1
G1g = ;le |:ls(¢)2+ gfp(lﬁ)ﬂ dyr, (19a)

/2

Gt = %le [%ts(w + (sin® Y, + % cos? wr)tp(w)z} dy .

0

(19b)
In addition, a circularly polarized exciting field is of the form
V2 . V2 .
E,= 17Epts(1ﬂ)ex + TEptp(w) sin y.e,
V2

+ TEptp(w) cos Ye; . (20)
The expressions for the angle-dependent gain coefficients and
the average gain obtained are the same as those for a 45°-
polarized pumping scheme.

Alternatively, assuming that the polymer chains lie only
in the plane of the substrate, the orientation of the dipole mo-
ments g can be written in the form

= (XcosO+2Zsinb) |l 2D
and
n(@) = N/2x . (22)

By substituting (8), (13), and (17) into (7) along with (21)
and (22), we can obtain the angle-dependent gain coeffi-
cients for s-polarized, p-polarized, and 45°-polarized pump-
ing schemes, respectively, in the forms
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15
W) = 2 CiL)°, (23a)
5
&) = ZCitp(¥)” cos Y, (23b)
1 15 2, 3 2 2
gre(Y) = Eclts(lﬂ) +Eclfp(1ﬂ) cos” VY . (23c¢)
Correspondingly, their average gains are given by
/2
S 15 2
Grg = ECI t,(Yy)=dyr, (24a)
0
/2
5
Gig = EC‘ f ty(¥)* cos® Y d (24b)
0
/2
6= 2o [ Brwy? 2cos? ¥ ] d 24
TE—g 1 [ ts(Y) +tp(¢) Cos %] Y. (24¢)
0

Since the dipoles are oriented only in the x—z plane, they have
no component along the y direction. This results in the vanish-
ing of the gain for TM mode lasing in all cases.
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Distribution of dipoles 3-D 2-D
Average gain (x1073, mm~") GTE G™m GTE Gtm
s-polarized 16.66 5.55 31.24 0
p-polarized 6.42 7.62 10.90 0
45°-polarized 11.54 6.59 21.07 0

TABLE 1  Summary of the average gains of the MEH-PPV microring cav-
ity for different pumping schemes

Figure 6 presents the gain as a function of the azimuthal
angle ¢ for an MEH-PPV microring cavity. The refractive
index of MEH-PPV is 1.94, and the gain factor C; is set to
6 x 1072 mm~". Figure 6a—c illustrate the gain variations for
the case of a 3-D isotropic distribution of the dipole moments.
Figure 6d illustrates the situation for a 2-D distribution. The
average gains, which are obtained by numerical integration,
are summarized in Table 1. For the TE mode in a 3-D distri-
bution, the average gain is larger for s-polarized pumping and
is smaller for p-polarized pumping. The situation is the same
for the TE mode in a 2-D distribution. In contrast, the gains
of the TM mode essentially remained constant for different
pumping schemes in the 3-D distribution case, while the gains
of the TM mode become zero for the 2-D case. From the ex-
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FIGURE 6 Angle-dependent gain coefficients of the MEH-PPV microring cavity for different pump beam polarizations. In (a)—(c) a 3-D isotropic distribu-
tion of the dipole moment is assumed; in (d) a 2-D random distribution of the dipole moment is assumed
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perimental results in Fig. 4, we can see that the variation of
the TE mode lasing intensity with the pumping polarization
is consistent with the gain variation predicted by our theor-
etical modeling. On the other hand, the suppression of TM
mode lasing can only be explained by the theoretical modeling
assuming a 2-D distribution. That is to say, most of the MEH-
PPV polymer chains lie in the plane of the fiber substrate. This
quasi-2-D distribution of the dipole moments leads to the ob-
served polarization phenomena.

4 Conclusion

Microring lasers based on MEH-PPV were demon-
strated. For a 50-pum-diameter microring laser, the pumping
threshold was 10 nJ per pulse. The lasing modes were identi-
fied. The polarization characteristics were studied and a near-
threshold model was developed to explain the polarization
phenomena. A 2-D distribution of the dipole moments is re-
quired to account for the polarization characteristics of the
microring lasers. The model could be applied to the transverse
pumped laser cavities with different geometries such as mi-
crospheres and microdisks.
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