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Single-mode second-order distributed feedback (DFB) lasers with low threshold, based on polystyrene
films doped with 30wt:% of the hole-transporting organic molecule N,N0-bis (3-methylphenyl)-N,N0-
diphenylbenzidine (TPD) are reported. The laser emission wavelength was tuned between 415 and
427nm by film thickness variation. The effectiveness of the DFB grating in improving the laser perfor-
mance is evidenced by the observation of linewidths and laser thresholds lower than those of the
amplified spontaneous emission characteristics shown by films without gratings. The use of holographic
lithography as the technique for grating recording has allowed us to prepare large samples in a fast,
versatile, and simple manner. © 2010 Optical Society of America
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1. Introduction

Since the discovery of stimulated emission in semi-
conducting polymer films [1–3], extensive research
has been devoted to the development of solid-state
lasers based on semiconducting materials, including
polymers, small organic molecules, oligomers, and
dendrimers [4–6]. A very unique property of organic
materials is that, due to their broad photolumines-
cence (PL) spectrum, the laser wavelength can be
tuned over a wide range [7]. Among the various types
of organic material, those that are semiconducting
open the possibility of electrical pumping. Moreover,
those that are soluble have the additional advan-
tages of easy processing in the form of thin films

by inexpensive techniques and high compatibility
with the substrates over which they are deposited.
These characteristics open ways to heterogeneous
integration of optic and electronic devices. One of
the main challenges in the use of new active organic
materials for lasing is the achievement of laser
thresholds, low enough to allow pumping with com-
pact and inexpensive optical sources [8–10].

The easiest way to evaluate the potential of a cer-
tain material to be used as an active laser medium
consists in characterizing its amplified spontaneous
emission (ASE) when deposited as thin films in a
waveguide configuration [2,11]. In addition, this
technique is the most convenient for comparing the
performance of different materials, since it allows se-
parating the variations due to thematerial from those
due to the resonant cavity. The laser properties of
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films of a wide variety of molecular semiconducting
materials have been reported in the literature
[6,12–22]. In most cases, laser activity is observed
at thresholds much lower than those of traditional
dyes [23] and comparable to those of typical semicon-
ducting polymeric lasermaterials [4,6]. Themain rea-
son is that molecular semiconducting materials can
be doped into films at large concentrations, typically
between 10 and 30wt:%, or even higher, without get-
ting PL quenching. Note that the typical concentra-
tions used with dyes are around 1wt:%. For some
particular molecular systems, ASE was observed
even in neat films (nondiluted in an inert matrix).
Examples of such materials are various thiophene-
S,S-dioxide oligomers [16], spiro-type molecules
[17], and the hole-transporting N,N0-bis (3-me-
thylphenyl)-N,N0-diphenylbenzidine system (TPD)
[12,24–27] (Fig. 1). Since film quality and supramole-
cular organization play amajor role in obtaining high
PL efficiencies and stimulated emission in the solid
state, recent investigations of the ASE performance
as a function of the concentration of the active mole-
cule in the film have been reported for different
materials [13,14], including TPD [27]. This way, the
material characteristics that lead to the best per-
formance (lower ASE threshold, narrower ASE line-
width, and larger tunability of the ASE wavelength)
could be determined prior to the introduction of a la-
ser cavity. For TPD, ASE thresholds as low as
1kW=cm2 have been previously measured when
doped at 30wt:% into polystyrene (PS) [27]. This
value is one of the lowest reported in the literature

for molecular materials, without energy-transfer pro-
cesses being involved. Moreover, it is comparable to
thresholds of typical semiconducting polymers emit-
ting in the blue region of the optical spectrum (see
comparison in Table 1) [17,27–31]. Note that thresh-
olds in Table 1 are given in power density units
(kW=cm2), which are the most convenient to compare
the performance of different materials [15].

One of the simplest laser resonators consists in
placing the active medium between two mirrors,
which is the method typically used with dyes
[6,17]. Other configurations include vertical micro-
cavities [3,4,6], whose thresholds are generally large,
microrings, and microdisks [4,6]. Although the two
latter devices generally show low thresholds, their
interest for applications is limited by the fact that
they do not provide a well-collimated beam of light.
An alternative consists of using a distributed feed-
back (DFB) cavity in which a periodic modulation
of the refractive index by a surface grating (on the
substrate or on the active medium) is made in

Fig. 1. Chemical structure of N,N0-bis (3-methylphenyl)-N,N0-
diphenylbenzidine (TPD).

Table 1. Comparison of the ASE Performance of Various Semiconducting Organic Materials Emitting in the
Blue Region of the Optical Spectrum

Material Chemical Structure a λASE b Ith-ASE
c Type of Sample d Ref. e

30wt:% TPD-doped PS film 417 1 SC [27]

Spiro-6P neat film 425 3 SC [17]

BP1T 462 13 C [28]

CCN-DPDSB 469 39.5 C [29]

BPCz neat film 421 4 SC [30]

PFO neat film 466 2 SC [31]

aChemical structure of the active molecule.
bλASE, ASE wavelength (nm).
cIth-ASE, pump intensity threshold for ASE observation (kW=cm2).
dType of sample: SC, spin coating; C, single crystal.
eRef., reference.
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order to obtain light reflected by “Bragg-scattering”
[32,33]. In DFB lasers, light propagating in a wave-
guide mode is scattered by the periodic corrugation,
so the scattered light from each corrugation com-
bines coherently and an new Bragg-scattered wave
is formed, propagating in a new direction. Lasing oc-
curs close to the so-called Bragg wavelength (λBragg)
given by

mλBragg ¼ 2neffΛ; ð1Þ

where neff is the effective refractive index of the
waveguide, Λ is the period of the grating, and m is
the order of diffraction. For first-order diffraction
(m ¼ 1), light is diffracted out to the edge of the film,
while for the case of second-order diffraction (m ¼ 2),
light is diffracted out near perpendicular to the plane
of the waveguide [34]. DFB structures present
several advantages, such as single-mode emission
(important for a number of applications), easy de-
position of the organic film, low thresholds, and no
need of mirrors. Numerous examples of optically
pumped DFB organic lasers have been published
in the literature [4,6]. Various methods for grating
recording, i.e., holography, electron-beam lithogra-
phy, and soft lithography have been used.
In this work we have built second-order DFB la-

sers based on 30wt:% TPD-doped PS films as active
laser material. Several reasons support our interest
in TPD-based devices: first, the low ASE thresholds
of TPD-based films; second, the fact that TPD emits
in the blue part of the spectrum, where the number of
available sources is limited; and third, our capability
of controlling the emission characteristics of TPD by
the knowledge provided by our previous ASE studies
[12,25–27]. DFB gratings have been fabricated by
holographic lithography (HL), using dichromated ge-
latin (DCG) as photoresist, due to its very good reso-
lution capability [35,36]. This HL technique has
several advantages: it is fast and versatile, no master
is needed, and it allows preparation of large samples.

2. Sample Preparation and Experimental Procedures

DFB lasers were made by deposition of polymer
active films on top of glass substrates over which
surface relief gratings were previously recorded by
HL [35,36], followed by conventional reactive ion
beam etching (RIBE). An argon laser operating at
364nm was used to record a light intensity pattern
over a 700nm thick spin-coated film of the photosen-
sitive material DCG. The pattern was obtained by
the interference of the direct beam with the beam re-
flected in a mirror attached to the sample holder (see
Fig. 2). An absorbent glass was attached to the back
side of the plate with an index matching liquid to
avoid backward reflections from the surface of the
glass support. The geometric parameters for grating
recording were carefully adjusted in order to get a Λ
value close to 270nm, which satisfies Eq. (1) for
m ¼ 2, neff ∼ 1:554 (for a 30wt:% TPD-doped PS
film), and λ ¼ 420nm. Relief gratings in the DCG

film were then obtained by dry development in an
oxygen electron cyclotron resonance stream. These
gratings were then transferred to the glass substrate
by RIBE with CHF3 gas, and the residual resist was
washed off.

The active films were spin coated over the glass
substrates with gratings from toluene solutions con-
taining PS as an inert polymer and 30wt:% (with re-
spect to PS) of TPD. Films with different thicknesses
were prepared by adjusting the percentage of PS
with respect to the solvent (between 2.5 and
6wt:%). Film thickness was measured with an inter-
ferometer coupled to an optical microscope. To prop-
erly assess the effect of the grating in the emission
characteristics, we also deposited films of similar
characteristics over substrates without gratings.

For the characterization of the emission properties
of the DFB lasers, as well as of the reference films
deposited over substrates without gratings, samples
were illuminated with a pulsed Nd:YAG laser (10ns,
10Hz) operating at 355nm, which lies close to the
maximum absorbance of TPD [12,27]. The energy
of the pulses was varied using neutral density filters.
The pump laser beam was expanded and collimated,
and only the central part was selected in order to en-
sure uniform intensity. The pump beam was incident
upon the samples at ∼20° with respect to the normal
to the sample plane, and it formed a circular spot
with a diameter of 1:3mm. The emitted light was
collected normal to the surface with a fiber spectro-
meter placed at 1 cm of the sample.

3. Results and Discussion

Figure 3 shows a scanning electronmicroscopy (SEM)
image of the grating recorded over the DCG film and
an atomic force microscopy (AFM) image of the grat-
ing once transferred to glass. A period of Λ ¼ 270nm
(�2nm)andadepth of70nm(�15nm)were obtained.
The diffraction efficiency (η) of the gratings over DCG
and over glass was 28% and 6%, respectively. PS films
containing 30wt:% of TPD, deposited by spin coating
over the glass substrates with gratings, formed active
waveguides with thicknesses varying between 150
and 300nm.

Figure 4 shows the emission spectra at low and
high pump intensities for a DFB device with a
250nm thick PS/TPD film [Fig. 4(a)], as well as for
a sample consisting of a similar film but deposited
over a glass substrate without a grating [Fig. 4(b)].
In this latter case, no real lasing takes place since
no cavity is present. Nevertheless, gain narrowing
at a certain pump intensity due to ASE is observed,
as already discussed in detail in previous works

Fig. 2. Experimental setup for holographic recording of gratings
over DCG: 1, argon laser; 2, shutter; 3, microscope objective; 4,
pinhole; 5, collimator; 6, mirror; 7, DCG film over glass.
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[25–27]. By comparing Figs. 4(a) and 4(b), it is clear
that the presence of the grating leads to changes in
the emission spectra. At low pump intensity, the out-
put spectrum of the DFB device is broad and rather
different than the one obtained with the sample
without a grating. In accordance with other authors
[34], the modifications observed by the presence of
the grating are attributed to waveguided PL that
has been Bragg scattered out of the waveguide at
an angle normal to the substrate. It is also observed
that the spectra of the DFB device exhibit a charac-
teristic dip in the emission intensity at around
λ ¼ 417nm, due to an inhibition of the propagation
of the waveguided light by the grating. This Bragg
dip can be envisaged as a photonic stop band for
waveguided modes [34]. At high pump intensity,
DFB lasing occurs at the long-wavelength edge of
the Bragg dip [see Fig. 4(a)] and a narrow peak dom-
inates the emission. This particular device (thickness
250nm) operates at 418nmwith a linewidth [defined
as the full width at half-maximum (FWHM)] lower
than 2nm, limited by the resolution of our spectro-

meter. The emission is strongly polarized, with the
electric field vector parallel to the DFB grooves.

In the case of the film deposited over a glass sub-
strate without a grating [Fig. 4(b)], the spectrum
obtained at low pump intensity is similar to that re-
corded in a fluorimeter. This latter one consists of a
main band with a maximum at 401nm and a first
vibronic peak at 420nm [27]. Although the emission
spectrum obtained with the characterization setup
used in this work also shows two peaks, their relative
intensities are somewhat different than the ones ob-
tained in the fluorimeter, and a slight red shift of the
maximum of the main band is observed. These differ-
ences are simply due to the different geometry used
to collect the emitted light in the fluorimeter and in
the setup for the DFB characterization [27]. Despite
these slight spectral changes, the most important as-
pect to consider here is the fact that a dip, similar to
that observed in Fig. 4(a) for the sample with grating,
is not observed. With respect to the high pump inten-
sity spectrum, due to ASE, its linewidth is clearly
reduced (up to around 5nm) with respect to the

Fig. 3. Photographs of the relief gratings recorded in (a) a DCG film and (b) in glass after the transfer by RIBE, obtained by SEM and
AFM, FMrespectively.
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low pump intensity one, and its total output intensity
(at 417nm) is drastically increased. Note that the ob-
tained ASE linewidth is larger than that measured
with the DFB structure (<2nm).
To understand the mechanism that controls laser

emission, it is useful to analyze in more detail the
DFB laser spectrum [Fig. 4(a)]. In general, DFB
lasers made with a periodic modulation in the refrac-
tive index normally lase in twomodes, one slightly be-
low λBragg and the other slightly above it [32–34,37].
Single-mode DFB lasers can be made by introducing
a phase shift in the periodic modulation or by modu-
lating the gain instead of the refractive index. Gain
modulation adds an imaginary part to the coupling
coefficient; thus, laser emission is observed inside
the photonic stop band [38,39]. As observed in Fig. 4
(a), for our DFB device, single-mode operation is evi-
denced by the observation of a lasing peak on the long-
wavelength band edge of the PL spectrum. In fact, for
all the DFB devices fabricated in this work and emit-
ting at different wavelengths (described latter in this
section), DFB emission was observed on the long-

wavelength side of the stop band. The inhibition of
the lasing mode below λBragg can be explained, as sug-
gested by other authors [34,40–43], by the fact that
the cavity losses for this band edge are lower than
for the short-wavelength one, so the long-wavelength
mode has a lower threshold [34]. According to this
idea, the mechanism dominating laser emission in
our DFB lasers would be index modulation. Other
authors have attributed the observation of single-
mode operation in polymer lasers to the effect of per-
iodic gain modulation, rather than index modulation
[38,39,41–43]. In those systems, lasing was observed
very close to λBragg (inside the stop band) and that was
explained in terms of the periodically varying thick-
ness of the polymer layers. While periodic gain mod-
ulation might be present in our DFB lasers, the fact
that the lasermode was found to oscillate on the band
edge, and not in the gap, strongly points to a system
dominated by index modulation from the permanent
grating structure.

Figure 5 shows the evolution of the DFB laser in-
tensity at λlasing and of the ASE intensity at λASE with
the increasing pump intensity, for the samples de-
scribed in Fig. 4. For the DFB laser, a nearly expo-
nential increase is clearly observed for pump
intensities above 6 μJ=pulse, the value identified as
the laser threshold. For the sample without grating,
a change in slope is not clearly defined; thus, the nu-
merical value of the ASE threshold (12 μJ=pulse) was
obtained by determining the intensity at which the
FWHM of the emitted light decays to half of its
maximum value. Here, thresholds are given in en-
ergy per pulse units, instead of in power density
units, due to the difficulties of properly calculating
thresholds in these latter units when using the
DFB characterization setup. This issue is discussed
in more detail below.

The ASE results obtained for the film without
a grating are similar, in terms of linewidth and

Fig. 4. Emission spectra of a TPD-doped PS film deposited on
glass (a) with and (b) without DFB grating, at low (1 μJ=pulse,
dashed curve) and high (20 μJ=pulse, solid curve) pump intensity.

Fig. 5. Output intensity at λDFB ¼ 418nm and at λASE ¼ 417nm
as a function of pump intensity for a TPD-doped PS film deposited
over a glass substrate with (solid squares) and without (open
squares) a second-order DFB grating, respectively.
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emission wavelength, to those obtained in the setup
typically used for the ASE characterization [27],
where a stripe of light, instead of a spot, is used to
excite the sample. However, it should be noted that
the thresholds measured in each setup are rather dif-
ferent, mainly due to the different size of the pump
beam. Experiments performed with waveguides
characterized in the typical ASE setup for various
pump stripe lengths (unpublished data), have shown
that the ASE threshold decreases with the length of
the pump stripe, saturating for stripe lengths above
2mm. Note that, in the typical ASE setup, the size of
the pump stripe is 3:5mm. Dependencies of the ASE
thresholds with the length of the pump stripe have
also been observed by other authors, in that case
with a poly(phenylene vinylene) derivative [44].
Because in our DFB setup a spot of only 1:3mm in
diameter is used, the thresholds determined are
not the optimized ones. Increasing the size of the spot
in order to approximate the conditions of the ASE
setup would result in difficulties in recollecting the
light with the optical fiber. Thus, we decided to ex-
press the thresholds measured in the DFB setup
in energies per pulse and use a similar film without
grating to assess the effect of the grating on decreas-
ing the threshold. All the considerations just stated
justify the lack of coherence in the threshold values
found in the literature [2,8,31,34,38,40–47]. Very of-
ten, the ASE thresholds reported for certain materi-
als are apparently lower than the laser thresholds
measured for the same materials inside a resonant
cavity. These inconsistencies are often due to the dif-
ferent setups used to characterize the properties.
Moreover, as already discussed in the introduction,
for a proper analysis of the potential of different
types of materials for laser purposes, ASE thresh-
olds, rather than laser thresholds, should be com-
pared. In this latter case, it would not be clear
whether the differences in threshold are due to the
material or to the cavity.
The tuning of the DFB emission wavelength over

the TPD emission spectrum was investigated by pre-
paring and characterizing devices with different film
thicknesses. Results are shown in Table 2. In all
cases, a single DFB peak was observed, given that
all the films studied supported one waveguide mode.

This is in contrast with other works published in the
literature [37,48], dealing with devices based on ac-
tive films thick enough to support more than one
waveguide mode, in which several DFB peaks were
observed. Concerning the emission wavelength of the
DFB devices prepared in this work, it has been tuned
from 415 to 427nm. The lowest thresholds were ob-
tained for the devices emitting at 418 and at 415nm,
with values of 6 and 11 μJ=pulse, respectively. These
wavelengths are close to the vibrational peak of the
PL spectrum, at which ASE takes place. For devices
emitting at wavelengths farther away from the ASE
wavelength, i.e., λDFB > 420nm, much larger pump
intensities were needed in order to obtain laser emis-
sion. Moreover, a peak due to ASE is also observed.
This is illustrated in Fig. 6 for the device whose laser
emission appears at 427nm. Because of the competi-
tion of both processes, a precise determination of the
laser thresholds and isolated laser DFB emission
was not possible. These results indicate that, with
these devices, the achievement of DFB laser emis-
sion in a wide range of wavelengths at reasonable
thresholds is limited by the presence of ASE emis-
sion. Further experiments aiming to clarify the rele-
vant parameters involved in the interplay between
ASE and DFB are currently being performed.

Fig. 6. Emission spectrum of a second-order DFB laser based on a
TPD-doped PS film working at λDFB ¼ 427nm.

Table 2. Laser and ASE Performance of 30wt:% TPD-Doped Polystyrene Films of Various Thicknesses Deposited over Glass with and
without a Second-Order Distributed Feedback Grating

Substrate h a λDFB
b λASE c Ith-DFB

d Ith-ASE
e

Bare glass 250 — 417 12
Glass with DFB grating 160 415 — 11 —

250 418 — 6 —

275 423 417 — —

298 427 417 — —

ah, film thickness (nm).
bλDFB, DFB emission wavelength (nm).
cλASE, ASE emission wavelength (nm).
dIth-DFB, pump intensity threshold for DFB observation (μJ=pulse).
eIth-ASE, pump intensity threshold for ASE observation (μJ=pulse).
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4. Conclusions

Second-order DFB lasers based on PS films doped
with 30wt:% of the blue-emitting and hole-
transporting organic molecule TPD as gain media
have been fabricated and their laser properties un-
der optical pumping have been evaluated. Gratings
with a period of 270nm and a depth of 70nm were
fabricated on glass by holographic lithography and
subsequent etching methods. Laser thresholds of
6 μJ=pulse and linewidths lower than 2nm were
measured. The benefits of the presence of the grating
in improving the laser performance were evidenced
by comparing with films without gratings, which
showed ASE thresholds 2 times larger and line-
widths of around 5nm. The emission wavelength
of the DFB structures was tuned in the range of
415–427nm by changing the thickness of the active
film. The fact that laser emission is observed in all
cases on the long-wavelength edge of the stop band
points to a system dominated by index modulation,
rather than by gain modulation.
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