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ABSTRACT

Quantum phenomena typically occur for low temperatures. Moreover, single-molecule and single-particle spectroscopy have
revealed a plethora of quantum phenomena in photonics. Superfluorescence (SF) is a macroscopic quantum effect where a
macroscopic ensemble of emitters become coherent above a certain excitation threshold and cooperatively emit a burst of coherent
photons. Amplified spontaneous emission (ASE), on the other hand, is a collective emission process where a spontaneously
emitted photon propagates inside the emitter material and induces stimulated emission. Both SF and ASE lead to a narrow peak
rising out of the photoluminescence spectrum. Recently, SF at room temperature was invoked for the explanation of spectral
narrowing in low-dimensional PEA:CsPbBr; under high excitation. Here, we investigate the emission characteristics of this
material and clarify whether ASE or SF is responsible for the emission narrowing. We do so by testing the effect on samples
processed on different substrates, thereby manipulating the optical waveguide characteristics of the stack. We show, that the
narrow emission peak is suppressed for substrates with a refractive index higher than the active material. This results from the
absence of waveguide modes. These findings show that ASE—not SF—is the dominant mechanism responsible for the observed
spectral narrowing.

1 | Introduction a macroscopic scale at room temperature is subject of intense
research as it promises a major simplification of quantum
Quantum phenomena arise due to quantized energy levels, dis- information technologies [1-3]. Superfluorescence (SF) at room

crete states, coherence and/or wavefunction interactions. Since temperature is regarded as a promising approach in this respect.
these depend on properties of particles and are typically less =~ Macroscopic coherence is an integral part of the effect of SF. Given
pronounced at high temperatures due to discrete quantum states  a sufficient density of excited states in a material, a large number
blurring into a continuum and temperature sensitive coher- of these excited states cooperatively form a macroscopic coherent
ence times, most quantum effects can only be observed for quantum state with a single wave function that spontaneously
low temperatures. Identifying observable quantum effects on decays and emits a short burst of coherent photons. For higher
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excitation densities, the intensity increases quadratically while
the temporal width of the peak decreases linearly [4]. Since the
dipoles start out incoherent and first need to synchronize, there
is a delay time between excitation and emission that becomes
shorter for higher dipole densities. The coherent emission leads
to a directionality of the photons. At excitations close to the
threshold, intensity fluctuations in the transient signals can be
observed [5, 6]. The signal exhibits so called Burnham-Chiao
ringing [7] whereby dampened oscillations of the macroscopic
polarization are characteristic for this emission process. So far,
SF in solid state systems has mainly been observed at cryogenic
temperatures or high magnetic fields [8-11]. Huang et al. showed
SF in lanthanide-doped upconversion nanoparticles (UCNPs) at
room temperature [12]. Recently, Biliroglu et al. reported SF
at temperatures up to 300 K in phenetylammonium caesium
lead bromide (PEA:CsPbBr;) a quasi-2D perovskite [13]. They
observed a spectrally narrow feature rising out of the photolumi-
nescence (PL) spectrum at 2.36 eV for excitation above a threshold
of 4pJ cm~2 at 80 K and 25 pJ cm™2 at 300 K. Moreover, a decrease
of the decay time and some oscillations were observed in the
transient emission behavior.

Short bursts of photons, however, are not only a characteristic
feature of SF but also of amplified spontaneous emission (ASE).
Here, photons generated by spontaneous emission propagate
through the medium and interact with excited states in the
environment. This leads to stimulated emission and a collective
amplification. The process relies on a sequence of spontaneous
emission, photon propagation, and stimulated emission. There-
fore, suppressing waveguiding and thus photon propagation also
suppresses ASE [14, 15], while for SF the quantum mechanical
coupling of neighboring emitters without the need of photon
propagation is crucial. Transient ASE investigations have also
shown ringing [16-18] similar to Burnham-Chiao ringing for SF.
This behavior can be explained by hot carrier relaxation on the
same timescale as the ASE process. ASE also exhibits a time delay
between excitation and emission peak due to relaxation processes
after photoexcitation and the time it takes for critical gain to be
reached via propagation of photons [17, 19].

Additionally, for a mixed material system as discussed here, a
resupply of charge carriers from the energetically higher lying 2D
material to the 3D bulk material can lead to a slower rising flank
of the emission and therefore a delayed peak maximum in the
transient signal.

SF has also been used to explain the emission behavior of coupled
CsPbBr; quantum dot superlattices at temperatures of 6 K by
Raino et al. [20]. Here, the emission exhibits a feature at around
2.31 eV with a full-width at half maximum (FWHM) of 11 meV.
Qualitatively similar observations as made in [13] are reported.
Raino et al. present a shortening of the decay for higher excitation
fluences from about 600 ps at 0.05 pJcm™2 to about 15 ps at
10° pJcm™ as well as Burnham-Chiao ringing for excitation
fluences above 60 puJ cm=2,

ASE in the related material system CsPbBr; has been reported
by multiple groups [21-26]. The ASE can be detected after
reaching a certain threshold of the excitation fluence, ranging
from 26 pJcm=2 to 750 wJ cm~2. The lasers used as excitation
source ranged from wavelengths of 337 to 405 nm and from

pulse durations of 50 fs to 6 ns. For this material system, the
photoluminescence (PL) maximum is found at around 520-
530 nm (2.34-2.38 eV) with FWHM of 16-26 nm (90-120meV). For
excitation densities surpassing the ASE threshold, an additional
narrow ASE peak arises at 530-540 nm (2.34-2.30 eV) with
FWHM of about 2-7 nm (10-30 meV).

While ASE and SF lead to similar observations, the physical origin
is qualitatively different in the two cases. For ASE, the burst is
created from incoherent excited states inside the gain material,
gaining its transient and spectral properties from the collective
creation of photons during stimulated emission. For SF, the light
is emitted from an ensemble of excited states that synchronize
through quantum mechanical coupling prior to emission. We
show evidence that the spectral narrowing that arises above
threshold in the emission spectrum of PEA:CsPbBr; is not due
to SF but can be explained by ASE.

2 | Results and Discussion

In our experiments, we carry out optical measurements on
samples prepared following a slightly adjusted recipe published
by Biliroglu et al. in [13]. The PEA:CsPbBr; samples are fabricated
on glass substrates (a scheme of the crystal structure of the
samples is shown in Figure S1). To confirm the formation of
PEA:CsPbBr; monolayers, we perform absorption measurements
using a Perkin Elmer Lambdal050 spectrophotometer. The result-
ing absorption spectra at both room-temperature (292 K) and
cryogenic temperature (80 K) are given in Figure 1. The most
prominent feature in the absorption spectra is the peak at around
2.4 eV that is commonly assigned to the excitonic absorption of
bulk CsPbBr; [27]. In addition, we observe a second feature at
2.87 eV. This peak is assigned to the absorption of a CsPbBr;
monolayer sandwiched between PEA molecules [13]. The peak
corresponding to monolayer absorption is most visible at cryo-
genic temperatures and becomes weaker for higher temperatures
while remaining at the same energetic position (see Figure S2).
However, it still persists at room temperature, as shown by the
differential absorption spectrum given in Figure 1b.

In order to reveal the reported narrowing of the PL emission,
we perform time-resolved photoluminescence (TRPL) measure-
ments using a streak-camera and fs pulses as excitation at a
temperature of 225 K. The spectra as well as the emission
transients show a distinct threshold behavior. Above a threshold
of 2.5 uJ cm~? an additional feature is observed in the emission
spectra at 530 nm (2.34 eV) with a FWHM of around 7 nm
(29 meV, see Figure 1c). This spectral feature is accompanied
by a picosecond emission burst on top of the emission transient
measured for low excitation densities (see Figure 1d). For fluences
below threshold, we observe a PL peak at 520 nm (2.38 eV)
with a FWHM of 20 nm (90 meV). This intensity dependent
behavior is in line with the observations of Biliroglu et al. with
threshold fluences of 4 uJ cm=2 at 78 K and 25 pJ cm~2 at 300 K.
Similar to their observation, we find a decrease in width and
delay time between excitation and maximum peak height in our
transient measurements. We also observe a transient ringing in
the emission transient (see Figure S3). In contrast to Biliroglu
et al. we find a different scaling of the transient peak height
with the excitation fluence. For SF a power law scaling with an
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FIGURE 1 | Optical properties of PEA:CsPbBr; films on a glass substrate. a) Absorption spectra at 80 K (solid line) and 292 K (dashed line), showing
the excitonic absorption peaks of the bulk-material at around 2.4 eV and of the monolayer (n = 1) at 2.87 eV. b) First derivative of the absorption,
highlighting the n = 1 peak. c¢) Time-integrated emissions spectra at 225 K for various excitation fluences. A broad spectrum is observed with a narrow

feature emerging above a threshold of approximately 2.5 uJ cm~2. d) Transient emission measurements at 225 K and at 531 nm for the same excitation

conditions as in c). With higher fluences, a distinct peak evolves and its delay after excitation becomes shorter.

exponent of 2 is expected [5, 28]. However, we find the best power
law fit for an exponent of 9.4 for the excitation above threshold.
This superlinear growth is not typical for SF. Fitting the same
data with an exponential fit improves the fit quality and leads to
a scaling of the transient peak height with e**" (see Figure S5)
which would be expected for ASE [29].

To further clarify whether the emission behavior is dominated
by cooperative (i.e., SF) or collective emission (i.e., ASE), we
suppressed waveguiding to hamper the collective emission.

ASE and SF can coexist in the same material system [16]. To
suppress waveguiding is not expected to suppress SF, since it
is a cooperative effect relying on a synchronization of dipoles
prior to emission rather than a collective emission mechanism
where propagating photons lead to stimulated emission and thus
ASE. ASE can be suppressed by suppression of waveguiding
[14]. Therefore, since suppression of waveguiding suppresses the
propagation of real photons in waveguide modes, it is mainly and
strongly affecting ASE.

SF on the other hand relies on the coupling of dipoles via all pho-
tonic modes and works also without an underlying waveguide.
As the overall photonic mode structure is only slightly modified,
the effect of the substrate is expected to be much less relevant. To
be more precise, SF is expected to be mainly influenced by the

excitation area. However, the maximum area that can contribute
to SF is restricted by the coherence time of excited emitters.
The latter is not being influenced significantly by the underlying
substrate. Therefore, we can fully suppress the proportion of the
emission that is caused by ASE and the remaining emission is
then due to SF.

For this we fabricated samples with substrates made of Si with a
90 nm layer of SiO, as well as bulk SiO, as shown in Figure 2.
Since the refractive index of silicon is higher than that of the
perovskite, there is no critical angle of total internal reflection for
the light generated inside the sample, waveguiding is suppressed
and photons not directly emitted into the escape cone are
absorbed in the silicon substrates. Using this layer sequence
suppresses ASE [14, 15], while it is expected to not have any
effect on quantum mechanical coupling determining SF. Since
silicon has a lower conduction band than the perovskite, an
additional layer of isolating SiO, is necessary to prevent excited
charge carriers from transferring into the silicon. We choose a
thickness of 90 nm to guarantee the electrical isolation while
the evanescent field transfers photons into the substrate. To rule
out surface effects being a dominant contributor to the behavior
on the silicon substrate, samples were also created on a bulk
SiO, quartz substrate. Since SiO, has a lower refractive index
compared to the perovskite, it serves as a substrate that has both
the waveguiding characteristics of the sample on glass substrate
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FIGURE 2 |

Scheme of the different samples comprising a perovskite layer and different substrates. a) Glass substrate b) SiO, substrate. c) Si

substrate with 90 nm of SiO, on top. a) and b) allow for waveguiding in the perovskite while in c¢) waveguiding is suppressed.
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Reflectance measurements for the different substrates. a) Reflectance spectra of the samples on different substrates displaying similar

shapes for all substrates with a stronger absorption for the silicon substrate at higher energies also suppressing the reflection. b) First derivative of the

reflectance measurement, highlighting the n =1 layer that sits at the same energetic position for all three substrates.

as well as the same surface on which the sample material is
deposited as the silicon substrate.

We verified that the sample preparation on Si and on SiO, yields
the same perovskite composition as on the glass substrate. Since
the Si substrate is opaque, it is not possible to measure trans-
mission and hence absorption. We compared the reflectance for
the different substrates as showcased in Figure 3. All reflectance
curves display similar shape, including the n = 1 feature at
2.87 eV. This feature becomes more obvious in the differential
reflectance.

Additionally, we use a profilometer to determine the thicknesses.
The thickness is found to be roughly 80 nm on glass and
90 nm on silicon, respectively. We also check for uniformity and
compare the surface roughness with an AFM (Figure S6) which
yields a mean surface roughness of about 1 nm for the glass
substrate and 7 nm for the silicon substrate. Finally, also XRD
was measured (Figure S7). We find comparable crystallinity for
the two substrates.

Angle-dependent emission measurements for PEA:CsPbBr; on
the different substrates demonstrate the different waveguiding
behavior as showcased in Figure 4. Here, we differentiate surface
emission and edge emission. For surface emission the sample is
excited at an angle of 45° to the surface normal. For edge emission
the sample is excited parallel to the surface normal. In both
cases the emission is detected perpendicular to the excitation,
i.e., at 45° to the surface normal in case of surface emission and
perpendicular to the surface normal for edge emission. For the
glass substrate, the PL is significantly more pronounced when the
edge emission is measured compared to the forward emission.

For the Si substrate the opposite is the case, demonstrating a
suppression of waveguiding in the sample. This effect also persists
for low temperatures (80 K) as shown in Figure S4.

The intensity dependent emission of the PEA:CsPbBr; on the
different substrates is investigated with a sub-nanosecond pulsed
laser as shown in Figure 5. Since the laser used here has a
pulse length of 800 ps, the fluence thresholds are higher than
in Figure 1. The thresholds in peak power densities of the ps
laser and the fs laser are comparable and in the order of tens of
MW cm™2. On the glass substrate an additional peak appears at a
threshold of about 2.3 mJ cm~2 for a temperature of 80 K. For the
SiO, substrate the threshold is at a comparable value at around
1.9 mJ cm~2. In contrast, for the Si substrate, even for fluences
of over 100 mJ cm™2 no additional narrow emission feature is
observed.

This shows that the suppression of waveguiding inside the
PEA:CsPbBr; leads to a suppression of the spectrally narrow
emission feature. We conclude from this that this additional peak
can be clearly explained by ASE since this effect strongly depends
on the waveguiding properties of the sample. We do not find any
evidence for SF.

3 | Conclusion

We have investigated the intensity-dependent emission in
PEA:CsPbBr; deposited on different substrates with different
waveguiding behavior. We have demonstrated that the spectrally
narrow emission occurs for perovskite film on glass and SiO,
while it is suppressed on an Si substrate. This has led to the
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FIGURE 4 | Comparison of edge (solid line) and surface emission (dashed line) for the perovskite layer on glass and on Si substrate, respectively.
a) For the glass substrate the emission is higher for edge emission. b) For the Si substrate the emission is higher when detected from the surface.

conclusion that ASE rather than SF is the underlying mechanism.
Our results contrast with the recently published notion [13] of SF
being the relevant mechanism for the high excitation emission in
PEA:CsPbBr;.

4 | Methods
4.1 | Sample Synthesis

The glass substrates used are microscope slides from Epredia
containing SiO, (69-74 %), Na,O (10-16 %), CaO (5-14 %), MgO
(0%-6%) and Al,O, (0%-3%).

For the synthesis of the samples first the substrates are cut into
16x16 mm? and cleaned in an ultrasonic bath with first water
then acetone and then isopropanol before being plasma treated.
Solutions are prepared of PEABr; in DMSO (2.8 M, 565.9 mg m1™!)
and 18-Crown-6 in DMSO (300 mg ml™). 231.9 mg CsPbBr; with
1 mL DMSO are mixed with 57 pl of the first solution and 17.9 pl
of the second solution. This final solution is placed on a hot
plate at 60°C for 10-15 min. 50 pl of this solution are spin coated
on the substrates with 1000 RPM for 20 s with an acceleration
of 1000 RPM s~! and then 4000 RPM for 40 s with an acceler-
ation of 1000 RPM s~!. The samples then are annealed at 70°C
for 10 min.

Solutions are prepared of PEABr; in DMSO (2.8 M, 565.9 mg m1™!)
and 18-Crown-6 in DMSO (300 mg ml™"). CsPbBr; (231.9 mg) with
DMSO (1 mL) are mixed with 57 ul of the first solution and 17.9 pl
of the second solution. This final solution is placed on a hot
plate at 60°C for 10-15 min. 50 pl of this solution are spin coated
on the substrates with 1000 RPM for 20 s with an acceleration
of 1000 RPM s! and then 4000 RPM for 40 s with an accel-
eration of 1000 RPM s~!. The samples then are annealed 70°C
for 10 min.

4.2 | Absorption and Reflection

Absorption and reflection measurements were performed with a
Lambdal050 UV/Vis spectrophotometer.

4.3 | Streak Camera Measurements

Transient photoluminescence was measured using a Universal
Streak Camera (Hamamatsu C10901) equipped with a S20 photo
cathode. For spectral dispersion a Kymera 328i Spectrograph was
used. The sample was excited with a Light Conversion Pharos 100
femtosecond laser using ORPHEUS optical parametric amplifiers
from light conversion. If not otherwise specified a wavelength of
434 nm and a pulse frequency of 2 kHz was used. The sample was
mounted and cooled via an OptistatDry TLEX closed cycle helium
cryostat.

4.4 | Surface and Edge Emission of
Photoluminescence

Time-integrated, angle-dependent photoluminescence was mea-
sured using an FLS920 Fluorescence Spectrometer from Edin-
burgh Instruments with excitation at 355 nm selected from the
spectrum of a xenon lamp.

4.5 | Photoluminescence with Pulsed Laser

Time integrated photoluminescence was measured with an Acton
SpectraPro SP-2300 spectrometer and a Pi-Max 4 camera. For
excitation an Innolas piccolo-10 pulsed laser was used with a
wavelength of 355 nm and a pulse frequency of 10 kHz. The
sample was mounted inside a home-build cryostat using a cold
finger that is cooled by liquid nitrogen.

4.6 | Atomic Force Microscopy

Atomic Force Microscopy (AFM) was measured using a
NanoWizard II from JPK.

4.7 | Profilometer

Measurements of the surface profile and the thickness were
performed using a Dektak XT from Bruker Instruments. The
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FIGURE 5 | Comparison of threshold behavior for all substrates at
80 K. Samples on (a) the glass substrate and (b) the SiO, substrate show
an additional narrow emission peak when the excitation surpasses a
threshold of around 2 mJ cm™2. (c) The sample on the Si substrate does
not exhibit this additional peak even for high fluences above 100 mJ cm 2.

probing force was set to 2 mg. To determine the thickness of
the sample, a thin line was scratched with a steel needle. The
thickness was determined by using the step function of the
software which averages the valley found in the measurement as
a reference.

48 | XRD

X-ray diffraction was measured using Cu Ke; and Ka, radiation
with a Bruker D2 Phaser Diffractometer with a Lynxeye Xe-T
detector.
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