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Impact of triplet absorption and triplet-singlet annihilation on the dynamics of optically pumped
organic solid-state lasers
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We study the dynamics of a diode pumped organic semiconductor laser based on the polymer-polymer
guest-host system FSBT and MEH-PPV. Regardless of the duration of the pump pulse, lasing persists for only
a few nanoseconds. In two separate experiments we study in detail the contribution of triplet-singlet annihila-
tion and triplet state absorption. On this basis we were able to model the laser dynamics. As a result, we show
that depending on the supplied energy density of the pumping source, triplet-singlet annihilation or triplet state

absorption play the prevalent role.
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I. INTRODUCTION

In recent years, organic solid-state lasers (OSL) seeded
the prospect for cost effective and widely tunable laser
sources.! Especially, OSL pumped by an inorganic laser
diode? or even a light emitting diode® have recently received
considerable attention. As is known from liquid based dye
lasers, continuous-wave operation is usually hindered by a
pileup of triplet excitons.* For organic solid-state lasers the
highest repetition rates published were 5 MHz.> As opposed
to liquid based systems, a sound understanding of the dy-
namics in OSL has not been achieved. Especially, the contri-
bution of triplet-singlet annihilation (TSA) and triplet state
absorption (TA) is still under debate. Recently, Giebink and
Forrest® have studied the laser dynamics in an organic
distributed feedback (DFB) laser and have attributed their
findings exclusively to TSA without taking TA into account.
Reufer et al.” studied the triplet density in an OSL but did
not explain the observed increase in the triplet density above
lasing threshold. In this paper, we study the dynamics
of an OSL based on a polymer-polymer guest-host
gain medium of poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) and poly[2-
methoxy-3-(2-ethylhexyloxy)-1,4-phenylenevinylene (MEH-
PPV). We find that lasing emission persists only for the first
nanoseconds of the excitation pulse. We experimentally
separate the impact of both TSA and TA. Thereby, we can
model the laser dynamics and show that both TSA and TA
play an important role, depending on the supplied energy
density.

II. EXPERIMENTAL DETAILS

For the OSLs we employ second-order DFB resonators
with a 180-nm-thick gain medium (F8BT/MEH-PPV
16 wt %) on a silicon dioxide substrate. As a source for
optical pumping we used a Q-switched, frequency-tripled,
diode pumped solid-state (DPSS) laser emitting at A
=355 nm. The pulse width and repetition rate were 700 ps
and 2 kHz, respectively. The second pumping source used in
this research is an InGaN based laser diode (A=445 nm)
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provided by Nichia Chemical (NBD7112). The laser diode
was driven with a variable pulse width and a repetition rate
of 2 kHz. For diode pumped OSL, the multimode output of
the diode is collimated and focused to a spot of 170
X290 pum?. For time-resolved measurements we used a
streak camera. In this measurement the OSL was excited by
the blue laser diode with a pulse length of 70 ns and pulse an
pulse energy of 266 nJ, which is approximately 33 nJ above
the lasing threshold. During all optical measurements, the
samples were mounted in a nitrogen purged sample chamber.

The gain spectrum was measured with the variable stripe
length method.®” Due to the very short pulse length of the
DPSS pump laser the pileup of triplets can be neglected, as
we show in our model, detailed in the following. As can be
seen from the gain measurement this system provides a large
differential gain (gain vs pumping intensity) and a broad gain
spectrum even at low excitation densities (Fig. 1 inset). As a
result the emission wavelength of the organic lasers could be
tuned between 592 and 690 nm upon pumping with the
DPSS laser depending on the periodicity of the Bragg grating
with a minimum laser threshold of approximately
1.4 wJ/cm? at 638 nm. The line scan of the time-resolved
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FIG. 1. (Color online) Time-resolved image of the OSL emis-
sion and simulated data from our model (Fig. 4). Inset: optical gain
spectrum in F8BT/MEH-PPV (16 wt %) at low excitation
densities.
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measurement (Fig. 1) at 638 nm, of the OSL output intensity
divided by the pump power of the blue laser diode, shows
that lasing action persists only for the first 3 ns of the exci-
tation pulse.

A common explanation for this observation is that during
the excitation pulse long-lived triplet excitons were formed
by intersystem crossing (ISC) of the optically generated sin-
glet excitons in the gain material and finally cause termina-
tion of the lasing process.* For our solid-state waveguide
structure, it is essential to distinguish between TA and TSA.
To this end, we designed two independent pump-probelike
experiments. In both experiments triplet excitons are gener-
ated by ISC of singlets excited by a pump pulse of the laser
diode. A probe pulse from the DPSS laser trails the laser
diode pulse with a time delay of 200 ns. Both experiments
were not done in laser structures but on a silicon dioxide
substrate (without resonator grating) and on an native oxide
silicon substrate, respectively. Considering the highest occu-
pied molecular orbital/lowest unoccupied molecular orbital
levels in our guest-host system it can be ruled out that a
donor/acceptor system is formed.'®!! It is worth to note that
during optical excitation aside from singlet excitons and
long-lived triplets, polaron pairs can be generated in
PPV.!>"16 Polaron pairs in PPV were reported to have an
absorption peak between 1.4 and 1.5 eV,'2!415 which is spec-
trally very similar to the triplet absorption peak centered
around 1.45 eV.!7 Polaron pairs decay times were presented
up to milliseconds.'#"!” Although the influence of polaron
pairs in our experiments cannot be excluded completely, we
will show that triplet states are predominantly responsible for
the observed effects in the following experiments. This will
be verified by carrying out control experiments under oxygen
and nitrogen atmosphere, which will be presented later. On
contrary, in the optical gain measurements presented above,
polaron pairs have some impact. Due to their very fast gen-
eration time within approximately 100 fs (Ref. 13) they ap-
pear in a significant quantity by pumping with the DPSS
laser and will reduce the material gain. In our model the
influence of polaron pairs is therefore included by the gain
coefficient, determined from the gain measurement (Fig. 1
inset). Initially, we studied the TA in the pristine host, the
pristine guest, and the host/guest system, respectively. The
absorption was measured using a waveguide structure con-
sisting of a 180-nm-thick FSBT/MEH-PPV layer on top of a
silicon substrate with a 2-um-thick SiO, layer. TSA can be
excluded by spatially separating the pump and the probe
pulse on the sample by 0.1 mm [Fig. 2(a)]. Exciton diffusion
from the pump area to the probe pulse area is not possible
due to the low diffusion length of 5-8 nm.?*2! The probe
pulse generates light which propagates through the wave-
guide toward the sample edge and has to pass the region of
the waveguide where triplets have been generated by the
pump pulse. A highly sensitive measurement is possible be-
cause of a long interaction path length (~0.5 mm) of the
probe photons with potentially elevated waveguide losses
due to TA.

Figure 2(b) shows the reduction in the probe pulse in-
duced light intensity emitted from the sample edge for in-
creasing energy density and varying duration of the pump
pulse. Here, the organic guest-host system was studied. Due
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FIG. 2. (Color online) (a) Setup for TA measurement. (b) De-
crease in edge emission at varied pump pulse duration and energy
density for FSBT/MEH-PPV. Fitted values for the saturation over
the pulse length (open circles) and an exemplary fit over the energy
density (dotted line) for a pulse duration of 1 us. (c) TA in pristine
F8BT, pristine MEH-PPV, and FSBT/MEH-PPV.

to the dimensions of the waveguide only the first transversal
electric mode can propagate. Photothermal or photorefractive
effects, which would lead to a change in the refractive index,
cannot lead to the propagation of higher modes in our wave-
guide. Only a slight change in the mode intensity overlap
with the organic layer can be expected.?? Therefore the mea-
sured decay of edge emission up to 66% must be caused by
an additional material absorption. A clear saturation behavior
is found with increasing energy density and pump pulse
length. Figure 2(c) shows the resulting absorption spectra
(diode laser pulse: duration 10 ws and energy density
1020 wJ/cm?). The determined spectral characteristics are
in good agreement with reported triplet absorption
spectra,”>?* which showed a very broad absorption peaking
around 800 nm and extending up to 550 nm. Hale et al.?
showed that triplet-triplet annihilation (TTA) is a major de-
cay mechanism for photoexcited triplet excitons. During the
excitation time of the pump pulse a further loss mechanism
for triplets is polaron-triplet annihilation (TPA).?® The den-
sity of long-lived triplets increases during excitation and
reaches orders of magnitude higher values than the polaron
density. Because of this TPA is a minor effect in our experi-
ment compared to TTA and is not taken into account in the
following discussion. With the model we describe later in the
paper we are able to fit the data of Fig. 2(b) using the TTA
rate k as fit parameter.

In the second experiment, TSA will be studied. Here, the
pump and the probe pulse are focused on the same position
of the sample. As opposed to the previous experiment, we
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FIG. 3. (Color online) (a) Quenching of photoluminescence due
to triplet states in nitrogen ambiance and (b) in oxygen ambiance.

used a sample consisting of a 180-nm-thick layer of FSBT/
MEH-PPV on top of a silicon substrate with native oxide.
Owing to the strong absorption of silicon in the spectral re-
gion of our experiment, the waveguide absorption is very
high. Therefore, waveguided modes are efficiently sup-
pressed and can be neglected. The photoluminescence (PL)
as a result of the probe pulse is detected perpendicular to the
sample surface with and without a previous pump pulse
(which leads to triplet generation). The laser diode is focused
with a spot size of 1.2X2.5 mm? (pulse length 10 us and
pulse energy 3.36 uJ). The probe-laser spot is somewhat
smaller (1 X1 mm?) aligned with the center of the laser di-
ode spot. In view of the previously determined maximum TA
for the host/guest system (at 638 nm) and a film thickness of
180 nm, a maximum relative decrease in the emitted photo-
luminescent intensity due to TA is expected to be less than
0.07%. On the contrary, Fig. 3(a) displays a substantial decay
in the probe PL intensity of about 39% when triplet excitons
have been generated by the diode laser pump pulse. This
cannot be attributed to TA but rather to TSA. Owing to the
Forster-type energy transfer in TSA, the spectral characteris-
tics result from the overlap of the PL and the triplet absorp-
tion spectrum.?’?8 To prove that triplet states are mainly re-
sponsible for the observed effects we repeated the PL
quenching measurement again in oxygen ambient rather than
in nitrogen. Triplet states are able to transfer their to oxygen
which has been evidenced to be an sufficient triplet
quencher.?” This will dramatically decrease the triplet life-
time and therefore reduce the measured PL quenching
effect.3” The measurement results are shown in Fig. 3(b) with
the same setup as above but in an test chamber purged with
99.9995% oxygen. In this case no PL quenching can be ob-
served with a time delay of 200 ns. Subsequently, we re-
peated the experiment at the same sample position under
nitrogen ambient. Here, the quenching of the PL is encoun-
tered again. This clearly shows that triplet excitons are the
predominant origin of our observations discussed above.

III. RESULTS AND DISCUSSION

Due to the efficient Forster energy transfer from FSBT to
MEH-PPV and the high doping concentration of 16 wt %, it
is reasonable to expect that the majority of triplets is located
on the guest molecules. In addition, we measured a triplet
lifetime at room temperature in thin films of pristine F8BT

PHYSICAL REVIEW B 81, 165206 (2010)

(1.8 ws), pristine MEH-PPV (4 us), and for the host/guest
system (138 us) (will be published elsewhere). This surpris-
ingly long lifetime in the host/guest system is similar to val-
ues observed for MEH-PPV in highly diluted benzene
solution,>* where self-quenching is insignificant. This
strongly supports the model in which the triplet excitons are
located on the MEH-PPV guest molecules. From the TA
spectrum an assignment of the triplet excitons to guest or
host is not obvious due to similar spectral absorption char-
acteristics [Fig. 2(c)]. For a quantitative assessment of the
laser dynamics we use the previous experiments to extract
the TSA rate k and the TTA rate k.

We have to consider the following reactions which take

st B

place in our system: S;+7,—T;+Sy; T;+photon—T,. Fur-
thermore TTA and singlet-singlet annihilation (SSA) play a
role at higher exciton densities. In case of TTA (SSA) two
triplets (singlets) can react to one singlet or one triplet state,
respectively. The ratio of generated singlet to triplet excitons
is described by the parameter ¢ which is assumed to be
0.25.3! Further details about this processes have been pub-
lished by Girtner et al.>? In order to express the dynamics of
our OSL structure pumped by the laser diode we used the
following three rate equations:®3?

dn,
& =G- 5 - kstnsnt - (2 - f)k«”z - kiscns - I’lSO'gLS,
dt T Nefr
(1)
dn n
—= ngkige — = + (1 - g)kssng - (1 + f)knntza (2)
d Tt
ds
= (FI’lSO'g — Qeay — nto-t)LS + FﬁspE . (3)
dt Nt 75

Here the singlet density is described by ng, the triplet density
by n,, and the photon density in the lasing mode by S. G is
the generation rate of singlet excitons produced by the opti-
cal pump pulse. The effective refractive index n.; and the
transversal mode confinement factor I' are both calculated by
waveguide simulation while the spontaneous emission factor
Bgp 1s assumed to be 1076, From the TA measurement shown
in Fig. 2(c) and the calculated corresponding triplet density
we derive a cross section o, of 5X 1071 ¢cm? at a wave-
length of 638 nm, which is in reasonable agreement with
values reported before (2X107'~1.5X 107" c¢m?).33 The
cavity loss, aq,,, is evaluated considering the lasing threshold
and using the gain cross section g,=1x10""5 cm?, deter-
mined above (Fig. 1 inset). The term n,o; takes the increase
in cavity loss due TA into account. In our host/guest system
we measured a triplet lifetime of 138 us at room tempera-
ture which can be considered as a lower limit for 7, in our
model. For the singlet lifetime, 7,, we use a value of 200 ps
as reported for MEH-PPV.3* An intersystem crossing rate,
ki, of =7X10°s has been reported by several
authors.?#263% With an SSA rate kg of less than 108 cm?/s
(Ref. 32) this process is found to be negligible in our experi-
ments. For the exact description of the dynamics of our poly-
mer host/guest laser the rates for STA k and TTA k, are of
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FIG. 4. (Color online) Simulation results of singlet, triplet, and
photon density for the diode pumped OSL shown in Fig. 1.

paramount importance. Only very limited data for kg (Refs.
27 and 36) and k, (Ref. 32) has been published. By fitting
our model to the experimental data of the PL-quenching ex-
periment and the TA measurement [Fig. 2(b)], both values
can be determined. Best fit parameters are: ky=4
X 1077 cm?/s and k,=1.5X 1072 cm?/s. With these values,
the saturation of TA with increasing pump density and pump
pulse length [Fig. 2(b)] as well as the results from the PL-
quenching [Fig. 3(a)] experiments can be favorably simu-
lated. While k, is in good agreement with reported data,?? k
is substantially higher than previously published values®’-3
for pristine materials. To our knowledge no TSA rates for
host/guest systems have been published. It was shown that
TSA is based on Forster energy transfer?’-?® requiring a spec-
tral overlap of the PL spectrum and the TA spectrum. As is
obvious from Fig. 2(c), a substantial spectral overlap is
found in our case.

On basis of our model and the data determined for ky and
ky, we are now able to fully describe the dynamics of our
diode pumped laser as discussed in Fig. 1. Figure 4 shows
the results of our calculation for the OSL. Initially, the sin-
glet density is increasing very fast and the laser threshold is
reached. This is accompanied by a dramatic increase in the
photon density. Compared to this, triplet excitons are form-
ing relatively slow by ISC. However, due to their long life-
time, triplet excitons accumulate over time. With an increas-
ing density of triplets, the singlet density is reduced due to
TSA. In addition, the piled-up triplets increase the laser
threshold due to TA which results in a rise of the waveguide
losses. Both, the increasing laser threshold and the decreas-
ing singlet density, finally cause a termination of the laser
action. The calculated photon density gives a duration of the
laser output pulse of =3 ns. This is in excellent agreement
with the measured laser-pulse duration of the diode pumped
organic laser (Fig. 1). The discrepancy in the first few nano-
seconds is caused by the not ideal square pulse of the exci-
tation source, as assumed in our model. After termination of
lasing the detected intensity is a little higher than calculated.
Here, the spontaneous emission from organic gain material
surrounding the not ideal laser spot is relevant.

The pulse duration of the organic laser output can be in-
creased by increasing the optical pump power density (i.e.,
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FIG. 5. (Color online) Simulation for ten times the pump inten-
sity as shown in Fig. 4 [(a) and (b)] with and [(c) and (d)] without
triplet state absorption.

the generation rate of singlet excitons G). An increased pulse
duration from 3 to =23 ns can be expected for a pump
power density increased by an order of magnitude [Fig.
5(a)]. Without taking the TA into account the lasing duration
will increase from 3 to 100 ns, respectively [Fig. 5(c)]. In
this regime TA is increasing the laser threshold and therefore
increases also the required singlet density to reach threshold.
The increasing singlet density accelerates the triplet accumu-
lation [Fig. 5(b)], which further increases the singlet density.
Without TA the triplet density is growing only constantly
[Fig. 5(d)], which leads to a significantly longer lasing time.
Figure 6 shows the ratio of quenched to light emitting singlet
excitons. For low excitation near the lasing threshold this
ratio is much higher than for a high excitation energy. This is
due to the strongly decreasing singlet lifetime above the las-
ing threshold. As we have shown above, TA cannot be ne-
glected for longer excitation pulses and at higher excitation
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FIG. 6. (Color online) Comparison of the ratio between light
emitting and quenched singlet excitons for an excitation energy
12% above lasing threshold and an energy density ten times higher.
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densities. In these regimes the duration of the laser output is
substantially shortened. For short pulse excitation with an
excitation energy near to the lasing threshold, as it is the case
in most diode pumped OSLs, triplets cannot accumulate to a
level where TA has a major influence. Here TSA is the domi-
nant effect, as we have shown in Fig. 4. A very important
message from our model is that TA cannot be neglected for
excitation pulses of more than several ns. Giebink and
Forrest® studied OSL pumped with a 200 ns pump pulse and
reached triplet densities on the order of 10'7 cm™. Assum-
ing an TA cross section of 107!® cm?, as reported for many
materials, at the lasing wavelength TA must be considered.
Reufer et al.” observed an increasing triplet density above
the lasing threshold. This observation is easily explained by
our model and can be directly seen in Figs. 4 and 5.

IV. SUMMARY

In conclusion we have studied the dynamics of a diode
pumped organic semiconductor laser. With highly sensitive,
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independent experiments we determined reliable data for the
gain cross section, triplet-singlet annihilation, and triplet
state absorption in the organic gain medium used for the
laser. Based on this input data, the laser dynamics have been
favorably modeled with rate equations. Based on these re-
sults, we have shown that both effects triplet state absorption
and triplet singlet annihilation are indispensable to fully ex-
plain the dynamics of organic solid-state lasers. Especially at
higher excitation densities absorption due to piled-up triplet
excitons (in form of elevated waveguide absorption) cause a
termination of lasing within a few nanoseconds.
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