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a b s t r a c t

Herein, a low threshold, wavelength-tunable, compact, two-photon pumped upconversion
laser is presented. The surface emitting lasers are composed of melt-processed 1,4-bis[2-
[4-[N,N-di(p-totyl)amino]phenyl]vinyl]benzene (DADSB) as active media and two designed
distributed bragg reflectors. The melting fabrication process is very simple, and the lasing
threshold is as low as 150 lJ cm�2 pulse�1, when pumped by a Ti:sapphire amplifier oper-
ating at 800 nm with a 150 fs pulse width. To the best of our knowledge, it is one of the
lowest values for two-photon lasers. Lasing from multimode to single-mode oscillation is
demonstrated. Tunable single mode oscillation was obtained at wavelength from 514 nm
to 523 nm with a spectral width of less than 0.2 nm.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Organic gain media have shown great potential applica-
tions in different photonic devices, such as light-emitting
sources, switchers, lasers and optical amplifiers [1–7]. In
particular, the properties of organic materials could be tai-
lored to allow for novel approaches to make laser devices.
Two-photon absorption (2PA) has attracted great attentions
for fluorescence imaging and 3D microfabrication [8–10]. In
2PA process, two photons of lower energy (longer wave-
length) can be used to bridge the energy gap of the material
instead of one high-energy (short wavelength) photon, and
it allows for optical absorption to occur in a spectral range
where the single-photon absorption is negligible [11]. Then,
IR radiation can be absorbed by a material that emits higher

energy photon. It provides an alternative approach to
accomplish one kind of novel laser devices, which is called
two-photon pumped (TPP) laser. Unlike second harmonic
generation, phase-matching requirement is not required
[12–14] and it allows using near-IR solid-state pump
sources, which are cheaper and more compact, compared
to the UV versions. Hence, great efforts have been made to
explore the two-photon pumped laser devices [14–20].

For applications, it is quite necessary to develop lasers
with low threshold, especially for two-photon excitation.
The lower excitation intensity makes the degradation
process slower and possible laser operation in the high-
repetition rate regime. High pump intensity is generally
required for TPP lasing purposes, because of the much-
lower-absorption cross-section and actually, a small por-
tion of the incident light is absorbed. To address this
problem, it would be desirable to utilize high-density mol-
ecules with large TPA cross section in active media to har-
vest pump light as more as possible. It is demonstrated
that low threshold amplified spontaneous emission can
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be realized in organic single crystals, in which the chromo-
phore density is extremely high [21–23]. The TPP lasing
threshold is only one order larger than that pumped by sin-
gle-photon pumping [23]. However, organic single crystals
have been limited to fundamental studies, because the fab-
rication of single crystal laser devices poses a technological
challenge [24].

In the present work, we report melt-processed two-
photon surface emission laser. The material exhibits a
low temperature melting point, which allows the fabrica-
tion of laser device feasible, especially for mass production.
Meantime, the melt-processed method ensures enough
high chromophore density in active media. Two-photon
pumped upconversion lasing with a threshold as low as
of 150 lJ pulse�1 cm�2 was achieved upon pumped with
near-IR (800 nm) radiation. The cavity length of laser could
be easily tuned, and lasing oscillation from multimode to
single mode was realized.

2. Experimental

2.1. Thermal properties of materials

The active material used here is 1,4-bis[2-[4-[N,N-di(p-
totyl)amino]phenyl]vinyl]benzene (DADSB), whose molec-
ular structure is shown in Fig. 1a. The melting experiment

was carried out in glove box with dry nitrogen gas. The
powder of materials was mounted on the hot stage and
heated, and molten on a glass slide as the substrate,
through the medium of an iron plate. The temperature of
the hot stage was regulated typically using a thermocouple
around a desired temperature. The morphology of materi-
als can easily be examined by eyesight or under micro-
scope. The thermal property of materials was further
investigated by differential scanning calorimetric (DSC)
measurement, which was performed on a NETZSCH
DSC204 instrument. Thermogravimetric analyses (TGA)
were performed on a TA Q500 thermogravimeter for eval-
uation of their thermal stability.

2.2. Device fabrication

The laser microcavity fabrication process is shown in
Fig. 1e. Firstly, powder materials were spread on a DBR
with a spatula. Then, another DBR was covered onto the
powder. The two DBRs were stacked together with the help
of a hold-down plate in a face-to-face fashion and horizon-
tally placed into a small chamber in glove box. Thirdly, the
double-DBRs were heated slowly at temperature above
melt point and held for 5 min. Upon melting in a nitrogen
atmosphere, application of pressure caused liquid DADSB
filled in the microcavity. The two surfaces of DBRs were ad-
justed to be parallel, as much as possible. Then the sample
was moved from the heated chamber and cooled slowly to

Fig. 1. (a) Molecular structure of DADSB. (b) Image of liquid DADSB. (c)
Liquid DADSB drop under investigated under microscope. (d) Experimen-
tal transmitting spectrum of distributed bragg reflector at near-normal
incidence and two-photon excited emission spectra (dot line) excited by
800 nm. (e) Schematic diagram of fabrication process of surface emitting
laser.

Fig. 2. (a) Schematic of the experimental setup for measuring the lasing
output. (b) Photograph of the green lasing (�520 nm) from the laser
structure. A highly directional lasing output in the forward direction was
observed on a white background. The pump wavelength is 800 nm. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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room temperature. The materials would fill and solidify in
microcavity.

2.3. Optical characterization

UV–vis absorption spectra were recorded on a UV-3100
spectrophotometer. Fluorescence was measured with a
RF-5301PC spectrofluorimeter. For measurement of
two-photon absorption cross section, a tunable Ti:Sapphire
laser system delivering 150 fs pulses at 76 MHz repetition
rate was used. Solution of fluorescein in water at pH � 11
(0.1 mol/L NaOH) was used as a reference standard [25].

2.4. Characterization of lasing performance

The fundamental frequency of output from a Ti:sap-
phire amplifier laser (k = 800 nm, pulse width = 150 fs,
repetition rate = 1 kHz) was used as an excitation source.
The pump laser beam was focused onto the sample with
a 2.54-cm-diameter lens of 60 cm focal length and at an
incidence angle of 20� from the normal to the sample sur-
face, giving a beam diameter at the sample of about 1 mm.
The resulting emission was collected via an optical fiber
coupled to a spectrometer and detected by a charge cou-
pled device (CCD) camera.
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Fig. 3. (a) PL spectra form the laser device pumped at different intensities. (b) Peak intensity vs. pump intensity, the threshold is about 150 lJ cm�2 pulse�1.
Enlarged PL spectra (c) near the threshold and (d) above the threshold. (e) Photoluminescence dynamics investigated by time-resolved upconversion
technique near the threshold and above threshold.
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2.5. Time-resolved fluorescence upconversion measurement

The pulse from the Ti:sapphire regenerative amplifier
with laser pulse of 800 nm, �150 fs optical pulse duration,
and 1 kHz repetition rate is split into two parts. One is fo-
cused onto the sample to excite laser emission; the other is
sent into an optical delay line and serves as the gate pulse.
The emission light from the sample was collected by an
off-axis parabolic mirror and focused on the beta-bariumb-
orate (BBO) crystal. The generated sum frequency light was
then collimated and focused into the entrance slit of a
300 mm monochromatic, spectrally resolved, and detected
by a photomultiplier tube.

3. Results and discussions

The DADSB melt when it was heated to a certain temper-
ature. Fig. 1b illustrates an image of liquid DADSB droplets

at temperature of 240 �C, while Fig. 1c shows small size
cooled dropt under microscopy at room temperature.
Changes of visual appearance are ascribed to the formation
of an isotropic melt. It then makes us possible to let the
materials melted into predefined geometry channels and
let the material solidified for device applications. The ther-
mal properties of DADSB were further studied as a function
of thermal history by differential scanning calorimetry
(DSC). The DSC result shows that there is a well-defined
exothermic transition with a considerable enthalpy around
164 �C (corresponds to the crystallization of the sample)
and melting transition at 225 �C (see Fig. S1, Supplementary
data). The oligomer exhibits high thermal stability with
decomposition temperatures more than 400 �C under
nitrogen according to the further thermogravimetric analy-
sis (Fig. S2, Supplementary data), which allows melt pro-
cessing of DADSB materials without decomposition.

The melt-processed thin film exhibits very strong fluo-
rescence when excited by fundamental harmonic emission
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Fig. 4. (a and b) Multimode lasing spectra from devices with different thickness. Mode spacing and position can be tuned by the thickness. (c) Single-mode
lasing spectra from device, the wavelength were tuned from 510 nm to 523 nm.
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(150 fs, 800 nm) from amplifier, implying possibility for la-
ser applications. Fig. 1d illustrates the two photon excita-
tion fluorescence spectra, which is identical to that
pumped by 405 nm lasers. According to the Kasha rule, in
both cases the emission state is the same [26]. The
800 nm excited fluorescence intensity as a function of the
incident energy shows a square dependence (Fig. S3,
Supplementary data), which implies that the
upconverted emission indeed stems from the two-
photon-absorption mechanism. The TPA cross-section at
800 nm is determined to be 120 GM (1 GM =
10�50 cm4 s photon�1 molecule�1).

The laser device structure, shown in Fig. 1e, is com-
posed of DADSB organic materials sandwiched between
two distributed bragg reflectors (DBRs). The DBRs are
intensively designed to be high transmission at the wave-
length (800 nm), and low transmission from 480 to 570 nm
as shown in Fig. 1d. So it is possible for the devices to be
pumped by 800 nm pulsed lasers, i.e. two-photon
excitation.

The lasing performance is evaluated with configuration
as shown in Fig. 2a. As the average power of the excitation
pulse increased above the lasing threshold, well-defined
lasing beam was vertically emitted from the surface of
the sample in both the forward and backward directions.
Highly directional emission pattern from the sample sur-
face was observed when the pump power exceeded a cer-
tain value (Fig. 2b).

The room temperature photoluminescence (PL) spectra
at different excitation pump intensities are illustrated in
Fig. 3a. Above the lasing threshold, sharp lasing peaks oc-
cur at around 520 nm. A typical plot of output intensity
in the forward direction versus input intensity is shown
in Fig. 3b. They show the typical signatures of laser action,
namely a clear threshold at about 150 lJ cm�2 pulse�1 for
this sample, which is of a magnitude about one-tenth of
previously reported values for two-photon pumped poly-
fluorene laser [27]. To the best of our knowledge, it is
one of the lowest threshold lasers for two-photon lasing
[16,27,28]. The total lasing output energy at input intensity
of 1.26 mJ, corresponding to 160 lJ cm�2 pulse�1, was
60 lJ. Therefore, the overall energy conversion efficiency
from the input to the output was about 5% for this sample
at this pump level.

To further investigate the lasing mechanism clearly, PL
spectrum recorded near and above threshold have been
enlarged and presented in Fig. 3c and d, respectively. Obvi-
ous constructive interference in emission spectrum could
be seen at low pump intensity (Fig. 3c). When the pump
is high enough, a clear sharp emission line with the line-
width about 0.16 nm was observed. The mode spacing of
the lasing denoted as Dk is measured to be 4.59 nm. Let
d and n be the thickness and the effective refractive index
of a F–P cavity, respectively, the resonant condition can be
approximately written as 2nd = Nk, where N is the mode
number and k is resonant wavelength. Thus, the expected
mode spacing, Dk, is given by Dk = k2/2ngd, ng is a group
refractive index [29,30]. According to the measured mode
spacing, and ng � 1.7, the thickness of DADSB for this
sample is about 17 lm. The temporal profiles of the for-
ward-stimulated emission from the device were further

investigated utilizing a time-resolved fluorescence upcon-
version technique [31]. Fig. 3e shows the normalized tem-
poral profiles for the TPA-induced emission observed from
one device at two different pump energies, 130 and
155 lJ cm�2 pulse�1, where the monitor wavelength corre-
sponded to the peak position of time-integrated spectra.
Under low-intensity excitation, the emission shows a slow
decay characteristic, while the emission decay time is dra-
matically shortened to be 23 ps as pump intensity
increased.

The lasing wavelength is tuned when the thickness of
melted DADSB film is changed, which can be controlled
by adjusting pressure added on the DBRs during the melt
process. As indicated in Fig. 4a and b, multimode lasing
spectra with different frequency spacing and number is
presented. Frequency spacing becomes larger as the thick-
ness decrease, and single mode lasing can be achieved if
the frequency spacing from the cavity is comparable to
the width of the lasing region [30]. Following this idea,
we have indeed observed single mode lasing. The curves
in Fig. 4c depict the selected lasing emission with wave-
length from 514 to 523 nm. The spectrum was captured
under pump intensity above the threshold. It can be seen
that the lasing action is entirely occupied by a single mode,
which indicates the tunability of the proposed two-photon
lasers.

4. Conclusions

To summarize, we have presented the fabrication of
two-photon pumped upconversion organic lasers with a
simple and feasible technique. Tunable upconversion sur-
face emitting multimode and single-mode lasing were ob-
served from the laser cavities at room temperature. The
presented laser cavities exhibit a very low threshold and
an ultrafast pulse emission. Owing to the simple, low
threshold, our system offers a versatile candidate for the
future application of frequency upconversion as well as
other photonic devices.
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