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Abstract Tunable organic distributed feedback (DFB)
dye laser performances are re-investigated and character-
ized. The slab-type waveguide DFB device consists of air/
active layer/glass substrate. Active layer consisted of tris(8-
quinolinolato)aluminum (Alqs;), 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) dye,
and polystyrene (PS) matrix. Effective energy transfer
from Alq; to DCM through Forster mechanism enhances
the laser emission. Slope efficiency in the range of 4.9
and 10% is observed at pump energy region higher than
0.10-0.15 mJ cm™2 (lower threshold), which is due to the
amplified spontaneous emission (ASE) and lasing. Typi-
cal slope efficiency for lasing in the range of 2.0 and 3.0%
is observed at pump energy region higher than 0.25-
0.30 mJ cm™2 (higher threshold). The tuning wavelength for
the laser emission is ranged from 620 to 645 nm depending
on the ASE region.

1 Introduction

Organic solid-state lasers (OSSLs) have been developed
extensively in the past two decades [1, 2], because of the
easy modification of the optical gain matrix, the easy fab-
rication of devices by spin-coating technique or deposition
technique, as well as the use of several resonators, vertical
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Fabry—Perot microcavity with distributed Bragg reflector
(DBR) mirror, microring resonator, microdisc resonator,
and planar waveguide with distributed feedback (DFB) or
DBR resonator. Photolithography, electron-beam lithog-
raphy, and the interference of laser beams are commonly
used to fabricate the DFB and DBR structures in substrates
and active layers. In organic systems, the excitation energy
frequently meets the energy quenching due to z—z stacking
and dipole—dipole interaction between molecules, and these
unfavorable interactions lead to increased overall loss;
thus, it increases the lasing thresholds and decreases the
efficiencies [2]. Molecular design of the organics for high
laser performances is directed towards improving fluores-
cence properties in laser devices. One solution is the use
of a dendrimer with core for emission and highly branched
surfaces to limit n—m stacking [3-5]. Among them, one
such system is truxene-based star-shaped oligofluorenes,
which exhibited ultralow lasing DFB thresholds less than
1 pJ cm™? (under femtosecond laser pumping) [5]. The
guest—host system is another type of solution. Pump energy
is absorbed by a molecule with higher energy gap, and the
excited energy efficiently transfers from excited molecule
to emitting molecules through Forster mechanism. The
combination of tris(8-quinolinolato)aluminum (Alq;) with
higher energy gap as a host and 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) with
lower energy gap as a emitter is archetype of a guest—host
system [6-8]. Recently, low threshold of 4 pJ cm™ was
reported in photonic crystal nanobeam cavity deposited
by Alg; and DCM [9]. In our former study [10-12], DFB
laser performances of Alq;/DCM in polymer matrix have
been reported. However, the slope efficiency has not been
investigated.

In this paper, DFB laser performances are characterized
in the waveguide device consisting of Alq;, DCM dye, and
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polystyrene (PS). Slope efficiency and lasing threshold for
laser emission are investigated in a three-layer waveguide
device, air/active layer (Alq;/DCM/PS)/glass substrate. The
contents of Alq; and DCM are widely varied: Alqg; concen-
tration ranged from 20 to 60 wt%, and DCM concentration
from 0.5 to 5 wt%. The energy transfer dynamics between
the excited Alq; and DCM is involved to discuss the slope
efficiency and the threshold for lasing. The appropriate
concentration of Alg; and DCM in PS matrix is discussed.

2 Experimental

PS (Wako, Japan) was purified by a reprecipitation. DCM
(Aldrich, USA) and Alq; (Tokyo Chem. Ind., Japan) were
used as received. A chloroform solution of PS with DCM
and Alqg; was spin-coated on a glass substrate at 1700 or
2000 rpm for 30 s to form the waveguide-type DFB laser
device.

Laser emission of the waveguide-type DFB laser
device was monitored using a Llyod mirror technique. A
frequency-tripled Nd:YAG pulse laser delivering a 30 ps
pulse at 4, = 355 nm with a 10 Hz repetition rate was
used as a pumping source. The pumping laser was focused
on the waveguide with a cylindrical lens (f=300 mm) to
make a stripe shape of the exciting beam (3.25 mm long
by 0.033 mm wide). A Tokyo Instruments multi-channel
analyzer used was equipped with 1200 lines/500 nm grat-
ings and an Andor iDus charge-coupled device (CCD). A
UV-Vis absorption spectrum was measured using a Shi-
madzu UV-2101PC spectrophotometer. The photolumi-
nescence (PL) spectrum was recorded using a Shimadzu
RF-1500 fluorophotometer.

Lasing energy was monitored using an Ophir photodi-
ode-type pyrometers PD10 and PD10-PJ with a Nova II
Display. The index of refraction () of the waveguide was
determined using a prism coupling method, in which the
evanescent wave penetrates into the waveguide film at the
specific mode angle at each mode (m=0, 1, 2, ...) (m-line
method). The laser sources were a polarized He—Ne laser
(632.8 nm) and a laser diode (830 nm). Waveguide and
a prism of Hoya TaFD21 with n=1.926 at 632.8 nm and
n=1.909 at 830 nm were coupled with an air gap. Indices
of refraction measured are summarized in Table 1. Index
of refraction at lasing peak n(A) was evaluated using a one-
oscillator Sellmeier dispersion formula of.

q

1/22-1/2
where ¢ is a measure of the oscillator strength, A is a
constant containing the sum of all the other oscillators,
and the absorption wavelength of dominant oscillator 4
of 392 nm. The values of g and A were determined using
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Table 1 Summary of indices of refraction measured using m-line
method

632.8 nm 830 nm

TE ™ TE ™
PS/Alq;/DCM = 100/0/0 1.586 1.587 1.577 1.575
PS/Alq;/DCM =99/0/1 1.593 1.598 1.582 1.587
PS/Alq;/DCM =89/10/1 1.608 1.610 1.597 1.601
PS/Alqs/DCM =69/30/1 1.616 1.618 1.601 1.603
PS/Alq3/DCM =59/40/1 1.642 1.643 1.624 1.626
PS/Alq;/DCM =49/50/1 1.659 1.659 1.639 1.641

refractive indices measured at 632 and 830 nm for TE
mode and for TM mode, respectively.

3 Results and discussion

3.1 Determination of optimized content of Alq;
and DCM for organic DFB laser

The threshold and the slope efficiency are important factors
to evaluate the laser performances in organic DFB lasers.
As discussed in previous paper [10], the efficient energy
transfer from Alq; to DCM assists the laser performances.
Thus, the effective energy transfer from Alq; to DCM is an
important factor for the present laser device. To concentrate
the excitation energy to DCM sites effectively, the concen-
trations of Alq; and DCM were optimized.

Figure 1 shows the lasing profile for PS/Alq;/DCM
(69/30/1 by wt). Laser spectrum and peak intensity are plot-
ted as a function of pump energy in Fig. 1a, b, respectively.
Narrow laser spike (line width=0.2 nm) appears in a large
amplified spontaneous emission (ASE). Output energy
is plotted as a function of pump energy in Fig. lc. Las-
ing threshold is determined to be 0.23 mJ cm™ in Fig. 1b.
Slope efficiency of 6.1% is measured at lower pump energy
region up to 0.6 pJ (0.25 mJ cm™2) and that of 1.8% is at
pump energy higher than 0.6 uJ (0.25 mJ cm™>).

Figure 2 shows the same lasing profile for PS/Alq;/DCM
(49/50/1 by wt.). The lasing spike (peak) is detected at
the pumping energy of 0.15 mJ cm™2, and the peak inten-
sity increases by increasing the pump energy as shown
in Fig. 2a. The peak intensity is plotted as a function of
pump energy, and the lasing threshold of 0.15 mJ cm™2 is
evaluated in Fig. 2b. Output energy is plotted as a func-
tion of pump energy in Fig. 2c. Two slope efficiencies for
laser emission, the slope between pump energy and out-
put energy, are evaluated at the pump energy region above
the threshold. The slope efficiency of 7.3% is measured
at pump energy up to 0.52 uJ (0.24 mJ cm™) and that of
2.8% at pump energy higher than 0.52 pJ (0.24 mJ cm™>).
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Fig. 1 Lasing performances for PS/Alq;/DCM (69/30/1 by wt.). a
Laser emission spectrum with various pump energies. b Laser peak
intensity as a function of pump energy. Intersection of two lines
shows threshold for laser emission. Red arrow shows threshold. ¢ The
plots of pump energy and output energy. Slope efficiency is deter-
mined. Red arrows show threshold

Similar results for two types of slope efficiency were
reported in organic DFB polymer laser based on poly[(9,9-
(dihexyl)-9H-fluorene-2,7-vinylene)-co-(1-methoxy-4-(2-
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Fig. 2 Lasing performances for PS/Alq;/DCM (49/50/1 by wt.). a
Laser emission spectrum with various pump energies. b Laser peak
intensity as a function of pump energy. Intersection of two lines
shows threshold for laser emission. Red arrow shows threshold. ¢ The
plots of pump energy and output energy. Slope efficiency is deter-
mined. Red arrows show threshold

ethylhexyloxy)-2,5-phenylene-vinylene)]  (poly(DH-PFV-
co-MEHPPYV)) [13]. As discussed in previous report [13],
the reduction of the slope efficiency at higher pump energy
is due to the nature of lasing performance of the material
of interest, not to degradation by high pump energy, nor to
saturation effect [13]. High slope efficiency at lower pump
energy region is mainly due to ASE.
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In the former study [14], laser emission characteris-
tics and performances were investigated for one- (1D)
and two-dimensional (2D) DFB laser devices: high slope
efficiency of 7.8% and extremely low threshold of 0.8 nJ
were observed for the 2D DFB laser device, whereas low
slope efficiency of 2.2% and high threshold of 16 nJ were
observed for the 1D DFB laser device. The influence of
substrate on 1D and 2D DFB laser emission performance
was investigated [15]: slope efficiency of 1.2% for 2D DFB
laser device with quartz substrate and 0.65% for that with
indium tin oxide (ITO) substrate were observed. Both laser
devices had threshold of 35 nJ. Slope efficiency for 1D
DFB laser devices with quartz substrate was 0.65% and that
with ITO substrate 0.2%.

The laser performances are summarized in Table 2 when
Alq; host concentration is varied from 20 to 60 wt%. DCM
concentration is fixed 1 wt%. It is noted that the lasing
peak follows the larger ASE for PS/Alq;/DCM (69/30/1)
as shown in Fig. la, whereas the contribution of ASE is
smaller for PS/Alq;/DCM (49/50/1) as shown in Fig. 2a.
Lasing threshold is 0.15 mJ cm™ for PS/Alq,/DCM
(49/50/1) is lower than that of 0.23 mJ cm™2 for PS/Alq,/
DCM (69/30/1). These results lead to the appropriate con-
centration of Alqs for lasing which is 50 wt%.

Fluorescence spectra are shown for various concentra-
tions of Alq, with the DCM concentration fixed 1 wt% in
Fig. 3a and those for various concentrations of DCM with
the Alq, concentration fixed 30 and 50 wt% in Fig. 3b, c,
respectively. The fluorescence spectrum with peak wave-
length at 500 nm for PS/Alq; is appeared at higher energy
region, which is also shown in Fig. 3a. That spectrum at
higher energy region is due to the fluorescence from Alg;*
in the PS matrix. In all cases, the sample films were excited
at 355 nm. All emission spectra in the presence of DCM
are that from the fluorescence from the excited DCM
(DCM*). In the present case, the large wavelength overlaps
between the emission from the excited Alq; (Alqs*) and the
absorption of DCM leads to the Forster-type energy trans-
fer to produce DCM*. The efficiency of the fluorescence

resonance energy transfer npp between Alq;* and DCM is
defined as.

1

67
(%)
+ R()

where R is the average distance between Alq;* and
DCM, and R is the Forster radius where 7gp is 0.5 (50%).
Forster radius of 3.25 nm for Alq; was already reported
[16].

As shown in Fig. 3, in the presence of DCM, only the
fluorescence emission from DCM* is observed and no
emission from Alqgs;*. It means that all excited energy
was transferred from Alq;* to DCM dye through Forster
energy transfer process in the fluorescence measurement
with low pump energy. Ramos-Oritz et al. investigated the
Forster energy transfer from 4,4'-N,N'-dicarbazole-biphenyl
(CBP) to Ir(ppy); in polystyrene matrix, and discussed
the dynamical change of intermolecular distance between
excited CBP (CBP*) and Ir(ppy); in the ground state [17].
The increase of pump energy shortens the intermolecular
distance between CBP* and Ir(ppy); until the former den-
sity [CBP*] exceeds the latter density [Ir(ppy);]. They also
studied ngp between CBP* and Ir(ppy); as a function of
pump energy density, and showed that #gp is constant at
pump energy lower than 0.2 mJ cm™, but it is depressed
above that pump energy. It means that some of the excited
states produced in CBP will relax without transferring their
energy to Ir(ppy); when [CBP*] > [Ir(ppy);], but every
excited states produced in CBP encountered Ir(ppy); in the
ground state to couple with when [CBP*] < [Ir(ppy);]. At
the same region of pump energy density in the vicinity of
0.25-0.3 mJ cm™>, the present slope efficiency for lasing
is drastically reduced in the present energy transfer system
as shown in Figs. 1c, 2c and Tables 2 and 3. We assume
that at the pump energy higher than 0.25-0.3 mJ cm™2,
the number density of the excited Alg; [Alq;*] exceeds
the number density of DCM in the ground state [DCM],
the excess amount of [Alq,*] will relax without transfer-
ring their energy to DCM, and thus this is another reason

Ner =

(@)

Table 2 Summary of laser

Alq; (Wt%) Angle (°) A; (nm) ASE peak (nm) SE (%) Threshold (SE) Thresh-
performances of 4, ASE (W/mJ em™2) old (peak)
peak, slope efficiency (SE), (mJem™2)
and threshold for various
concentrations of Alg, 20 63.6 - - 54 13 0400.17 0.72/030 -*

30 63.0 621.5 620 6.1 1.8 0.31/0.13 0.60/0.25 0.23

40 63.6 -2 -2 49 1.8 0.35/0.15 0.71/0.30 -*

50 60.5 628.0 630 5.8 2.1 0.30/0.14 0.52/024 0.15

60 59.5 632.4 635 5.8 1.8 0.28/0.13 0.52/0.25 0.12

DCM concentration is fixed 1 wt%

“Not measured

@ Springer
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Fig. 3 a Fluorescence spectra for various concentrations of Alqs
in PS/Alqy/DCM. DCM concentration is fixed 1 wt%. Fluorescence
spectrum of Alqy in PS/Alq; is also shown. b Fluorescence spectra
for various concentrations of DCM in PS/Alq;/DCM. Alq; concentra-
tion is fixed 30 wt%. ¢ Fluorescence spectra for various concentra-
tions of DCM in PS/Alq;/DCM. Alq; concentration is fixed 50 wt%

that the slope efficiency is reduced at higher pump energy
region.

The DCM concentration dependence of laser perfor-
mances was investigated by changing the DCM concen-
tration. The obtained results of slope efficiencies and
thresholds are summarized for Alq; concentration of 30
and 50 wt% in Table 3a, b, respectively. Large depression
of the slope efficiency occurs at the DCM concentration
above 1 wt% for Alq; concentration of 30 wt%, which is
consistent with the fluorescence quenching when the DCM
concentration is varied as shown in Fig. 3b. For the Alq;
concentration of 50 wt%, preferred laser performance is
revealed at DCM concentration of 1.5 wt%., which is con-
sistent with the fluorescence quenching when the DCM
concentration is varied as shown in Fig. 3c.

3.2 Tunable DFB laser performances

As shown in Tables 2 and 3, the peak of ASE was shifted
to longer wavelength when Alq; and DCM concentra-
tions were increased. It means that the tunable wavelength
region for lasing depends on the Alq; and DCM concentra-
tion. Fluorescence and ASE spectra of PS/Alq;/DCM film
are shown in Fig. 4a, when the sample film was excited
at 355 nm. ASE was measured when the sample film was
excited by a pulse laser. ASE ranges from 600 to 650 nm.
Laser emission for PS/Alq,/DCM (49/50/1 by wt.) is
shown in Fig. 4b. The incidence angle € ranges from 57.5°
to 62.5°, which corresponds to the emission wavelength 4;
ranging from 644.4 to 618.5 nm (tunable region for lasing).
The laser emission with the band width less than 0.2 nm
was clearly observed. The emission wavelength of DFB
laser /; is calculated using the equation

3 nefflp
L=

msinf’ )

where ng; is the effective refractive index, 4, is the
wavelength for pumping excitation, and m is the mode
number of diffraction. The emission wavelength 4; is
related to the feedback resonance of microcavity in the
DFB structure. n. was evaluated using Eq. (3) with the
incidence angle, the first-order mode m =1, and the meas-
ured 4;, and 4, of 355 nm. The evaluated n . ranged from
1.531 to 1.545, which are shown for each incidence angle
in Table 4. For other higher order number mode m=2 or
3, the radiation loss (radiation mode) from the waveguide
frequently depresses the feedback resonance for lasing.
Thus, the laser emission from the first-order mode m=1
was employed. Slope efficiency and threshold are plotted
as a function of emission wavelength (A;) in Fig. 5. Max-
imum slope efficiency is measured at the emission wave-
length in the vicinity between 635 and 640 nm, which
is close to the center wavelength of ASE. Maximum
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Table 3 Summary of laser performances for various concentrations of DCM

(a) Slope efficiency and threshold at Alq; concentration of 30 wt%

DCM (wt%) SE (%) Threshold (SE) (pJ/mJ cm™2) Threshold (peak)
(mJ cm™?)
0.5 4.5 1.3 0.36/0.15 0.62/0.25 2
1.0 6.1 1.8 0.31/0.13 0.60/0.25 0.23
3.0 3.6 0.84 0.33/0.14 0.72/0.30 0.31
5.0 1.8 0.45 0.30/0.13 0.61/0.27 0.35
(b) Slope efficiency and threshold at Alq; concentration of 50 wt%
DCM (wt%) Angle (°) A (nm) SE (%) Threshold (SE) (uJ/mJ cm™2) Thresh-
old (peak)
(mJ cm™?)
1.0 59.5 624 9.4 2.7 0.20/0.09 0.48/0.23 4
1.5 61.4 631 9.8 3.0 0.18/0.08 0.34/0.17 0.17-0.21
2.0 62.7 633 10.8 2.2 0.27/0.12 0.33/0.14 -
2.5 63.5 635 10.0 2.2 - 0.30/0.13 .
“Not measured
a - - - : - - - threshold is also measured at 633 nm. Both thresholds are
. — Fluorescence in good agreement within an experimental error.
S ——ASE The effective indices of refraction (n.*) for TE mode
§ are calculated in a three-layer (air/active layer/glass sub-
E strate) waveguide using an eigen value Eq. (4).
% —1 yC —1 J/S
€ kT = mx + tan <—>+tan (—) 4)
8 kx kx
3 where T is the thickness of waveguide,
|_|EJ ke =koy/ng — e, ve = koy/n2e — 12, ¥, = koo /1 — 12,
0 - . . . and k, = 27”, ng is the refractive index of the waveguide
450 500 550 600 650 film, n, is the refractive index in air, n, is the refractive
Wavelength (nm) index of glass substrate, and A is the wavelength of the
propagated light. Using Eq. (4) with ng, n,, ng, and the
b 800 observed n.s we can determine the thickness of wave-
;:\ guide. For PS/Alq;/DCM (49/50/1 by wt.) waveguide
600 g film, 7=227-247 nm was evaluated with n, =1.000,
2 ng = 1.515, n; of each wavelength determined by the Sell-
400 g meier dispersion formula (1), and the observed ng. Alter-
(‘; native method for the evaluation of the waveguide thick-
200 '@ ness is the absorbance measurement. For PS/Alqs/DCM
‘ & (49/50/1 by wt.) waveguide film, the thickness of wave-
e R o 57(,)5 guide 301 nm was evaluated by the Lambert—Beer law
- bt et 59?'5,b<\°\°j with the absorbance 0.30 measured at 400 nm, the molec-
e e 7 €05 5 @5& ular extinction coefficient of Alq; 7500 [ mol~' cm™' at
i AR RAT; i to5 O © 400 nm reported in the paper [18], and molar concentra-
600 610 620 630 640

Wavelength (nm)

Fig. 4 a Fluorescence spectrum and ASE spectrum, b laser emission
spectrum with various incidence angles between 57.7° and 62.5°

@ Springer

tion of Alq; 1.31 mol /™! using PS density=1.2 g cm™,
molecular weight of Alq;=459.2 g mol™', and the weight
percentage of Alqs;. Both thickness measurements are
almost in the same order.
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Table 4 Summary of tunable

Angle (°) A (nm) Aegr ne Slope effi- Threshold (SE) Thresh-
laser perfqrmances; AL gy 1, ciency (%) (W/mJ em™2) old (peak)
slope efficiency, and threshold (mJcm™2)

57.5 644.4 1.531 1.657 6.4 2.8 0.25/0.13 0.67/0.34 0.17

58.5 638.6 1.534 1.659 7.4 3.0 0.30/0.15 0.51/0.25 0.17

59.5 633.2 1.537 1.660 7.3 2.8 0.34/0.16 0.51/0.24 0.15

60.5 628.0 1.540 1.661 5.8 2.1 0.30/0.14 0.52/0.24 0.15

61.5 623.2 1.543 1.662 5.7 1.6 0.23/0.10 0.51/0.23 0.14

62.5 618.5 1.545 1.663 - - - - -

ASE peak @ 630 nm for PS/Alq,/DCM (49/50/1 by wt.)
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Fig. 5 a Plots of slope efficiency as a function of emission wave-
length. b Plots of threshold as a function of emission wavelength.
Solid curve in a is a guide to the eye

For PS/Alq,/DCM (69/30/1 by wt.) waveguide film,
nes* was calculated using Eq. (4) with the measured n;
and the thickness of waveguide evaluated. The thickness
of the waveguide device 444 nm was evaluated by the
Lambert-Beer law with the molecular extinction coef-
ficient of Algy 7500 [ mol™' cm™" reported in the paper
[18], the molar concentration of Alq; 0.78 mol 7!, and the

absorbance of the waveguide film 0.26 measured for PS/
Alq;/DCM (69/30/1 by wt.) waveguide device. The effec-
tive index of refraction n.4* = 1.5596 was evaluated using
Eq. (4) with the thickness of waveguide of 444 nm, the
emission wavelength 4; = 621.5 nm, n; = 1.618 determined
at A, by an one-oscillator Sellmeier dispersion formula
Eq. (1). The value of n* = 1.5596 is comparable to the
effective index of refraction n.z = 1.5601 calculated using

Eq. (3).

4 Conclusions

We investigated the DFB laser performances for PS/Alq,/
DCM systems. Alq; concentration is varied from 20 to
60 wt% and DCM concentration from 0.5 to 5 wt%. Effi-
cient energy migration among Alq; and favorable energy
transfer to DCM occur at the composition of PS/Alq,/
DCM (49/50/1 by wt.), which leads to the favorable laser
performances. Slope efficiency for ASE and lasing ranges
from 4.9 to 10% at the pump energy region lower than
0.25-0.30 mJ cm™, whereas in the pump energy region
higher than that energy density, the slope efficiency in the
range of 2.0 and 3.0% is measured mainly due to lasing.
The main difference between two slope efficiencies is due
to the difference of the ASE contribution. At the pump
energy higher than 0.25-0.30 mJ cm™2, the excess amount
of the excited Alq,; molecules is deactivated without trans-
ferring their energy to DCM, which leads to the energy loss
for lasing. This is another reason for the reduction of slope
efficiency at higher pump energy region.
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