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Giant magneto field effect in up-conversion
amplified spontaneous emission via spatially
extended states in organic-inorganic hybrid
perovskites

Tangyao Shen'7, Jiajun Qin?1, Yujie Bailf, Jia Zhang?, Lei Shi'*,
Xiaoyuan Hou!, Jian Zi'* and Bin Hu3*

Up-conversion lasing actions are normally difficult to realize in light-emitting materials due to small multi-photon absorp-
tion cross section and fast dephasing of excited states during multi-photon excitation. This paper reports an easily ac-
cessible up-conversion amplified spontaneous emission (ASE) in organic-inorganic hybrid perovskites (MAPbBr3) films
by optically exciting broad gap states with sub-bandgap laser excitation. The broad absorption was optimized by adjust-
ing the grain sizes in the MAPbBr3 films. At low sub-bandgap pumping intensities, directly exciting the gap states leads to
2-photon, 3-photon, and 4-photon up-conversion spontaneous emission, revealing a large optical cross section of multi-
photon excitation occurring in such hybrid perovskite films. At moderate pumping intensity (1.19 mJ/cm?) of 700 nm laser
excitation, a significant spectral narrowing phenomenon was observed with the full width at half maximum (FWHM) de-
creasing from 18 nm to 4 nm at the peak wavelength of 550 nm, simultaneously with a nonlinear increase on spectral
peak intensity, showing an up-conversion ASE realized at low threshold pumping fluence. More interestingly, the up-con-
version ASE demonstrated a giant magnetic field effect, leading to a magneto-ASE reaching 120%. In contrast, the up-
conversion photoluminescence (PL) showed a negligible magnetic field effect (< 1%). This observation provides an evid-
ence to indicate that the light-emitting states responsible for up-conversion ASE are essentially formed as spatially exten-
ded states. The angular dependent spectrum results further verify the existence of spatially extended states which are
polarized to develop coherent in-phase interaction. Clearly, using broad gap states with spatially extended light-emitting
states presents a new approach to develop up-conversion ASE in organic-inorganic hybrid perovskites.
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Introduction light emission covering entire visible spectrum region
Organic-inorganic hybrid perovskites are known as solu- under down-conversion condition'~. It has been repor-
tion-processing semiconductors with highly efficient ted that the photoluminescence quantum yield can be as
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high as 90% in solid states®*. Recently, such hybrid per-
ovskites have demonstrated lasing actions through ASE
at low pumping fluence’~'*. This development indicates
that hybrid perovskites are potential lasing materials
with solution processing-tunable properties through
down-conversion excitation. Although it is often diffi-
cult to realize up-conversion lasing actions in most light-
emitting materials due to small multi-photon absorption
cross section and dephasing in excited states during
multi-photon excitation'*2!, experimental studies have
shown successful up-conversion ASE in both inorganic
cesium perovskites and organic-inorganic hybrid
(MAPbBr3) perovskites??~?°. This indicates great poten-
tial for coherent control of light emitting states through
multi-photon excitation in hybrid perovskites. Yet, it still
demands further investigations to reveal the underlying
mechanisms responsible for up-conversion ASE.

Toward unrevealing the collective emission of up-con-
version ASE, magnetic field effect is proposed to be an
effective tool. This method has been widely reported in
exploring the behavior between light emitting states in
organics and halide perovskites®*>*. Generally, weak
coupling of these excited states results in a relatively
small magnetic field effects (less than 10%)%, which
hinders its applications in real functional devices. In view
of coherent emission in ASE region, much stronger
coupling of excited states for collective correlations is ex-
pected, giving rise to a great potential to facilitate mag-
netic field effects.

In this work, we prepare the perovskite (MAPbBr3)
films with large grains in scale of several micrometers
through our previous reported method*-¢ to investigate
the possibilities of using gap states to realize up-conver-
sion ASE. By absorption measurements, high broad-
band absorption is observed in the sub-bandgap energy
region, indicating the formation of gap states in spectral
region from 600 nm to 1300 nm. These gap states give
rise to a large cross section of multiphoton absorption,
resulting in strong up-conversion PL under low pump-
ing intensities. More interestingly, the up-conversion
ASE shows a significant increasement (over 120%) upon
applying the magnetic field of 1.2 T, generating giant
magnetic field effects. The observed giant magnetic field
effects provide an evidence to show that an orbital order
is formed in spatially extended states by exciting broad
gap states. Essentially, with orbital order the spatially ex-
tended states develop a cooperative interaction towards
generating an ASE in hybrid halide perovskites prepared

with large grains through fast crystallization.

Materials and methods

Preparation of perovskite (MAPbBr3) films

The perovskite films were spin-coated with the thickness
of 1 micrometer onto the ITO/PEDOT:PSS substrates at
N, atmosphere. Essentially, the perovskite films were
prepared with one-step spin-coating method by using
the precursor solution (1.5 mmol PbBr; and 1.58 mmol
MABr in 1 mL DMF solution) at the spinning rate of
3000 rpm for 1 minute, followed by annealing at 60 °C
for 30 minutes. The grain size can be largely changed by
partially replacing DMF with DMSO. Prior to the pre-
paration of perovskite films, the PEDOT:PSS films were
spin-coated on glass substrates with the thickness of 40
nm, followed with the thermal annealing at 150 °C for 0.5
h. With the glass/PEDOT substrates, high-quality per-

ovskite films can be formed through spin coating.

Measurement of absorption spectrum

A thin-film transmittance and reflectance spectrometer
(RT1736, Ideaoptics, China) was used to measure the ab-
sorption of the sample with an integrating sphere (R7,
Ideaoptics, China) to eliminate the influence of scatter-
ing, equipped with a visible spectrometer (PG2000-pro,
Ideaoptics, China) and a NIR spectrometer (NIR1700,
Ideaoptics, China). A halogen lamp and a deuterium
lamp were used as visible and infrared light source. The
transmittance and reflectance of the sample and the sub-
strate were measured, and then the absorption can be de-
rived by the formula A = 1-T-R. The absorption of sub-
strate was deducted from the whole absorption of the
sample to derive the net absorption of the perovskite
film.

Measurement of photoluminescence spectrum

All pumping wavelengths in the experiment were selec-
ted from a Coherent Legend regenerative amplifier (150
fs, 1 kHz, 800 nm) which is seeded by a Coherent Mira
900 oscillator (100 fs, 80 MHz). The Mira is seeded by a
Coherent Verdi Laser Generator (continuous wave, 532
nm). A Coherent Opera Solo was used to convert the 800
nm pulse laser to wavelength suitable for the experiment,
without changing other parameters. The excitation beam
was focused on the sample with the diameter of about
100 micrometers. The output signals were sent into the
spectrometer (Horiba, iHR320)) and detected by a
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charge coupled device (Horiba, Synapse).

Measurement of angular dependence

An R1 Angular-Resolved System (R1, Ideaoptics, China)
equipped with a visible spectrometer (PG2000, Ideaop-
tics, China) was used to measure the angular depend-
ence of the emission from the perovskite (MAPDbBr3)
film. The sample was fixed vertically, and a photodetect-
or was fixed on a mechanical arm which can rotate
around a horizontal axis in the film plane. The excita-
tion beam focused perpendicularly on the sample inter-
secting with the axis by a lens. By rotating the mechanic-
al arm to different position, photoluminescence in differ-
ent emitting angle can be measured.

Measurement of magnetic field effects

An electromagnet was used to generate a constant mag-
netic field of 1.2 T paralleled to the perovskite
(MAPbBr3) film. The constant magnetic field was
switched on and off through electrical current during up-
conversion ASE measurement to generate magneto-ASE
phenomena. Excitation beam was focused on the sample
perpendicularly by a lens. The light emission intensity

was recorded once per second with 10 average times by a
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THORLABS PDA36A2 silicon photodetector, with sev-
eral filters before the detector to eliminate excitation
beam. The measurement was started with the electro-
magnet turned off. After 30 points were collected, the
measurement was paused until the electromagnet was
switched on and the constant current was kept to gener-
ate the magnetic field of 1.2 T. The electromagnet was

then switched off to complete the measurement cycle.

Results and discussion

The scanning electron microscopy (SEM) image in Fig.
1(a) shows that the perovskite (MAPbBr3) film is formed
with large cubic grains in the order of micrometers. The
inset shows the image taken by optical microscopy. Fig-
ures S1 and Fig. 1(b) displays the optical absorption as
well as PL and excitation spectrum. The film demon-
strates a relatively strong absorption (about 50 %) from
400 nm to 540 nm. The absorption begins to drop
sharply to about 30% at 540 nm, indicating an optical
bandgap of 2.23 eV (557 nm). Moreover, the absorption
shows an appreciable intensity below the bandgap de-
creasing slightly from about 20% to 10% with the
wavelength changing from 550 nm to 1200 nm. At

infrared region between 1200 nm to 1600 nm, the
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Fig. 1 | Morphological and spectral characterizations. (a) SEM image to show large grains with micrometer sizes. (b) Optical absorption spec-

trum (inset: band edge with PL). (¢) Up-conversion ASE under 700 nm excitation wavelength (threshold pumping fluence: 1.19 mJ/cm?). Inset:

spectral narrowing with emission intensity simultaneously increasing phenomena. (d) Threshold dependence on excitation wavelength. Inset: lu-

minescence above (the upper left) and below (the bottom right) threshold.
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perovskite film still shows an acceptable absorption
(about 10 %), corresponding to 1.04 eV to 0.78 eV (much
smaller than the bandgap of 2.23 eV). Clearly, the per-
ovskite (MAPbBr3) films with the large cubic grains of ~
micrometers are formed with broad gap states. Here, we
suggest that the broad gap states are formed through
structural deformation on large grains through fast crys-
tallization. Theoretically, increasing the grain sizes can
essentially lower the potential barriers to form structural
deformation during crystallization. As shown in Fig.
1(c), at low pumping fluence (< 0.76 mJ/cm? at 700 nm),
a broad PL was observed with the FWHM of ~18.5 nm
and the peak position of 546.6 nm. As the pumping flu-
ence was increased from 0.76 mJ/cm? to 2.27 mJ/cm?, a
spectral narrowing phenomenon was observed with the
FWHM decreased from 18.6 nm to 4.82 nm, resulting in
a sharp peak at 550 nm. Simultaneously, the PL intensity
is nonlinearly increasing with pumping fluence, present-
ing an efficient up-conversion ASE above the pumping
threshold of 1.19 mJ/cm? by directly exciting the gap
states. Similar up-conversion ASE with spectral peak at
550 nm can also be observed when the perovskite
(MAPbBr3) films were excited by different laser
wavelengths from 480 nm to 900 nm (2.59 eV to 1.38
eV), shown as a spectral narrowing phenomenon with
nonlinearly increasing intensity above threshold pump-
ing fluences. However, the threshold pumping fluence
increases with shifting sub-bandgap excitation to longer
wavelength, as shown in Fig. 1(d) (Details for fluence de-
pendent emission spectra can be found in Fig. S2).
Clearly, directly exciting broad gap states presents a new
approach to develop up-conversion ASE in hybrid per-
ovskite (MAPDbBr;) films. To note that the well-defined
perovskite cubic grains are relatively good cavities, which
can lead to lasing action with the FWHM below 1 nm*"3,
In our perovskite film, the poor quality of cubic shape
fails to form cavities for lasing. Moreover, the concen-
trated microcrystals behave more like a polycrystal film,
which shows ASE with FWHM of around 4 nm at high
fluences. This light amplification indicates that our film
is a good gain medium even under below-bandgap
excitation.

The multi-photon absorption process can be categor-
ized into two types: one-step process and multi-step pro-
cess. For the first type, the absorption process is realized
on condition that the multiple photons are coherent and
have wavefunctions overlap with the initial and final
state of the material. Thus, switching the excitation

https://doi.org/10.29026/0ea.2022.200051

source from coherent one to non-coherent one will cause
largely reduced absorption cross section. This process is
irrelevant to the gap states. In contrast, the multi-step
process in the multi-photon absorption is influenced by
the gap states. The electron in valance band is firstly ex-
cited into the gap when one below-bandgap photon is
absorbed, followed by latter step(s) to excite the electron
into conduction band. In this situation, the gap states
play an important role in determining the absorption
cross section. Specifically, the magnitude is irrelevant to
the excitation source, i.e. coherent and non-coherent ex-
citation sources have the same absorption cross section.
In our experiment, we compared the ASE spectra at
identical pump fluence excited by coherent and nonco-
herent light sources (Fig. S3), which shows no difference.
It verifies that the multi-photon absorption process is a
multi-step process in our perovskite films with large per-
ovskite grains. Therefore, the broad gap states revealed
by absorption data suggest high multi-photon absorp-
tion cross section. Besides, we have compared the gap-
state absorptions of small grains and the optimized large
grains. It shows that the absorption of small crystals is
much lower, indicating lower multi-photon absorption.
Moreover, no ASE is observed even when the fluence
(Fig. S4) is very high.

To further explore multi-photon absorption through
broad gap states, the infrared excitation wavelength was
largely tuned from 900 nm to 1200 nm and 1500 nm to
detect up-conversion light emission. The power-law is
effective to identify the types of radiative recombination
only when we consider the PL intensities at initial time,
i.e. PLy in transient PL measurement®. In this case, the
logarithmic slope of 1 or 2 corresponds to excitonic
emission (PL, o 1,) or bimolecular emission (PL, x 13)
for down-conversion condition. Specifically, the integ-
rated PL intensity (Ipy) exciting with femtosecond pulse
laser is proportional to the integration of recombination,

“+o0
iedp o< j ndt for  excitonic emission  or
0

—+oo
Iy, o f n?dt for bimolecular emission. When the car-
0

rier density increases to high value, the bimolecular re-
combination or Auger recombination will dominate,
leading to the decrease of logarithmic slop**!. In Fig. S5,
the logarithmic slope at excitation of 400 nm (one-
photon absorption) is 1.31, indicating the dominance of
high-order recombination(s) (bimolecular and/or
Auger). When the excitation wavelength is 900 nm, the

emission spectra for spontaneous emission are the same
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Fig. 2 | Multi-photon up-conversion PL and intensity dependence. (a, d) 2-photon process under 900 nm excitation wavelength. (b),(e) 3-

photon process under 1200 nm excitation wavelength. (c, f) 4-photon process under 1500 nm excitation wavelength.

(Fig. 2(a)) while the logarithmic slope increases to 2.46
((Fig. 2(d)). This value is close to the twice of the slope
excited by 400 nm, implying that 900 nm excitation leads
to two-photon absorption process in our perovskite film.
When the excitation wavelength is 1200 nm or 1500 nm
(Fig. 2(b, ¢, e, 1)), the logarithmic slope tends to be closer
to 3 or 4. We should note that, the absorption coefficient
decreases significantly with the increasing excitation
wavelength, resulting in very low carrier density. Al-
though bimolecular recombination is the main radiative
recombination in 3D perovskite film, the “excitonic-like”
emission (Ip;, o 1,) appears at very low carrier density #,
which is attributed to a pseudo-first-order process (e.g.
Hinjected << Mintrinsic)”’- Therefore, the logarithmic slope of
3 and 4 correspond to the three-photon and four-photon
process. This observation indicates that broad gaps states
possess strong multi-photon absorption characteristics
towards developing multi-photon up-conversion PL in
hybrid halide perovskites. We should note that multi-

photon up-conversion probability is directly related to

the correlation between gap states during multi-photon
absorption. Here, we can see that the large grains with
the sizes in micrometers can demonstrate the high prob-
abilities to enable multi-photon up-conversion PL in hy-
brid perovskite films. This indicates that the gap states
possess spatially extended wavefunctions to increase
multi-photon absorption probability in large grains.

As up-conversion ASE occurred in the perovskite
(MAPbBr3) films, the light-emitting states become
strongly coupled with each other, which is supposed to
provide large response to magnetic field. Therefore, we
explore the magnetic field effects of light-emitting states
responsible for up-conversion ASE. As reported, mag-
netic field effects can be observed when an external mag-
netic field is able to disturb the conversion between dif-
ferent states*? ‘¢, Here, Fig. 3(a) shows the magneto-ASE,
where the ASE intensity is plotted with and without the
magnetic field of 1.2 T under two-photon excitation (800
nm). Interestingly, applying a static magnetic field of 1.2

T can significantly increase the up-conversion ASE
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aligned through magnetic dipoles to form cooperative light-emitting states towards developing an ASE.

intensity by about 150% at the pumping fluence (> 1.91
mJ/cm?) above the threshold intensity, leading to a giant
magneto-ASE in up-conversion regime. It should be
pointed out that the value (150%) in ASE region is much
higher than the commonly reported value (less than 1%)
in spontaneous emission for hybrid perovskite*>. This
observation provides a strong evidence that spatially ex-
tended states are essentially formed when directly excit-
ing gap states with the two-photon pumping fluence
above ASE threshold.

We should note that the spatially extended states are
the states with delocalized wavefunctions, which are sup-
posed to be realized through orbital order interaction.
When an orbital order is established between spatially
extended states, the light-emitting states can develop a
cooperative interaction, providing the necessary condi-
tion to realize an ASE. Dynamically, this requires that the
orbital order needs to be at least partially conserved dur-
ing ASE. More importantly, when an external magnetic
field suppresses the relaxation of orbital order to en-
hance the cooperative interaction between light-emit-
ting states, ASE intensity can be largely increased, lead-
ing to magnetic field effects with the magnitude larger
than 100%. Essentially, the orbital order leads to cooper-
ative light-emitting states towards realizing up-conver-
sion ASE. To verify the spatially extended states with co-
operative order, magnetic field effects in down-conver-
sion ASE were measured. Figure 3(b) shows the mag-
neto-ASE in down-conversion condition under the pulse
excitation of 480 nm with the pumping energy of > 1.27
m]J/cm?. Obviously, applying the static magnetic field of

1.2 T can also significantly increase the down-conver-
sion ASE intensity, giving rise to a giant magneto-ASE of
120% in down conversion regime when the 480 nm
pumping fluence exceeding the ASE threshold intensity,
while the down-conversion PL shows negligible re-
sponse to the static magnetic field (< 1%) below ASE
threshold. Clearly, the giant magneto-ASE provides the
direct evidence that the orbital order is established
between spatially extended states are formed, providing
the necessary condition to generate cooperative interac-
tion between light-emitting states towards developing an
ASE, when the pumping intensity exceeds the threshold
fluence in hybrid perovskites, as schematically shown in
Fig. 3(c). The orbital order refers to the alignment of or-
bital-magnetic dipoles in order to develop coherent
light-emitting states towards ASE. The giant magneto-
ASE implies that a magnetic field can further increase the
alignment of orbital-magnetic dipoles, significantly in-
creasing ASE. Therefore, the orbital order plays an im-
portant role to develop cooperative light-emitting states
towards ASE in hybrid perovskites. For higher-quality
crystals like perfect perovskite cuboids?, the recombina-
tion loss would be reduced, which in principle leads to
lower lasing threshold. In this situation, charged defects
would be reduced, which minimizes the screening effect
on light emitting states toward increased delocalization.
Therefore, the orbital order interaction between the ex-
cited states is supposed to be enhanced. As a result, high-
er magneto-ASE signal is expected.

To further understand the characteristics of spatially

extended states by directly exciting broad gap states, we
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investigate the spatial distribution of up-conversion ASE
by monitoring the angle-resolved emission intensity. The
angle-resolved experimental system was used to meas-
ure PL intensity at variable angles ranging from 0° to 90°
relative to the film plane, with the excitation beam (700
nm) perpendicularly focused on the film plane, as depic-
ted in Fig. 4(a). Figure 4(b) demonstrated that at pump-
ing fluence (0.68 mJ/cm?) below the threshold intensity,
the up-conversion PL (fluorescence) shows a very lim-
ited elliptical spatial distribution. Interestingly, when the
pumping fluence is increased to 1.70 mJ/cm? (above the
threshold), the up-conversion ASE demonstrates a clear
asymmetric spatial distribution with the emission intens-
ity sharply decreased at 90° direction. According to the
more elliptical spatial distribution of ASE intensity than
spontaneous emission in Fig. 4(b), the transition dipoles
responsible for ASE tend to be vertically aligned*. In or-
der to realize collective emission, linearly polarized ASE
emission with the direction parallel to the transition di-
poles is suggested. Thus, the output should be linearly
polarized perpendicularly to the film plane. This implies
that the spatially extended states are orientated towards
the direction perpendicular to film plane. Similar results
can be observed when we change the excitation
wavelength to 480 nm (down-conversion) and 800 nm
(up-conversion) in Fig. S6, verifying that the collective

emission is universal for ASE in our perovskite film. Es-
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sentially, this collective emission is further confirmed by
measuring the polarization of ASE output as illustrated
in Fig. 4(c). The result shown in Fig. 4(d) demonstrates
that, when up-conversion ASE occurred, the output is
linearly polarized with the direction perpendicular to the
film plane, where the degree of polarization (DOP)
reaches 11.1%. For other excitation wavelengths (480 nm
and 800 nm in Fig. S7), polarized ASE emission can al-
ways be characterized. This result verifies that spatially
extended states with cooperative order are indeed orient-
ated, providing the necessary condition to develop co-

herent interaction towards developing an ASE.

Conclusion

In summary, up-conversion ASE is realized by directly
exciting the broad gap states in hybrid perovskite
(MAPbBr3) films prepared with large cubic grains in the
order of micrometers. The 2-photon, 3-photon, and 4-
photon PL indicates that the broad gap states possess
strong multi-photon absorption characteristics, provid-
ing the necessary condition to generate up-conversion
light emission. By directly exciting broad gap states with
NIR pumping fluence exceeding threshold intensity, a
spectral narrowing phenomenon in up-conversion light
emission was observed, showing as an up-conversion
ASE in perovskite (MAPDbBr3) films prepared with large
grains. Importantly, a static magnetic field of 1.2 T can
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Fig. 4 | Angle and polarization dependences for ASE and PL. (a) Setup for angle dependence measurement. (b) Spatial distributions of ASE

and PL outputs. (c) Setup for polarization measurement. (d) Polarizations of ASE and PL outputs.
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significantly increase the ASE intensity by more than
150%, leading to giant magnetic field effects in up-con-
version ASE regime. The observed giant magnetic field
effects provide an evidence to show that the orbital or-
der is established between spatially extended states in the
hybrid perovskite (MAPbBr3) films. Essentially, the or-
bital order between spatially extended states provides the
necessary condition to generate a cooperative interac-
tion between light-emitting states towards realizing up-
conversion ASE. This is verified by similar phenomenon
in down-conversion ASE: giant magnetic field effects
(120%) are also observed in down-conversion ASE.
Clearly, with broad gap states, establishing the orbital or-
der between spatially extended states presents a new
mechanism to realize up-conversion ASE in hybrid hal-
ide perovskites. This creates new opportunities to use hy-
brid halide perovskites in infrared sensing, biological de-
tection, and lasing technologies. Moreover, the giant
magnetic field effects observed in ASE regime provides
the promise to utilize hybrid halide perovskites in spin-
tronics and biological magnetic probing.
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