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ABSTRACT: Two-dimensional organic—inorganic lead halide

perovskites are generating great interest due to their optoelectronic Delfefts [ cB__|
characteristics such as high solar energy conversion efficiency and a T ‘ ] Vitual — — — — =
tunable direct band gap in the visible regime. However, the tor—1 2 l Levels —4= =& 1|~
presence of defect states within the two-dimensional crystal o8t
structure can affect these properties, resulting in changes to their i Sl
band gap emission as well as the emergence of nonlinear optical (BA),(MA),Pb,Br, ’?M_
phenomena. Here, we have investigated the effects of the presence E
of defect states on the nonlinear optical phenomena of the 2D N TPL FWM Esjzft

00 nrn —

hybrid perovskite (BA),(MA),Pb;Br;,. When two pulses, one
narrowband pump pulse centered at 800 nm and one super-
continuum pulse with bandwidth from 800—1100 nm, are incident
on a perovskite flake, degenerate four-wave mixing (FWM) occurs, with peaks corresponding to the energy levels of the defect states
present within the crystal. The longer carrier lifetime of the defect state, in comparison to that of virtual transitions that take place in
nonresonant FWM processes, allows for a larger population of electrons to be excited by the second pump photon, resulting in
increased FWM signal at the defect energy levels. The quenching of the two-photon luminescence as flake thickness increases is also
observed and attributed to the increased presence of defects within the flake at larger thicknesses. This technique shows the potential
of detecting defect energy levels in crystals using FWM for a variety of optoelectronic applications.
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B INTRODUCTION perovskites have seen an increase in study for their potential in
this field.”* Maczka et al. observed second-harmonic
generation, third-harmonic generation (THG), and multi-
photon luminescence from methylhydrazinium lead bromide.”
Chen et al. studied the nonlinear optical properties of three
different 2D hybrid perovskites using third-harmonic gen-
eration to determine that their responses are dependent on
their crystal structures.”® 2D hybrid perovskites have also been
shown to exhibit a maximum THG conversion efficiency of
0.006%, which is five orders of magnitude greater than other
2D materials.”” Johnson et al. were able to measure the third-
order nonlinear susceptibility of methylammonium lead halide
films on the order of 1.6 X 1076 esu, which is comparable to
other materials, highlighting perovskites as a potential
candidate for optoelectronic applications.”® The acceleration
in research interest in organometallic lead halides has led to

Organic—inorganic lead halide perovskites are semiconductors
that have seen a great increase in interest due to their
optoelectronic characteristics.' ™ Three-dimensional perov-
skites have been shown to have high energy efficiencies, as
high as 20% in the case of heterojunction solar cells using an
iodide—bromide hybrid perovskite (MA)Pb(I,_.Br,);° In
addition to high efficiencies, the ease of synthesis has made
them promising candidates in photovoltaic (PV) applica-
tions.'”'" However, 3D lead halide perovskites suffer from
stability issues, such as high thermal damage potential under
irradiation'>"® and decomposition while exposed to water
vapor.'*"® Two-dimensional Ruddlesden—Popper hybrid per-
ovskites utilizing a combination of layered 3D perovskites
separated by organic cations have been proposed due to
increased stability in comparison to 3D perovskites while still
maintaining good conversion efficiencies.'® This increased
stability coupled with their band gaps, which are tunable in the Received:  July 25, 2021
visible regime by changing the doping concentration, has led to Accepted: November 9, 2021
their use as fluorescent materials due to their high photo- Published: November 19, 2021
luminescent quantum yield'” either as microlasers™'® or

diodes.'”™* As nonlinear optical phenomena form the basis

of many modern technologies, 2D hybrid organic—inorganic
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additional novel uses of the material, such as humidity
sensing’” and NH; gas detection.’” However, these samples
are prone to defects in their crystal structure, affecting their
energy efficiency by introducing nonradiative recombination
pathways."!

Defects within a crystal structure are abnormalities in the
regular structure. Intrinsic defects can take on the form as
simple atomic vacancies or interstitials or as more complex
antisites (two atoms switch 10cations).30_33 Extrinsic defects
can come in the form of dopin§ the crystal, substituting one
atom with that of the dopant.”*™** Both of these types of
defects cause changes to the density of states (DOS) of the
crystal, fundamentally changing the band structure and
subsequent emission properties.””'%'"*"37%¢ Defects within
the crystal structure of organometallic perovskites can lead to a
variety of phenomena, including the introduction of non-
radiative recombination pathways for the electron—hole pairs
to decay into, leading to a quenching of the characteristic band
gap emission.’ In the photovoltaic industry, these phenomena
are a hindrance to the conversion efficiency of the PV cell. In
other applications, the formation of defect energy levels can
lead to its use as an emitter.'”**>*%*7* Defect levels have
longer lifetimes, on the order of nanoseconds,*” > than that of
virtual levels, allowing for the enhancement of nonlinear
optical phenomena such as four-wave mixing (FWM). FWM in
semiconductors has been well established to study light—
matter interaction and the coupling between electronic states
that occur within the crystal such as the excitonic coherence of
GaN,” the dynamics of excitonic broadening in perov-
skites,”**> and our grevious work on FWM at the excitonic
resonance of MoS,.”° FWM processes are attractive techniques
due to decreased linear absorption, as the wavelengths typically
used in FWM experiments are of lower energy than the band
gap of the material. However, nonresonant four-wave mixing
(NR-FWM) can disturb and overpower the resonant signal.
The NR-FWM signal arises due to excitation of electrons into
short-lived (<1 ps) virtual states,’”*® which then are further
excited by another pump photon to be emitted as an anti-
Stokes signal. The presence of defects allows for coherent
excitation of electrons into the defect levels so it is no longer
nonresonant but instead reveals the property of the material.

Current experimental methods of optical detection of the
defects present within a crystal are limited to mainly low-
temperature studies, such as those done on CdTe™ and
MoS,” as well as perovskite materials,”® or photoemission
studies, such as angle-resolved photoemission spectroscopy
(ARPES), which requires ultrahigh-vacaum (UHV) condi-
tions. Previous FWM experiments on perovskites have shown
that weak exciton—carrier interactions prevents the enhance-
ment of excitonic FWM signals that are tied to excitation-
induced dephasing.”> Other FWM experiments on perovskites
have shown that below-band gap excitation leads to spectral
broadening of the excitonic emission due to an increased
number of inter- and intraband FWM combinations that can
contribute to the emission.’’ However, the correlation of the
defect states in perovskites with their nonlinear optical
phenomena has not been reported.

In this experiment, two incident pulses—one narrowband
pump pulse centered at 800 nm and a broadband super-
continuum pulse from 800—1100 nm—are utilized to study
the nonlinear optical properties of flakes consisting of the
organometallic perovskite butylammonium methylammonium
lead bromide (BA),(MA),Pb;Br;, (Figure 1). By coherently
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Figure 1. Degenerate four-wave mixing at the defect energy levels of a
(MA),(BA),PbyBr,,. Two photons of the pump pulse and one
photon of the supercontinuum pulse interact to produce a fourth
pulse. In the presence of defect levels, the beat frequency of the two
pulses (wp — wgc) can be resonant with the energy level of a trap state
or the FWM relation 20p — @gc is equal to the energy of a donor
state, resulting in increased emission at that energy.

exciting carriers into the defect states in our experiment, defect
state detection can be performed in ambient conditions as a
larger population of charge carriers is excited. Furthermore, the
use of a supercontinuum pulse allows for simultaneous
measurement of multiple defect levels via FWM as the
broadband nature allows for multiple defect levels to be
resonantly filled. When the two pulses are temporally and
spatially overlapped, degenerate FWM occurs. The resultant
FWM signal increases with sample thickness due to the
increased presence of defect sites within the optical path.
These defect states enhance the FWM emission by providing a
longer carrier lifetime than virtual electronic transitions.

B EXPERIMENTAL SECTION

Butylammonium methylammonium lead bromide,
(BA),(MA),Pb;Br,,, crystals were synthesized by dissolving the
precursors PbO (0.59 mmol, 131.7 mg, Sigma-Aldrich), BABr (0.19
mmol, 29.3 mg, Sigma-Aldrich), and MABr (0.4 mmol, 44.8 mg,
Greatcell Solar) in an acid mixture consisting of 0.9 mL of HBr
(Sigma-Aldrich) and 0.1 mL of H;PO, (Sigma-Aldrich) in a 10 mL
glass vial. Using a magnetic stir rod, the vial was heated to 393 K in an
oil bath.”® After the precursors are completely dissolved and the
solution becomes transparent, the stirring is stopped and the solution
was cooled at a rate of 2 K/min, during which crystals are formed.
The crystals are collected via filtration, and the residual solvent was
removed via a vacuum pump. X-ray diffraction (XRD) measurements
were taken on the flake to determine that the crystal structure agreed
with Erevious synthesis attempts and XRD measurements taken by Li
et al.” These are shown in Table S1.

(BA),(MA),Pb,Br,, flake samples were prepared by mechanical
exfoliation method with adhesive tape on the as-synthesized crystals
and deposited onto a glass slide. To create a substrate capable of
observing the perovskite flake using a scanning electron microscope
(SEM) while also allowing for four-wave mixing optical transmission
measurements, a thin layer of indium tin oxide was deposited via RF
magnetron sputtering (K-Lab ITO target, SO W, 4S s deposition time,
5.0 mTorr process pressure) prior to application of the perovskite
flake. The flake shown in Figures 2 and 4, as well as its satellite flakes,
were studied in order to observe the interaction of the two incident
pulses with perovskite flakes of different thicknesses. SEM revealed
that the flake was macroscopically flat outside of step edges. To
determine the thickness of the perovskite flake, a 3D laser scanning
microscope (3D-LSM) was utilized (Olympus LEXT OLSS000). The
3D-LSM map (Figure 2b) showed that the large flake and its
surrounding satellite flakes are divided into three distinct categories
(Figure 2c)—the majority of the large flake measuring approximately
8—9 um in thickness (red region), a small region of the large flake
measuring between 5.0 and 7.0 ym in thickness (green region), and
the thin satellite flakes measuring approximately 1.3 ym (blue region).

https://doi.org/10.1021/acsami.1c14092
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Figure 2. (a) Scanning electron microscope (SEM) image of representative (BA),(MA),Pb;Br/, flake. (b) 3D laser-scanning microscope image of
representative flake, showing the thickness of the flake. (c) Cross section of the flake along the arrows drawn in (b).
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Figure 3. Experimental setup. A femtosecond laser (800 nm, 100 fs, 30 nm FWHM) is split into two pulses using a band-pass filter. The narrow,
transmitted pulse supplied the 800 nm pulse, while the reflected light pumps a photonic crystal fiber to create the broadband supercontinuum pulse.

These regions are denoted by red, green, and blue dots in Figure 4a.
Electron diffraction spectroscopy (EDS) measurements were taken
using an SEM (Figure 2a) to determine whether there are any
compositional differences between the regions (see Figure S1). The
EDS measurements revealed that the flake has uniform composition
throughout. Confocal laser-scanning microscopy (CLSM; Olympus
FV-3000) was performed using an excitation wavelength of 405 nm in
order to observe the photoluminescence emission of the perovskite
flake.

The optical measurements were performed using a multiplex
coherent anti-Stokes Raman spectroscopy56 (CARS) setup (CARS-
KT, Newport Optics) as shown in Figure 3. In the CARS setup, an
Nd:YAG laser (Millenia eV) pumped a Ti:Sapphire oscillator
(Tsunami, Spectra Physics) to produce femtosecond laser pulses
(~100 fs pulse duration, 80 MHz repetition rate). The oscillator was
mode-locked to produce pulses with a 30 nm bandwidth full width at
half maximum centered at approximately 800 nm. The pulse train was
then split using a band-pass filter to create two pulse trains—one
narrowband (3 nm FWHM) pulse that acts as the pump/probe pulse
and the remaining oscillator pulse. The remaining oscillator pulse was
then directed into a photonic crystal fiber (PCF-800) to generate a
broadband supercontinuum. A linear polarizer was placed in each of
the pulse trains to optimize their polarizations for maximum FWM
signal. The two pulse trains were recombined at a razor-edge long-
pass (RELP) filter centered at 800 nm and directed via mirrors to the
sample. A neutral-density filter is placed just after the RELP to
attenuate the incident pulses without changing their spectral character
to prevent excessive thermal damage to the sample during
measurement. The incident beams were removed after the sample
using two short-pass filters, and the resultant spectrum is collected
using a spectrometer (Horiba iHR 550). The pulse powers for the
pump and SC pulses used in this experiment were 3.7 and 10.3 mW,
respectively. For pulse power dependence measurements, a variable
neutral-density filter was placed in one of the pulse trains before the
RELP to attenuate the pulse.
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B RESULTS

Two-photon luminescence (TPL) and FWM spectra were
obtained at three locations on the perovskite flake and its
surrounding flakes (see Figure 4a) corresponding to three
distinct regions as shown in Figure 2b. The representative
spectra shown in Figure 4b are characterized by two separate
phenomena—a green emission centered at approximately 525
nm with a shoulder at 485 nm and a red emission starting from
approximately 650 nm until the cutoff from the short-pass
filters (785 nm) that block the incident pulses. The green 525
nm emission is TPL due to two-photon absorption (TPA),>
and the red 650—785 nm emission is attributed to FWM (see
below). The red emission is characterized by many small peaks
in the spectra, and the positions of these peaks stay roughly
constant as the excitation location is changed. Additional
spectra taken at other locations on this flake, as well as
locations on other flakes, are shown in Figures S2 and S3,
respectively. The optical image of the perovskite flake and its
surrounding satellite flakes can be divided into three areas as
shown in the LSM image in Figure 2b—one broad area
covering the majority of the perovskite sample measuring 8—9
um in thickness (red dot), one small region on the bottom-left
corner of the perovskite flake measuring 5—6.4 ym in thickness
(green dot), and smaller outlying flakes (blue dot) measuring
0.5—1.5 um in thickness—and each area is characterized by
the presence of the 525 nm emission, the broad 650 to 785 nm
emission, or both. On the majority of the flake (red region in
Figure 2b), the red emission spanning from 650 to 785 nm
(Figure 4b) is present and much larger than the nearly
nonexistent 525 nm emission, while on the thinner satellite
flakes (blue region in Figure 2c), only the 525 nm emission is
visible with the 650—785 nm emission quenched. Only on the
areas with the intermediate thickness (green region in Figure
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Figure 4. (a) Optical microscope image of the (BA),(MA),Pb;Br,, flake. Three different locations with different thicknesses are investigated (red,
8.7 um; green, 5.5 um; blue, 1.5 ym). (b) Four-wave mixing (FWM, red region) and two-photon luminescence (TPL) signal (green region)
obtained from the locations marked in (a). The TPL signal is visible at the green and blue spots and quenched at the red spot, while the FWM is
visible at the red and green spots and quenched at the blue spot. (c) Confocal laser-scanning microscope (CLSM) photoluminescence image (405
nm excitation) of perovskite flake in (a). (d) CLSM spectra at the three locations marked in (a).

2b), occupying a small portion on the bottom left and the
upper portion of the large flake in Figure 4a, are both the 525
and 650—785 nm emissions present. Figure 4c,d shows the
CLSM (405 nm surface-scanning excitation, 440—740 nm
collection) image of the perovskite flake and its surrounding
flakes and the photoluminescence (PL) spectra at the three
locations depicted in Figure 4a. The CLSM spectra also show a
stronger 485 nm peak, which corresponds to the band gap of
the 2D hybrid perovskite, than the 525 nm peak corresponding
to the edge MAPbBr; nanocrystals™ for the blue and green
spots. Similar to the results shown in Figure 4b, the CLSM
spectra in Figure 4d shows that the thin satellite flakes exhibit a
stronger PL emission than that of the thicker flake.

There has been an extensive debate in the literature
regarding the photocarrier dynamics in perovskites that
contribute to the quenching of the PL signal. Defects act as
traps and affect the diffusion and recombination processes of
photocarriers leading to nonradiative losses.’” It is known that
defects and grain boundaries exhibit faster nonradiative decay
and are associated with PL quenching.”> Due to the layered
and multigrain structural nature of the perovskite, the defects
in these solution-prepared perovskite crystals are not just
located at the surface. The thinner the sample, the more
uniform the crystals are and the fewer grain boundaries and
defects are in the crystal. Therefore, defects in the thicker
sample could contribute to the quenching of the PL signal.
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Photon reabsorption, or “photon recycling,” is another
process that reduces the apparent rate of radiative recombi-
nation by partially reabsorbing the photons generated by the
radiative recombination of the photocarriers (electrons and
holes).®* %" As the thickness of the perovskite increases, the
reabsorption of generated photons increases, which could
contribute to the decreases in TPL efficiency. The TPL peak
position (525 nm) from edge MAPbBr; indicates that the flake
has a band gap of 2.39 eV, which agrees with previous
reports.23

The 3D-LSM scan for sample thickness (Figure 2b) and the
FWM/TPA emission seen at the three locations depicted in
Figure 4 indicate that FWM signal intensity increases with
sample thickness, while the TPL intensity decreases as the
thickness increases. On the red spot in Figure 4a, with
measured thickness 8.7 ym, the FWM/TPL intensity ratio is
555, while on the blue spot (1.5 ym), the FWM/TPL ratio is
0.1. On the green spot (thickness 5.5 ym), where both FWM
and TPL are easily visible, the FWM/TPL intensity ratio is 1.7.

Single pulse excitation experiments were performed to
investigate the process behind the green and red emissions.
These were performed by simply blocking either of the two
pulse trains and measuring the resulting spectra. These are
shown in Figure S4. The green spot in Figure 4a was chosen
due to the easily visible presence of both the green and red
signals. From these measurements, it is evident that the green
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Figure S. Four-wave mixing (FWM) signal intensity dependence for (a) pump and (b) supercontinuum (SC) pulse energies at the green location
of the (BA),(MA),Pb;Bry, flake. The quadratic dependence of the FWM signal on the pump power corresponds to the process requiring two
pump photons, while the linear dependence on the SC power indicates that a single SC photon is used.

emission observed is TPL as the pump pulse is able to produce
the same emission although at a lower intensity.””' The
contribution from the supercontinuum pulse to the TPL
emission is small. However, the red emission is not observed in
either case where one of the two pulse trains are blocked,
showing that the red emission is not caused by TPA. With
either the pump or the SC only, the red emission is not there
(Figure S4).

With both pulse trains required to create the red emission
observed in Figure 4b, power dependence measurements were
taken to determine the number of photons of each pulse
required to make the red emission. In these measurements, the
power of one pulse train is kept constant, while the power of
the other pulse is modulated using a variable neutral-density
filter placed in its path. Temporal and spatial overlap were
optimized each time the variable neutral-density filter is
modulated to ensure maximum resultant signal. The results of
these power dependence measurements are shown in Figure S.
The pump power dependence measurement (Figure Sa)
revealed a quadratic dependence of the resultant signal on
the pump power, indicating that the process requires two
pump photons. On the other hand, modulation of the SC
power (Figure Sb) showed a linear power dependence,
indicating that a single SC photon is used in the process.
The fit for the SC power is not perfectly linear; this is most
likely due to the nonlinear nature of four-wave mixing, so linear
changes in SC power do not fully translate to linear changes in
FWM signal intensity. It can also be attributed to energy from
the pump pulse used to pump the PCF that produces the SC
that bleeds through and is allowed to continue along the SC
path. However, the quadratic component is small. This
confirms that the phenomenon creating the red emission is a
third-order FWM process.

B DISCUSSION

Based on the 3D-LSM measurements of the perovskite flake
thickness (Figure 2a) and the increased FWM to TPL intensity
ratio of the red region in Figure 4b, both the TPA and the
FWM processes are affected by the thickness of the flake. The
quenching of the TPL process as the thickness of the material
increases has been previously attributed to the increased
presence of defects within the sample.”****’ The presence of
these defect sites introduces intermediary energy levels
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between the valence and conduction bands. As a result,
when the incident pulses excite an electron from the valence to
the conduction band, the rate of nonradiative recombination
into these defect states increases. Thus, the characteristic
excitonic emission is quenched for thicker samples. As
mentioned above, photon reabsorption could also contribute
to the quenching of the TPL signal.

In addition to the quenching of the TPA process, our results
show that the increased presence of the defects in thicker
perovskite samples can lead to increased FWM signal at these
defect energy levels. In NR-FWM, the energy difference o, —
@, corresponds to a virtual state; the lifetime of these virtual
states is much shorter than that of a vibrational mode (i.e.,
Raman) or an excitonic resonance (i.e.,, TPA) that is intrinsic
to the sample, whereas the relative lifetime of photo-
luminescence groduced by a defect state is on the order of
nanoseconds.””™>* In contrast, the lifetime of a virtual state
during NR-FWM generally falls on the order of picoseconds.”®
In a thin sample, the presence of a defect site within the laser
path is low. As a result, the efficiency of the FWM process at
defect peak locations within a thin organometallic perovskite
flake is low. However, as the thickness and the number of
defects present within the illuminated portion of the sample
increases, the frequency difference between the pump and SC
pulses becomes resonant with one of the defect states, resulting
in a longer-lived excitation. Therefore, the FWM process is
enhanced as more charge carriers are available at the defect
energy level (Figure 1) within the optical path. In the presence
of a defect energy level, either the energy difference between
the pump and SC photons @, — @, or the sum frequency 2w,
— , is resonant with the trap state. The extended lifetime of
the defect levels allows for further interaction with an
additional photon, resulting in FWM peaks at the defect
energy levels. Furthermore, as the SC pulse is a broadband
pulse, multiple defect energy levels can be excited, allowing for
the determination of multiple defect states with a single
measurement as evidenced by the multiple peaks in the red
emission seen in the red region of Figure 2b.

Thin film interference, where internal reflections within the
flake can cause variations in the spectrum of the SC pulse, was
ruled out by comparing the overall shape of the FWM spectra
obtained at different locations on the flake but within the same
thickness regime. In thin film interference, the layered
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structure of the perovskite flake can make the flake be viewed
as multiple flakes of intermediate size stacked together, which
would cause varying interference rates depending on the
wavelength of the SC pulse. These interference effects would
then cause large shifts in the shape of the overall resultant
spectra even through small translations of the focal point on
the flake. However, on examination of the resultant spectra
shown in Figure 4b and Figure S2b on the red region with
thicknesses of 8—9 um in Figure 2a, the peak locations within
the FWM region stay constant while the underlying back-
ground changes drastically. This rules out the possibility that
the peaks in the FWM signal are caused by nonresonant FWM
due to thin film interference, and instead, the FWM signal is
dependent on the intrinsic characteristics of the perovskite
flake.

The binding energy of the defect levels present in the sample
can be simply derived by calculating the difference in energy
between the incident pump pulse (800 nm, 1.55 eV) and the
resultant emission spectrum. From the spectra obtained in the
red region of Figure 2, the observed peaks are shown to be
located at 675 (1.84 eV), 690 (1.80 eV), 720 (1.72 eV), 730
(1.70 eV), and 740 (1.68 eV) nm. In the proposed FWM
scheme, the energy values of these defect states would be 0.29,
0.25, 0.17, 0.15, and 0.13 eV above the valence band or below
the conduction band as FWM measures the energy difference.
Various donor and acceptor defect levels have been calculated
through DFT calculations on the band structure of the
perovskite with the presence of defects.’”***® Based on
previous DFT calculations of MAPbBr; conducted by
Mannodi-Kanakkithodi et al., Shi et al., and Motti et al., the
defect energy levels observed in this experiment would
correspond to deep defects located in the band between the
valence and conduction bands.’>**** Table 1 lists the possible

Table 1. Measured Defect State Energies and Possible
Defects in (BA),(MA),Pb;Br,,

Wavelength  Measured Energy Possible Defect Source

675 nm 029 eV Br,(+/=),” Pby(+/2+),> Pby(+/0)*
690 nm 025 eV Vi (0/2-), Vpy(=/2-)*°

720 nm 0.17 eV Vpu(—/2-)**

730 nm 0.15 eV Bry (0/-),% Vg, (0/=)*

740 nm 0.13 eV Vpa(0/-),3%%% Bry(0/-)**

defects within the crystal structure that would create these
calculated defect levels. Of these potential defects, the most
stable in terms of formation energy are written in bold.
Because the energy values correspond so closely to those
calculated by previous DFT calculations, the defects seen are
most likely attributed to defects in the MAPbBr; structure
instead of the more stable BAPbBr, structure.”

The peaks observed at the defect energy levels in the FWM
spectra can possibly be attributed to Fabry—Perot resonance
due to the layered nature of the perovskite flake. However, due
to the fact that spacing between Fabry—Perot peaks scales with
the thickness of the material, the spacing between peaks within
the FWM regime in Figure 4b would vary by up to 58% instead
of staying constant as was observed (see the Supporting
Information). However, our results show the spacing is
between the observed peaks is nearly identical between the
red and green locations, showing that these peaks are resultant
from an intrinsic property of the material (i.e., defects in crystal
structure) instead of macroscopic geometric sources.

Dark excitonic transitions describe excitonic transitions that
are spatially direct but normally optically forbidden due to a
required spin state transition or momentum transfer. They are
a possible source of the peaks in the FWM signal. These dark
excitonic transitions are strongly coupled to the optically
allowed transitions, allowing them to be observed via FWM
schemes. For example, Tollerud et al. were able to characterize
dark excitons within the InGaAs/GaAs quantum wells using a
coherent multidimensional spectroscopy (CMDS), a type of
FWM spectroscopy.’’ However, CMDS generally utilizes three
separate pulses in order to vary the time delays between the
first and second pulses as well as the delay between the second
and third pulses. As our experimental setup utilizes a
degenerate four-wave mixing scheme with only two separate
pulses, it is unlikely that our FWM results are correlated to the
dark excitons.

The defects within the crystals could have been formed
either during synthesis or the experimental procedure.
Solution-processed hybrid perovskites are known to exhibit
heterogeneity among the grains.””®> Lead halide perovskites
have been found to be susceptible to thermal damage over
time.'"'>”'~7 2D hybrid perovskites have also been found to
degrade back to the 3D perovskite, which can lead to trapped
states.”” Perovskites are also sensitive to humidity in the
surrounding environment, which can further lead to defect
formation."*'>7*

This method, to our knowledge, is the first to correlate the
defect energy levels with the FWM signal produced. This
method is capable of measuring the defect levels of a bulk
semiconductor while avoiding the high linear absorption that
comes with the increased layer count. FWM processes
generally scale with sample thickness, making it more suitable
for analysis of bulk crystals. Also, by utilizing two laser pulses,
both with photon energies lower than the characteristic band
gap energy, the induced photoluminescence at the bandgap
that can disturb nearby defect level measurements is separated
from the FWM emission created by the defect levels.
Previously, defect level measurement using laser pulses was
limited to low-temperature studies such as those performed by
Zazvorka et al. on CdTe” and by Guo et al. and Zhang et al.
on perovskites.”® This method can obtain the defect levels at
room temperature by coherently exciting molecules into the
defect state and obtaining the defect levels before thermal
excitation of the electrons out of the defect states can occur.>

Bl CONCLUSIONS

The relation between the thickness of an organometallic
perovskite flake, the increased number of defects within the
flake, and the ratio between the TPL and FWM signal
intensities are measured using temporal and spatially-over-
lapped pulses—one narrowband pulse at 800 nm and one
broadband SC pulse with wavelength 800—1100 nm. As the
thickness of the flake increases, the TPA process is inhibited by
the increased number of defect states within the flake that
allow for nonradiative recombination of electron—hole pairs
that are excited by the incident pulses. However, the increased
number of defects creates real energy levels that are resonant
with the pump—SC energy difference w, — @,, resulting in
longer-lived states. The longer carrier lifetimes result in an
increased number of electrons in these decay states, resulting
in an increased FWM signal as the thickness of the flake
increases. This FWM scheme can be used to identify defect
energy levels within a semiconductor by using two pulses that
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are of lower energy than the characteristic band gap, resulting
in lower thermal absorption and, thus, thermal decomposition
of the sample.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c14092.

X-ray diffraction data from the perovskite flake; energy-
dispersive spectroscopy of the perovskite flake, along
with the calculated elemental composition of the flake;
TPL and FWM measurements on additional locations
on the perovskite flake, as well as an additional
perovskite flake; single-pulse measurements on the
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