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Abstract

Quasi-two-dimensional (Q2D) perovskites possess considerable potential for light emission and
amplification technologies. Recently, mixed films containing Q2D perovskite grains with varying layer
thicknesses have shown great promise as carrier concentrators, effectively mitigating trap-mediated
recombination. In this strategy, photo-excitations are rapidly funnelled down an energy gradient to
the thickest grains, leading to amplified spontaneous emission (ASE). However, the quantum confined
Q2D slabs also stabilize the formation of unwanted triplet excitons, resulting in parasitic quenching of
emissive singlet states. Here, we use a novel ultrafast photoluminescence spectroscopy to study
photoexcitation dynamics in mixed layer Q2D perovskites. By analysing spectra with high temporal
and energy resolution, we find that sub-picosecond energy transfer to ASE sites is accompanied by
excitation losses due to triplet formation on grains with small and intermediate thicknesses. Further
accumulation of triplets creates a bottleneck in the energy cascade, effectively quenching incoming
singlet excitons. This ultrafast annihilation within 200 fs outpaces energy transfer to ASE sites,
preventing the build-up of population inversion. Our study highlights the significance of investigating
photoexcitation dynamics on ultrafast timescales, encompassing lasing dynamics, energy transfer, and
singlet-triplet annihilation, to gain crucial insights into the photophysics of the optical gain process in

Q2D perovskites.
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Ultrafast broadband photoluminescence spectroscopy provides insights into the lasing dynamics,
energy transfer, and singlet-triplet annihilation in mixed-layer quasi-two-dimensional perovskites.
Rapid energy funnelling to the sites of amplified spontaneous emission occurs within sub-picosecond
timescales. However, the accumulation of triplet excitons effectively quenches incoming singlet
excitons, creating a bottleneck in the energy cascade and hindering the development of population

inversion.



Metal halide perovskite semiconductors have emerged as promising candidates for optoelectronic
applications like solar harvesting 2, light-emitting diodes (LEDs) >4, and semiconductor lasers >%>° due
to their excellent optoelectronic properties, including their high absorption coefficient 77, bright
photoluminescence 8, high carrier mobility °, and tunable bandgap *!2. More recently interest in
nanostructures has grown, especially in mixed layered quasi-two-dimensional (Q2D) hybrid organic-
inorganic perovskites because of their improved stability compared to bulk materials and ability to act

as carrier concentrator >*3716,

In Q2D perovskites, <n> layers of metal halide octahedra are sandwiched between a bilayer of a bulky
organic spacer, like phenethylammonium (PEA), which acts as an insulating barrier. This provides

17-20 a nd

better resistance against humidity and light irradiation compared to their 3D counterparts
results in clear size- and dielectric-confinement effects 2222, The high excitonic character of small-<n>
Q2D domains has been associated with an increased radiative recombination probability and a rapid
energy transfer cascade from wide to small bandgap domains %?® (see Figure 1a): this may outpace
trapping on defect states and result in high photoluminescence quantum vyields. High-efficiency
perovskite LEDs 32* have been achieved with this approach, but an efficiency roll-off at higher current
densities impedes their commercialization 2%, This concept of carrier concentration also facilitates
the build-up of population inversion and has been exploited in the design of Q2D perovskites as optical

gain media for low threshold lasing 2’73°. However, the use of mixed Q2D perovskite films in lasing

applications has been less successful than for LEDs.

Confinement effects can also impact the splitting of the exciton fine structure. The enhanced overlap
between the electron and hole wavefunctions increases the exchange energy, resulting in increased
singlet-triplet energy splitting 31733, Although there is an ongoing debate about the exciton fine

3436 axperimental observations point to a low lying dark

structure splitting in layered perovskites
(triplet) state in highly confined Q2D perovskites 3’~#*. While their radiative recombination is spin-

forbidden, these dark states possess complex excited state pathways. Depending on the extent of the



energy level splitting, it is possible that nonradiative recombination and reverse intersystem crossing
(RISC) back to the bright state occurs. Triplet excitons may also interact with the singlet population by
guenching them via singlet-triplet annihilation (STA). Although this interaction is the major limitation
preventing continuous wave (CW) and direct current injection lasing within organic semiconductors
4244 |ittle attention has been given to the presence of triplet excitons within mixed Q2D perovskite

films.

Qin et al. >* stressed the importance of triplet state management in Q2D perovskites for efficient LED
and lasing applications. They reported that the rapid diminishing of the amplified spontaneous
emission (ASE) signal under pulsed excitation in the absence of a triplet quenching species results in

the lasing death phenomenon in perovskite semiconductors °

. However, other reports present
inconsistent observations about ASE stabilities and the involvement of inorganic triplet states in lasing
degradation. Specifically, a recent study reported stable ASE evolution under pumped excitation with
and without the presence of a triplet quencher %6. Although this study also reported a long-lived

photoluminescence (PL) feature associated with RISC from the presence of triplet states, no effect was

observed on the ASE stability “°.

The evidence suggests that triplet states in Q2D films control the radiative recombination that is
crucial for the design of LEDs and lasers. However, there have been few investigations on the
interactions between singlet states and accumulated triplet excitons in Q2D perovskites *™*’. Since
these states are not directly generated by photoexcitation and their detectable optical signatures are
expected to be weak or overlapped with other features at room temperature %, it is challenging to
investigate singlet-triplet interactions on relevant ultrafast timescales using common optical
spectroscopy methods. To date, mostly ill-defined triplet sensitizers have been used to track the

presence of triplet populations indirectly >4,
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Figure 1: Schematic illustration of energy transfer between energy levels within perovskite grains with a different inorganic
layer thickness (<n>), attached organic ligands, and molecular oxygen. (b) Steady-state absorption and emission spectrum of
the mixed Q2D perovskite film with corresponding exciton binding energies extracted from Elliott fitting and temperature-
dependent PL experiments (Sl Figure S1) for <n> =2 and <n> = 8 grains, respectively.

In this investigation, we utilized broadband transient photoluminescence (PL) facilitated by transient
grating PL spectroscopy to achieve exceptional energy and temporal resolution, enabling a
comprehensive examination of photoexcitation dynamics.*® By manipulating the photoexcitation
repetition rate as an experimental parameter, we were able to regulate the concentration of
accumulated triplet excitons, thereby facilitating an in-depth analysis of the interplay between singlet
energy funneling and singlet-triplet annihilation processes occurring on ultrafast timescales. This
unique method is used to determine the role of out-of-plane confinement on the triplet exciton
stabilisation in Q2D domains, and the mechanism by which accumulation of long-lived triplet states in

highly excitonic Q2D perovskite grains impedes population inversion in mixed Q2D perovskite films.

Results

To control the accumulation of triplet states and investigate the effect of out-of-plane confinement

and energy transfer dynamics on ASE performance, we selected a system of mixed layered



phenethylammonium (PEA) formamidinium (FA) lead bromide perovskites, PEA;FA, 1PbnBrs..1, where
<n> describes the number of inorganic sheets, composed of corner-sharing PbBrs* octahedra,
sandwiched between bilayers of the large organic PEA cations. A 90 nm thick film was fabricated by
spin-coating the precursor solution onto a quartz substrate, using anti-solvent dripping with toluene
during spinning, followed by annealing at 70 °C for 15 min and 100 °C for 5 min on a hotplate in a

glovebox (see Supporting Information (Sl) for details).

The absorption and emission properties of layered perovskites depend on the thickness <n> of the
inorganic layer °¥°2, Figure 1b reveals that the film consists of a mixture of Q2D perovskite slabs with
different layer thicknesses <n>. While the absorption onset at around 2.1 eV originates from
perovskite emitters with mainly <n> = 8 **, the sharp peak at 2.8 eV is characteristic of highly confined

slabs with a thickness of <n>=2 5.

The emission peaks in the temperature-dependent
photoluminescence spectra in Sl Figure S1 confirm that the Q2D film consists of a mixture of

perovskite slabs with layers of various thicknesses.

The effect of long-lived dark states on the ASE performance of the Q2D perovskite film was
investigated using oxygen to control the ability to accumulate inorganic triplet states. At 3.3 eV, the
triplet energy level of the organic ligand PEA is well above the perovskite bandgap ** (see Figure 1a).
Rather than function as an inorganic triplet state quencher, the organic ligand confines triplets within
the perovskite domains. Conversely, the two low-lying singlet excited states of oxygen >3 and its
exceptional diffusion through the Q2D perovskite matrix >* indicate oxygen efficiently quenches triplet
states. Hence, by placing the perovskite film into an air-tight sample holder, a switch between
accumulating inorganic triplet states and triplet exciton-free conditions is achieved by applying a
vacuum or flooding the sample chamber with ambient air, respectively. The tunable and high
repetition rate of the laser system is then used to progressively mimic continuous wave pumping

conditions to directly study the impact of accumulated triplet excitons on ASE performance.

the findings of Qin et al. °.



Figure 2c and 2d shows the ultrafast PL spectra of Q2D thin film excited at 343 nm above the ASE
threshold. In the presence of oxygen condition (Fig 2c), we clearly observe a rapid spectral narrowing,
the signature of ASE formation. The outstanding lasing character of the Q2D PVSK can be related to
the < 2 picosecond (ps) ASE formation time for rapid, dynamic lasing threshold attainment. On the
other hand, under vacuum conditions, without oxygen as a triplet quencher, the ultrafast PL spectra
under 343 nm excitation lacks the signature of ASE formation (Fig 2d). Considering that the presence
of triplet excitons strongly impedes ASE, our observation suggests that the critical time scale of STA
must be in the sub-picosecond to few picoseconds range, a previously unexplored temporal window

for STA dynamics.

In Figures 2c and 2d, the transient PL spectra of samples in the presence and absence of an oxygen
environment also show a common feature of a short lived, hot emission. The peak at 2.8 eV of the hot
PL spectra is consistent with the PL spectrum of the <n>=2 nanoplate, and the main contribution of
the transient PL between 2.5 and 2.6 eV is likely to come from the nanoplate with different thicknesses
between <n>=3 and <n>=5. Therefore, we can assign the short-lived hot emission as the signature of

energy funnelling in the mixed-grain Q2D PVSK.%

So far, our experimental results highlight that, under high-fluence excitation conditions, the sub-to-
few picoseconds timescale is critical for understanding the interplay of ASE, energy funnelling, and
STA and how they manifest in the lasing dynamics of Q2D PVSK. To verify the relationship between
ASE, STA, and energy funnelling, we use 515 nm excitation to selectively excite the <n>=8 plates and

bypass the energy funnelling.

Figure 2: Steady-state PL spectrum above (red; n. =30 - 1018 cm3) and below (green; n. = 1-10*8 cm-3) the ASE threshold in
the presence of oxygen and without, excited with a photon energy of (a) 3.6 eV and (b) 2.4 eV at a laser repetition rate of
58 kHz. (c) The ultrafast PL spectral maps after photoexcitation at 3.6 eV under O, environment (c) and vacuum (d) at a laser

repetition rate of 58 kHz.



I. >°, we also selectively excited only the thicker

In contrast to experiments carried out by Qin et a
(higher <n>) grains of the Q2D perovskite film using a photon energy of 2.4 eV (515 nm, <130 fs,
58 kHz) while recording steady-state PL spectra under the conditions indicated in Figure 2b. Below the
ASE threshold, the broadband spectrum around 2.3 eV in Figure 2b is similar to the spectrum after
excitation with higher photon energy. The stable ASE peak which appears above the ASE threshold,
irrespective of the presence of an inorganic triplet quencher, is evidence that triplets do not play a

role when only the high-<n> grains of the perovskite films are excited. This finding also precludes

oxygen's role as a quencher for photoexcited species beyond triplet quenching.

Next, we aim to directly quantify the interactions between singlet and long-lived triplet excitons on
ultrafast timescales to determine whether triplet states quench singlets before they can transfer to
grains with lower bandgaps and therefore entice ultrafast singlet-triplet annihilation (STA) pathways.
It is a fundamental challenge to study STA dynamics via conventional ultrafast spectroscopy because
singlet and triplet populations are each time-dependent and coupled to each other via intersystem
crossing as well as STA. Here, we employ a new ultrafast PL spectroscopy technique based on a high
repetition fibre laser amplifier with an integrated pulse picker in order to control the accumulated
triplet exciton concentration within the perovskite slabs by tuning the time interval between arriving
laser pulses, i.e., the laser repetition rate, as illustrated in Figure 3a. In the case of a low laser repetition
rate, there is sufficient time between excitation pulses for the triplet states to decay before the next
excitation pulse arrives. Consequently, STA should not be present, and the build-up of a similar singlet
state population on the ASE site is therefore possible. A shorter time interval between successive laser
pulses (Figure 3a (Il)) allows a fraction of the inorganic triplet population to still be present when the
next laser pulse creates excitations. This accumulated long-lived triplet population may interact with
the newly generated singlet excitons via STA, effectively quenching the singlet state population and

leaving behind a triplet exciton in a higher excited state. Hence, an even shorter time interval between



single excitation pulses (Figure 3a (lll)) allows the even greater accumulation of the triplet states,
which then interact with the newly injected singlet population of the following excitation pulse.
Moreover, this approach allows us to investigate STA dynamics similar to optical and electrical pump

operation conditions.
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Figure 3: (a) Schematic illustration of laser repetition rate-dependent triplet state accumulation. (I) For a low laser repetition
rate, the long-lived dark states decay until the next laser pulse arrives to excite the sample again. (l-lll) A decreasing laser
pulse period prevents the full relaxation of the excited inorganic triplet state population until the next laser pulse excites the
perovskite film again. (b) Repetition rate-dependent transient PL spectra at 2 ps after photoexcitation (3.6 eV, n.=
1.9-10%8 cm3) in the presence of oxygen and (c) under vacuum. (d) Comparison of PL spectra at 250 fs after excitation recorded

in the presence and absence of oxygen using a high laser repetition rate.

In Figures 3b, 3¢, and 3d, we measure the transient PL spectra under different laser repetition rates
and with/without an oxygen environment. Because the measured sample spot and excitation
conditions are the same, the transient PL intensities can be directly compared. The PL spectrum at 2

ps after photoexcitation was monitored to determine the repetition rate-dependent quenching

behaviour, a time point where the PL intensity build-up on the ASE site reaches its maximum (see Sl

10



Figure S5). As shown in Figure 3b, the overall emission intensity of the Q2D perovskite film under an
ambient atmosphere is unaffected by the laser repetition rate in the presence of oxygen. However,
the PL intensity of the perovskite film stored in an oxygen-free environment (see Figure 3c) is much
lower when recorded with a high laser repetition rate (58 kHz) and steadily recovers as the laser
repetition rate decreases. Since this lower repetition rate corresponds to a longer time interval
between successive laser pulses, the amount of accumulated long-lived triplet states decreases, as
does the probability of STA. At a low laser repetition rate of only 580 Hz, the emission intensity for
both conditions can barely be distinguished, suggesting that energy funnelling is not hampered
through the presence of accumulated triplet states. Since ASE can be observed under vacuum
conditions with a low repetition rate and threshold carrier densities, like those in an oxygen-containing
environment (see Sl Figure S3), we conclude that most triplet excitons had recombined before the re-

excitation of the perovskite film.

So far, we found two features of ASE in Q2D PVSK: first, the existence of triplet excitons can completely
prohibit ASE. Second, the onset of ASE is within the early picosecond timescale after photoexcitation.

These observations suggest ultrafast STA play a critical role in the optical gain processes.

According to the transient PL spectra in Figure 3d, the emission on the <n> = 8 domains in the absence
of oxygen already shows ~50% quenching at 250 fs, close to the limit of our time-resolution, indicating
the significant impact of STA on the thick Q2D domains. However, the emission intensity on the
ultrathin <n>=2 domains is less affected, with similar signal intensities within the first 300 fs and
confirmed by their kinetic evolution in the presence and absence of oxygen (see Sl Figure S6). This
shows that STA directly competes with energy funnelling. While oxygen in the environment prevents
the accumulation of long-lived triplet states, excitons generated on ultrathin grains can rapidly
transfer their energy down to the thicker grains with a smaller bandgap. On the other hand, the

accumulation of triplet states on the thin highly excitonic domains in the absence of oxygen followed

11



by the annihilation of the bright singlet state population before energy transfer is finished is evidence

of ultrafast, highly-efficient quenching behaviour on the ASE site *°.

Since we found dynamic quenching behaviour on the ultrathin highly excitonic grains, we can use an
STA model (see Sl for details) to describe the underlying kinetics of the bright singlet excitons and
obtain quantitative values associated with the bimolecular recombination constant of the STA
annihilation process by analysing the repetition rate dependent PL kinetics (see Sl for details). We
obtain an STA rate of ysr =6.0-107 cm3s within the <n> = 2 grains, which is comparable with the STA

rates reported for organic semiconductors 4357

and is one order of magnitude faster than the
extracted rate for singlet-singlet exciton annihilation (SSA) (see Sl Figure S8). Moreover, the STA rate
we obtain is likely underestimated by up to one order of magnitude in order to account for the ~50%
of quenching we observe within the 250-fs instrument response. The effects of different assumptions
on limiting values of the STA rate are modelled in the Sl (Figure S10). Our experimental results confirm

that STA comprising energy funnelling between the nanoplates is the dominant process for the

absence of ASE.

Discussion

We reveal the picosecond formation of ASE, showing that photoexcitations can be efficiently
harvested to the emission sites to achieve population inversion. The decrease in the energy band gap
with the increase in the number of layers of the nanoplate provides an efficient route for the cascading
transfer of energy.>® Our observation highlights the significance of similar time scales in ASE and
energy funnelling dynamics, revealing the essential role of efficient energy transfer from high-
confinement nanoplates to the lasing sites. This mechanism, which involves redistributing
photoexcitation, significantly enhances the lasing processes in Q2D PVSK (Scheme A). Previously, the
energy-funnelling dynamics had been revealed by transient absorption spectroscopy in Q2D PVSK.1%>°
However, TA faces a significant challenge in this task due to the complexity of mixed-layer materials,

which results in overlapping spectral signatures when short-wavelength excitation simultaneously

12



excites all plate sizes. Additionally, since previous experiments were conducted under non-lasing
conditions, the resolved dynamics may not accurately reflect or be directly linked to lasing action. We
further utilize the generalized Forster Resonance Energy Transfer (FRET) formalism to calculate the
rate of energy transfer between Q2D layers possessing distinct <n> values within the Q2D perovskite
film. Detailed analysis is available in the supporting information. Notably, the estimated transfer rates
are significantly slower, specifically two orders of magnitude less, compared to the sub-picosecond
funnelling timescale observed in our ultrafast photoluminescence spectroscopy studies. This
mismatch in time scales strongly suggests that the energy funnelling process happens faster than the
exciton-phonon relaxation time in each individual Q2D layers, since FRET assumes the opposite. This
hypothesis is further bolstered by the established presence of slow hot carrier relaxation in
perovskites, often due to mechanisms like the hot-phonon bottleneck. Other possible sources of error
include the variation of inter-layer distances (scales as d~*), the estimation of average exciton sizes
(A = a?), as well as the possibility of non-dipole contribution to the excitonic coupling (a > d). These

factors require further microscopic details that are unavailable and beyond the current study.
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Figure 4: (A) Schematic illustration of cascade energy transfer from wide to small band gap domains in mixed Q2D perovskite

films in the presence of oxygen which acts as a triplet state quencher. (B) Accumulation of long-lived triplet states on highly
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confined domains in the absence of oxygen introduces a competing singlet-triplet annihilation channel for the bright singlet

state population.

As the PL quenching of STA was only observed at 343 nm but not at 515 nm excitation conditions, we
can conclude that STA is linked to energy funnelling. Indeed, at 343 nm excitation, the short-lived PL
signals from 2< <n> < 5 provide the evidence of picosecond energy funnelling. Moreover, the
evidence of ultrafast (<200 fs) STA gives us a temporal reference to estimate the energy funnelling in
sub-ps time scales. Based on this picture and the 50% PL quenching of ASE sites by STA within 200 fs,
we can conclude that when STA is deactivated in an oxygen containing environment, about 50% of the
initial excitation on <n>=8 plates is from the thinner plates by energy funnelling. This ultrafast energy
funnelling can originate from the close-packing of the Q2D plates, good spectral overlap between the
donor and acceptor, and coupling between high dimension donor-acceptor systems beyond the

Forster resonance energy transfer regime.%%6!

Next, we consider the impact of STA. Although the efficient energy transfer on sub-picosecond
timescales benefits the Q2D PVSK lasing process, our experimental results show that the energy
transfer cascade is quickly outcompeted by STA at high excitation densities. This observation can
explain the enormous consequences of STA for the optical performance of Q2D perovskites under
current injection and CW excitation. The critical ultrafast exciton dynamics during the lasing process
resolved here is related to the Q2D PVSK nature of the mixture of strong and weak excitonic characters
of the nanoplates. As the exchange energy increases with increasing confinement, the triplet excitons
are more stable in the thin, high confinement nanoplates. Moreover, considering that the energy
transfer of triplet excitons is an electron-exchange mediated process with a short interaction distance,
the organic spacers at the grain boundaries likely prevent the transfer of dark excitons between

6263 and confine them within the thin <n> grains. The results of this study show that

individual slabs
the effective accumulation of triplet states, in agreement with the effect of triplet accumulation

proposed by Qin, depends on the excitonic character of the Q2D perovskite slabs, and that a fraction

14



of strongly confined grains within a mixed Q2D film has a profound limiting effect on the overall

emission and optical gain properties.

In Figure 4, we propose the scheme of the lasing dynamics of Q2D PVSK involving energy funnelling
and STA. The initial photoexcitation in the thin nanoplate can employ rapid cascade energy transfer
to the lasing site; however, as the triplet excitons accumulate in the other high-confinement
nanoplate, the efficient energy funnelling also increases the opportunity for singlet-triplet exciton
interactions before the excitations reach the <n>=8 nanoplate. However, excitation species generated
in weakly confined grains are inherently free charge carriers and do not accumulate for two reasons:
their low exciton binding energy supports thermally activated exciton dissociation, and the small

singlet-triplet energy spacing (several meVs &) leads to fast RISC.

The results of this study show that the effective accumulation of triplet states and their interference
with ultrafast energy funnelling has a profound limiting effect on the overall emission and optical gain
properties. This interplay explains the absence of triplet interactions in the study by Li et al. 464
because in spite of exciting excitonic grains at 405 nm, the 260 fs excitation pulses used are too short
for singlet-triplet interactions within the pulse, and the low laser repetition rate (1 kHz) gave the triplet
excitons sufficient time to decay before the next pulse. On the other hand, the observation of STA by
Qin et al. ° can be attributed to the nanosecond pump length (3 ns, 337 nm, 20 kHz), which appears
to lead to the accumulation of triplets during excitation. This accumulation is likely the result of
intersystem crossing between states which occurs within picoseconds *’, annihilating newly generated

bright states via STA while the laser pulse is still passing through the film.

Under elevated excitation densities, the energy transfer cascade is rapidly surpassed by singlet-triplet
annihilation (STA), which has significant implications for the optical performance of quasi-two-
dimensional (Q2D) perovskites under continuous-wave (CW) excitation and current injection. Our
findings align with Qin et al.'s research, which suggests managing triplets through the use of organic

ligands to extract dark excitons from the perovskite matrix. Additionally, our study emphasises the
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crucial role of the energy landscape in exciton dynamics. We have successfully resolved excitations
traversing distinct energy landscapes by employing time-resolved emission spectroscopy and
manipulating experimental parameters, such as excitation wavelength and repetition rate. Given that
the energy landscape in Q2D perovskites arises from variations in layer thickness, our research
highlights the importance of controlling both the excitation wavelength and size distribution of Q2D

perovskites for lasing applications.

Conclusion

This study comprehensively investigates the ultrafast photoexcitation dynamics in Q2D PVSK. Our
results demonstrate the rapid build-up of ASE in Q2D PVSK within picoseconds, indicating efficient
population inversion and high potential for laser material applications. Moreover, the efficient energy
funnelling process reveals Q2D PVSK thin film are an excellent energy harvesting system. However,
the ultrafast STA and the accumulation of triplet excitons serve as dominant quenching processes,
which limits its overall performance. By clarifying the relationship between the critical ultrafast
mechanisms and lasing action in Q2D PVSK, we highlight the importance of monodispersion and
pumping wavelength for Q2D PVSK lasing application through a fundamental understanding. These
findings provide important insights into the design and optimisation of Q2D perovskites for

optoelectronic applications.
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Methods

Transient grating photoluminescence spectroscopy

For the detection of the broadband PL transients on a sub-picosecond timescale, we used a transient
grating PL technique °°. The output of a femtosecond Ytterbium fiber laser (Tangerine SP, Amplitude
Systemes; <150 fs) was split into pump and gate parts. For the pump part, second harmonic (515 nm)
and third harmonic (343 nm) generations were used in the experiments and were focused on a 70 pm?
spot on the sample. During the measurement, the perovskite films were kept inside an airtight sample
holder and either vacuum conditions were applied to simulate a triplet quencher free environment,
or a flood of ambient air was provided to introduce oxygen. The PL signal from the sample was
collected and refocused onto the gate medium (1 mm fused silica crystal) using a pair of off-axis
parabolic mirrors. For the gate part, about 40 p 1030 nm output was split using a 50/50 beam splitter
to generate the two gate beams which were focused onto the gate medium at a crossing angle of
approximately 8° and overlapped with the PL in a BOXCAR geometry. Due to the spatial and temporal
overlap inside the gate medium, the two gate beams generate a laser-induced grating. The transient
grating acts like an ultrafast optical shutter to temporally resolve the broadband PL signals by
diffracting the gated signal from the PL background. An off-axis parabolic mirror and an achromatic
lens was used to collimate and focus the gated signals onto the spectrometer entrance (Princeton
Instruments SP 2300), respectively. The gated PL spectra were measured by an intensified CCD camera
(Princeton Instruments, PIMAX3). A 380 nm or 550 nm long- and 850 nm short-pass filter were used
to remove the residual pump and intense 1030 nm gate, respectively. The time delay between pump
and gate beams was controlled via a motorized optical delay line. For the repetition rate dependent
experiments, the integrated pulse picker within the amplifier unit has been used to change the laser
repetition rate without effecting the output pulse energy. For the fluence dependent steady state
photoluminescence spectrum and time-resolved decay dynamics on a microsecond timescale, the SP

2300 spectrometer and PIMAX 3 ICCD were used to record the steady state emission spectra.
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