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Ultrafast polariton relaxation dynamics in an organic semiconductor microcavity
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We study an organic semiconductor microcavity operating in the strong-coupling regime using fs pump-probe
spectroscopy. By probing the induced absorption associated with the one-exciton to two-exciton transition, we are
able to characterize the time-dependent population densities of states in the upper- and lower-polariton branches
following impulsive excitation. We model the time-dependent polariton dynamics and provide direct evidence of
a scattering process that returns upper-branch cavity polaritons to states in the exciton reservoir having a rate of
(150 fs)~'. A slower process similarly populates lower-branch polaritons by return scattering from the exciton

reservoir.
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I. INTRODUCTION

A microcavity is a structure in which two mirrors are placed
in close proximity and are separated by a thin film of an active
semiconductor material. Within the strong coupling regime,
the confined optical modes of the cavity undergo a coupling
with the semiconductor excitons resulting in the formation
of cavity-polariton states. Such cavities are characterized by
at least two polariton branches, the upper polariton (UP)
and the lower polariton (LP), that are split at the point
of exciton-photon resonance by the Rabi-splitting energy.!
A number of organic semiconducting materials have been
shown to undergo strong coupling in a microcavity.>~'? Strong
coupling is of significant theoretical and practical importance,
as work on inorganic semiconductor-based systems has shown
that the polariton states formed can undergo scattering to form
a nonequilibrium condensate that is trapped in momentum
space at the bottom of the LP branch. Such condensates can
have long-range spatial and temporal coherence,'® display
collective dynamics characteristic of superfluidity,'* and un-
dergo lasing with a low threshold.'>!® Lasing effects have very
recently been observed in a strong-coupled cavity containing
a single crystal of the molecular dye anthracene.!’

The optical properties of organic-based microcavities are in
most cases dominated by the effects of energetic and positional
disorder. This, it has been argued,lg‘23 results in a system
in which the majority of states (>0.99) are stationary and
uncoupled to light, forming a so-called “exciton reservoir.”
Indeed, polariton states are only formed having a relatively
narrow range of in-plane momenta centered on the point where
exciton and photon undergo anticrossing. Such polariton states
are delocalized and characterized by well-defined wave vectors
and coexist with localized excitons within the cavity.?? This
coexistence of delocalized polaritons and localized excitons
has a profound effect on the relaxation dynamics of the system:;
it has been proposed that uncoupled excitons created in the
exciton reservoir can only scatter into the exciton component of
apolariton state by first losing an appropriate amount of energy
to a localized vibrational mode.?* Similarly UPs are thought
to be able to scatter nonradiatively into a vibrationally excited
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state in the exciton reservoir.!®!° Calculations that consider
exciton scattering with a continuum of vibrational modes have
been shown to provide a good qualitative description of cavity
emission.”*

At present, relatively little direct experimental valida-
tion has been presented for the interplay between exciton-
polaritons and reservoir excitons in an organic microcavity.
We have previously shown?>2% that the population of UP states
around resonance is dependent on the energetic separation
between the UP branch (described by a Maxwell-Boltzmann
distribution) and the super-radiant states that exist at the
bottom of the exciton reservoir that approximately coincide
with the peak absorption energy of the J-aggregate thin
film. However this simply provides indirect evidence of the
exchange of population between the exciton reservoir and
UP states. In this paper we provide direct evidence of the
transfer of population between the exciton reservoir and
upper- and lower-branch polariton states using fs pump-probe
spectroscopy. We show that UP states are able to scatter to
the exciton reservoir with a rate of (150 fs)~'. We show
that our spectroscopy measurements are in good agreement
with theoretical models of relaxation processes within strongly
coupled organic-semiconductor microcavities, confirming our
growing understanding of such photonic systems.'%!%-2?

II. EXPERIMENTAL METHODS

The microcavities studied are based on a double dielectric-
mirror structure containing a thin film of a J-aggregated
cyanine dye (TDBC) (5,6-dichloro-2-[[5,6-dichloro-1-ethyl-
3-(4-sulphobutyl)benzimidazol-2-ylidene]propenyl]-1-ethyl-
3-(4-sulphobutyl) benzimidazolium hydroxide, inner salt,
sodium salt) suspended in a polyvinyl alcohol matrix as
shown schematically in Fig. 1(a). Here the bottom distributed
Bragg reflector (DBR) is composed of 11 A/4 pairs of TiO,
and SiO,. The J-aggregate containing thin organic film was
deposited onto this mirror by spin coating from solution. Onto
this, a second DBR mirror was deposited by physical-vapor
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FIG. 1. (Color online) (a) A schematic of the microcavity studied
together with the chemical structure of the TDBC dye. (b) The
absorption (dash line) and photoluminescence (solid line) of a control
thin film of TDBC. (c) The dispersion of the cavity modes as
determined from white-light reflectivity measurements. The best fit
to the measured data points using a two-level model is shown using
a solid line. The exciton-photon resonance is found at 6 = 38° with
a Rabi-splitting energy of 120 meV.

deposition and was composed of 10 1/4 layers of SiO, and
Nb,Os.

The J-aggregated cyanine dye has an optical transition
at 2.10 eV with a line width of 35 meV, the so-called
“J-band” [see Fig. 1(b)]. Emission is similarly narrow, and
it is Stokes shifted by 4 meV. A weaker low-energy emission
feature at 1.975 eV most likely corresponds to unaggregated
TDBC molecules and molecular dimers. Figure 1(c) shows
the anticrossing behavior between the exciton and the photon
modes. At exciton-photon resonance (6 = 38°) a doublet of
cavity-polariton states are detected having a Rabi-splitting
energy of 120 meV.

We have performed ultrafast pump-probe spectroscopy on
both the bare TDBC J-aggregate dye and the strongly coupled
microcavity. The pulses were derived from two noncollinear
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optical parametric amplifiers (OPAs) using S-barium borate
crystals.?” Each OPA was pumped by the second harmonic of
a Ti:sapphire laser, seeded by a white-light continuum, and
compressed by a chirped mirror pair. The degenerate pump
and probe pulses (delivered at 1 kHz) were spectrally broad
(having abandwidth of ~380meV), peaked at2.13 eV, and had
a temporal duration of 15 fs. In our setup the pump and probe
pulses had a parallel polarization and were almost collinear.
The pump and probe beams were spatially overlapped on the
sample and were focused to an ~80-pm-diameter spot on the
sample surface resulting in an excitation energy density of
~6 mJ cm~2, The transmitted probe pulse was then detected
via a computer-controlled, optical multichannel analyzer.
This setup allows recording of two-dimensional differential
transmission (AT/T) maps as a function of probe frequency
and delay. The spectral resolution of the system was measured
to be ~4 nm. The cavity was excited at 45°, and thus the
broadband pump pulse was resonant with both UP and LP
states.

Fluorescence-decay lifetime has also been measured using
150-fs pulses at 440 nm (delivered at 80 MHz) with a power
density of 80 mW cm~? from a frequency-doubled Ti:sapphire
laser and a streak camera to detect the decay transient. All
measurements were performed at room temperature.

III. RESULTS AND DISCUSSION

Figure 2(a) shows a AT/T spectrum recorded from a control
film of TDBC J-aggregates at 200 fs pump-probe delay. As it
can be seen, the spectrum divides into a region of induced
transparency, corresponding to ground-state photobleaching
(PB) and one of photoinduced absorption (PA). Despite the fast
component present in the PA kinetic, possibly attributable to
intramolecular vibrational relaxation within the photoexcited
S; state,?® both features decay with similar dynamics as shown
in Fig. 2(b), indicating that the PA results from a transition
from the one-exciton state to a two-exciton state.”*>! We have
also measured the fluorescence-decay lifetime of a control
thin film of TDBC (not shown here). We evidence a largely
mono-exponential decay process with a lifetime of 25 ps time
constant (for a power excitation density of 80 mW cm™2) that
appears strongly dependent on the intensity of the excitation
laser. The faster excited state decay observed in the pump
probe is ascribed to rapid exciton-exciton annihilation that
rapidly depopulates multiple excitations on an aggregate.’?

We now turn our attention to measurements on the strongly
coupled microcavity. The laser pulses (pump and probe) are
placed at 45° with respect to the normal direction to the cavity.
Figure 3(a) shows the continuous wave transmission of the
probe through the microcavity at this angle. We observe strong
transmission through two optical modes at 2.05 and 2.18 eV,
corresponding to the two cavity-polariton states as confirmed
by the dispersion plot. In Fig. 3(b) we plot the AT/T spectrum
of the microcavity recorded at 100 fs pump-probe delay.
This spectrum consists of three identifiable PA bands that are
centred at 2.04, 2.12, and 2.17 eV and a strong PB feature
at ~2.09 eV. The features at 2.09 and 2.12 eV coincide with
similar features identified in the control TDBC film. It appears,
therefore, that at 100 fs a population of uncoupled excitons
exist within the cavity. As we argue below, these states are not
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FIG. 2. (Color online) (a) A pump-probe spectrum recorded from
a control TDBC thin film recorded at 200 fs after the laser pump.
(b) The decay of the transient absorption (red line, closed circles)
and transient photo bleach (black line, open circles).

directly created by the pump laser but are generated following
the nonradiative scattering of upper-branch polaritons toward
the exciton reservoir.

We can understand the origin of the other features present
in the AT/T spectrum as illustrated schematically in Fig. 3(c).
Here, we plot an energy-level scheme for the one-exciton
state when either weakly coupled or strongly coupled to the
cavity photon. When strongly coupled, the one-exciton state
splits forming two polariton states. Optical transitions are now
possible from the one-exciton component of each polariton
state to the two-exciton state as indicated. We therefore identify
the PAs observed around 2.17 (2.04) eV as corresponding to a
transition between the one-exciton component of the LP (UP)
state to the higher lying two-exciton state and label them in
Fig. 3(b), (c) as PArp and PAyp, respectively. In the same
figures we also label the one-exciton to two-exciton transition
as PAgx. We can use the magnitude of the transient absorption
recorded close to these two energies as a time-dependent probe
of the relative population of the LP and UP branches. Note
that we assume that the one-exciton to two-exciton transition
is not itself dressed by the cavity-photon mode. We can test
this assumption as follows. If a thin film of TDBC having a
transmission of I/l = 0.20 (determined at the peak of the
absorption of the J-aggregate) is placed in a microcavity,
we find that the structure has a Rabi-splitting energy of
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FIG. 3. (Color online) (a) The c.w. transmission of the probe
through the cavity recorded at 45°. (b) The pump-probe spectrum
recorded from the cavity at 100 fs after the laser pump. The pump and
probe pulses are placed at 45° with respect to the normal direction
to the cavity. (c) An energy-level schematic of the weak-coupled
one- (1E) and two-exciton (2E) states (left), and a strongly coupled
one-exciton state (right). The energy corresponding to the induced
absorption transition between the UP and LP branches and the 2E
level is indicated.

hQravi = 145 meV. However as shown in Fig. 2(a), the pump
pulse causes a change in attenuation in the control film of 5%
(i.e., I/ Iy = 0.95). Using the fact that 71 Q. ~ VoL (where
« is the attenuation coefficient and L is film thickness), it is
straightforward to show that the Rabi-splitting associated with
the one-exciton to two-exciton transition would be 25 meV
under the pumping conditions used here; a value coincident
with the measured line width of the cavity-polariton states at
resonance. However this value represents an upper limit for
such an interaction, as the one-exciton population generated
inside the cavity will be substantially smaller than this because
of the attenuation of the laser pulse resulting from the relatively
high reflectivity of the dielectric mirror. We thus anticipate (at
least at short time scales) that the one-exciton to two-exciton
transition is uncoupled to the light field within the cavity.
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FIG. 4. (a), (b), and (c) The transient absorption recorded at
2.03,2.13, and 2.17 eV (primarily corresponding to the UP, exciton-
reservoir, and LP branch, respectively). In each case, a best fit to the
measured data points is shown using a solid line.

In Fig. 4(a)—(c) we plot the kinetics of the PA transitions
recorded at 2.03, 2.13, and 2.17 eV. These are energies
approximately coincident with the peak of the PA of the one-
exciton population in the upper branch, the exciton reservoir,
and the lower branch, respectively. Here, measured data are
plotted using filled circles with the solid lines being the results
of a best fit to a kinetic model that we describe below. It can
be seen in Fig. 4(a) that the population of UP is created very
rapidly as the 15-fs pump pulse is absorbed in a few tens of
fs (corresponding to a few round trips in the cavity). The UP
population then undergoes a rapid decay, reaching AT/T ~ 0
after 250 fs. We propose that this process is the combination of
radiative decay and ultrafast relaxation that populates excited
states within the exciton reservoir.

A qualitatively different behaviour is observed when we
probe the population of the exciton reservoir [Fig. 4(b)]. Here,
the pump pulse does not instantaneously create a significant
population of reservoir states; however, such states undergo
a grow-in with AT/T reaching a maximum value at ~250 fs.
After this time, the exciton population decays with a time
constant that is longer than 5 ps. The grow-in of the reservoir
population suggests that such excitons are mainly created as
UP population decays back to the reservoir, suggesting that
the exciton reservoir is only weakly coupled to the external
light field. This observation is consistent with the fact that, at
exciton-photon resonance, the peak absorption energy of the
TDBC J-aggregates (at 2.10 eV) coincides with a transmission
minimum [see Fig. 3(a)]. We note that the decay of states of the
exciton-reservoir population has a time constant that is longer
than one-exciton decay transient recorded via pump probe
from the control film. This is consistent with the fact that, in
a high-quality microcavity, the absorbed fraction of incident
light is smaller than for a bare film, thus resulting in a lower
exciton density. In Fig. 4(c) we plot the decay of the population
in the LP. Here, the impulsive pump rapidly generates
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polaritons; however, in contrast to the upper-branch states, the
decay of population occurs with time constants of ~150 fs
and tens of ps. We associate the fast-time constant to radiative
decay. The slow-time constant is consistent with the decay
dynamics of the exciton reservoir indicating that lower-branch
states are continually replenished from the slowly decaying
reservoir population, thus reaching equilibrium.

It can be seen that there is a high-frequency modulation
of the population of the polariton branches and the exciton
reservoir that persists for around 500 fs after the initial
excitation. This effect, we believe, results from the excitation
of a range of different intramolecular phonons that are
generated as a result of nonradiative transitions from the UP
branch to the exciton reservoir and from reservoir excitons to
polariton states on the LP branch.?}

We have modelled the decay dynamics of both polariton
branches and the exciton reservoir using the following coupled
rate equations:

Nu(t)zGu(t)_Nu([)[aurc'i_r,i_)x] (1)
N.(t) = G.(t) + Nu(OT;, . — Nx()T5_, (2)
Ni(1) = Gi(t) + N (O, — Ny(D)ey L. 3)

Here, N(7) is the time-dependent number of particles, in
which the subscripts u, /, and x label the UP branch, LP branch,
and exciton reservoir, respectively. We assume that the pump
laser prepares a population of polaritons in the upper and lower
branches and a smaller number of uncoupled excitons in the
reservoir. As our experiments were performed at small positive
detuning (6 = 45°), the UP states contain a lower exciton
fraction than do the LP states and are therefore not pumped
as efficiently by the incident laser. We also assume that the
laser generates a small number of uncoupled excitons in the
exciton reservoir. We model this process using time-dependent
generation terms G, ;. (t) centered at ¢+ = O that are assumed
to have the form of Gaussian functions having a full-width
half maximum of 35 fs (a value larger than the width of the
pump-probe cross correlation because of the photon-trapping
effect in the cavity). The polariton population in the upper
and lower branches are then able to undergo optical decay
at a rate that is the product of the radiative decay rate of
photons from the cavity (I'c) and the photon fraction of the
polariton state (e, ;) that at resonance is equal to 0.5. From
our two-level fit to the polariton dispersion curve, we find
that o, = 0.54 and o; = 0.46 at 0 = 45°. Both excitons and
polaritons are also able to undergo scattering to another state
(indicated by I'*). In all cases, the subscripts u, /, and x label
the initial and final state involved in each decay process. It was
not necessary to include a term describing the radiative decay
of reservoir excitons to achieve a satisfactory description of
the data. This suggests that the radiative decay of uncoupled
reservoir excitons occurs over much longer time scales than the
processes probed here. It was also not necessary to include any
transfer of population from the exciton reservoir to the upper
branch, or return of lower-branch polaritons to the reservoir.
This is not unexpected, as the energy separation between the
exciton reservoir and the polariton branches (>50 meV) is
much larger than k7 at room temperature.

To relate the PA signals measured at 2.03, 2.13, and
2.17 eV to the modelled particle densities, we assume
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PA; 03(t) = yu Nu(t) and PA, 13(t) = yN(t) where y is a
fitting constant proportional to the excitons and polaritons
excited-state absorption cross section. It is apparent from
Figs. 2(a) and 3(b), however, that there is some overlap
between the LP and exciton absorption transitions at 2.17 eV.
We account for this by assuming a small (22%) component of
the signal recorded at 2.17 eV results from direct absorption
by free excitons, i.e., PA; 17(¢) = y, N, (¢) + Y 0.22N, ().

The fits, shown in Fig. 4(a)—(c) as solid lines, display an
outstanding agreement with the experimental data. Our model
suggests that the radiative lifetime of cavity photons (1/T';) is
~60 fs, a value in reasonable agreement with our estimate of
90 fs for cavity with a Q-factor (determined experimentally far
away from resonance) of approximately 300. The rate at which
UPs scatter to the exciton reservoir is I'S_ = (150 fs)~!; a
result in good agreement with theoretical predictions.'®!%-2?
We also find that reservoir excitons scatter into lower-branch
polaritons with a time constantof 1/ I'} _; = 3.2 ps. Theoretical
work has suggested a range of times for this process, ranging
from 9 ps'®?? to 350 ps.?* It is likely that the shorter scattering
time we observe results from an additional (and faster) exciton
decay channel—for example exciton-exciton annihilation as
evidenced in the control TDBC film.
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IV. CONCLUSIONS

In this paper we have studied relaxation processes in an
organic-semiconductor microcavity operating in the strong
coupling regime by fs-time resolution pump-probe spec-
troscopy. Our measurements demonstrate therefore that UP
states return to the exciton reservoir at a rate of (150 fs)~!,
and that such reservoir excitons rapidly populate lower-
branch polariton states, confirming predictions of popula-
tion transfer to and from polariton states and the exciton
reservoir. %1924
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