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Halide Perovskite Excitonic Diffraction Grating

Mariia P. Mamaeva,* Maksim S. Lozhkin, Anna V. Shurukhina, Boris V. Stroganov,

Alexei V. Emeline, and Yury V. Kapitonov

Resonant diffractive optical elements can be used to create the desired spatial
and angular distribution of scattered light in a narrow wavelength range.
Exciton resonance could help to make such elements active. Here an exciton
diffraction grating made from fully inorganic CsPbBr; halide perovskite is
demonstrated. Spatial modulation of excitonic properties of the single crystal
is achieved using local defect formation by 30 keV Ga* focused ion irradiation
with low irradiation dose 10" cm=2. Such a low dose prevents the appearance
of non-resonant diffraction since no sample milling occurs. The observed
diffraction reflex has a maximum efficiency of 2.3 X 1073 at the free exciton
resonance and 1.7 meV spectral width. The temperature, angular, and spectral
properties of resonant diffraction are studied. The possibility of creating
exciton diffraction gratings based on halide perovskites is one more confirma-
tion of their applicability as a new material for information photonics.

1. Introduction

Light is considered a carrier of information in the information
photonics. To process information in a purely optical way, active
elements are needed. The material excitations in them must
effectively interact with light, and be nonlinear and resonant.
Excitons, which are a bound state of an electron and a hole, as
well as various exciton complexes, are suitable for this role in
direct-gap semiconductors.

The coherent response from an ensemble of excitons could
be demonstrated in the reflection of light from a flat or semi-
infinite ensemble—an excitonic mirror."? Excitons are excited
when a plane monochromatic wave with the energy E equal
to the exciton resonance energy E.. is incident on such an
ensemble. Each exciton re-emits light with a phase determined
by the phase of the incident wave. The interdependency of the
emission phases of individual excitons makes it possible to
form coherent transmitted and reflected plane waves. Such a
response will be resonant since it will vanish as the light energy
is detuned from the exciton resonance. The spectral width of
the reflectivity will be determined by the exciton ensemble
radiative width (which is proportional to the exciton oscillator
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strength), homogeneous, and inhomoge-
neous broadenings. The study of reflec-
tion spectra is somewhat complicated due
to the presence of non-resonant reflection
from the sample surface. The Brewster
geometry could be used to suppress this
non-resonant background.?!

The spatial modulation of exciton
optical properties could be used to
control the spatial-angular properties of
the coherent response of the ensemble.
The simplest example of such modula-
tion is the excitonic diffraction grating.[*”]
Such modulation leads to the formation of
diffraction reflexes and could be used to
control the light propagation direction.
These reflexes are also resonant, and non-
resonant background is not observed in
their spectra since only excitonic prop-
erties are modulated. Another example of control of the light
propagation direction is the reflection from an ensemble with
the gradient of the exciton resonance energy.l®l All these exam-
ples could be grouped under the term excitonic diffractive
optical elements (DOEs). Finally, the random modulation will
lead to the resonant Rayleigh scattering.

To create excitonic DOEs, local modulation of exciton prop-
erties is required on a scale close to the wavelength of light.
The readily-accessible approach is the modulation of the inho-
mogeneous broadening since it depends on the crystal imper-
fections and could be modulated by the local introduction of
defects. We have proposed two methods for the local defect
formation for “classic” GaAs-based structures: epitaxial growth
on a substrate preliminary irradiated by focused ion beams
(FIB)™ and ion irradiation of samples after epitaxial growth.[®!
In both cases, periodic modulation of the inhomogeneous
broadening of exciton resonances in the quantum well made it
possible to create an exciton diffraction grating with the optical
properties described above.

Halide perovskites recently have attracted attention as semi-
conductor materials for photovoltaics,” light-emitting diodes,!"!
and microlasers.'™ Wannier-Mott excitons with binding
energies of tens of meV were observed in three-dimensional
halide perovskites.'™] Restricting the movement of exci-
tons in low-dimensional perovskite-like compounds makes it
possible to obtain binding energies of hundreds of meV.[2%-2!
Halide perovskites are considered promising nonlinear optical
materials.?Zl Photon echo has been observed in halide perov-
skites.[3-25] All of the above, as well as the simple liquid-phase
synthesis and the ability to adjust the band gap in the entire
visible range by anion substitution, make the family of halide
perovskites proper for information photonics applications.

© 2022 Wiley-VCH GmbH
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To create an excitonic DOE based on halide perovskites, it
is also possible to use FIB. The milling of halide perovskites
by ion beams is well-studied.l?*%”] However, to create resonant
DOEgs, it is necessary to use doses well below the milling dose
10 cm™™. Irradiation of CsPbBr; and MAPDLI; (MA* = CH;NHj3)
halide perovskites with such doses of 30 keV Ga* or He" ions
leads to the formation of defect serving as radiative recombi-
nation centers.?$3% The irradiation with meV ion beams leads
to the increase in the emission of MAPbBr;.2Y Such behavior
could be explained by the well-known defect tolerance of these
materials®?l which gives hope for the possibility of careful
modulation of excitonic properties by FIB.

In this work, we demonstrate the simplest excitonic DOE,
excitonic diffraction grating, made by irradiation of CsPbBr;
halide perovskite with the 30 keV Ga® FIB. The irradiation
doses are well below the doses required for sample milling.
Due to this, a local periodic modulation of exclusively excitonic
properties was made and a directed spectrally narrow diffrac-
tion reflex emerges.

2. Results and Discussion

An excitonic diffraction grating is a periodic set of stripes
with different excitonic properties. When light falls on such a
structure with a resonant wavelength, excitons are excited. The
resulting macroscopic polarization leads to the appearance of
the secondary electrical field in the form of reflected and trans-
mitted waves, and also additional diffracted plane waves due
to the periodical spatial modulation of the exciton ensemble.
The diffraction disappears away from the excitonic resonance.
To create such a resonant diffraction grating, it is necessary
to choose a material with pronounced exciton properties, and
spatially modulate these properties by some method. In this
work, three-dimensional halide perovskite CsPbBr; was chosen
as such a material, and broadening of exciton resonances due
to ion-irradiation-induced defect formation was chosen as a
modulation method.

In order to create excitonic DOE single crystals of fully
inorganic halide perovskite CsPbBr; were grown from a solu-
tion of salts in HBr (see Experimental Section). The size of the
crystals was several mm (Figure S1, Supporting Information).
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Modulation of excitonic properties was made by the irradiation
of the sample with 30 keV Ga* ions with the dose 10%* cm™.
This dose is two orders of magnitude less than the dose leading
to the sample milling.’%3! Thus, irradiation led only to local
implantation and defect formation.

The spatial resolution of the irradiation could be estimated
from the Monte Carlo simulation. Figure 1b shows the simu-
lated vacancies generation yield in CsPbBr; crystal irradiated
with the 30 keV Ga* ions. Around 600 vacancies per implanted
ion were generated according to the simulation. In Figure S2,
Supporting Information the convolution of the simulated
distribution with the step function is shown. It can be seen that
the theoretical resolution is sub-wavelength for the visible light.

The patterns irradiated on the sample were 100 x 100 um
areas filled with stripes with L =5 um period and 2.5 um width.
In Figure 1, a scanning electron microscopy (SEM) image of an
irradiated area is shown in the material contrast mode using
the in-lens detector. It can be seen that the irradiation leads to
the contrast change, with irradiated areas appearing brighter.
Such contrast corresponds to heavier and denser elements and
could be explained by the removal of absorbed molecules and
synthesis residuals. The sample relief did not change.

For optical studies, the sample was kept in a cryostat
at temperature T = 4 K. Ion irradiation with such doses does
not significantly quench the photoluminescence (PL) signal but
leads to the appearance of a long-wavelength defect-related
tail.28l Thus, for energies well below the exciton resonance PL
signal increases. This effect could be used for the visualization
of irradiated areas. Figure 1c—e shows PL maps of the grating
(Figure 1f). In Figure 1c a PL map without filtering shows a
slight decrease of the PL intensity in the irradiated area. In the
case of E < 2.21 eV filter (Figure 1d) irradiated and other defect
areas looks brighter. Finally for E < 2.14 eV filter (Figure 1le) the
irradiated grating is the most bright object. Grating stripes are
visible in filtered PL maps.

To determine the spectral position of the exciton resonance,
the reflection spectrum from the sample was measured.
Figure 2b shows the normal reflection spectrum K, = L

0
from the non-irradiated part of the sample, where I, and Iy are

incident and reflected intensities correspondingly. The main
observable feature, that is, the state with the highest oscil-
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Figure 1. a) lon beam irradiation of the CsPbBr; sample (colorized SEM image). The magnified area shows the SEM image of the irradiated grating.
b) Vacancies generation yield V for the 30 keV Ga* irradiation of CsPbBr;. c—e) PL maps of the grating without filter (c) and with E < 2.21 eV (d) and
E <214 eV (e) filters. f) Irradiation scheme of the grating, black areas were irradiated.
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Figure 2. a) Optical experiment scheme: a full spectrum of light is reflected from the sample close to normal geometry and only a spectrally narrow
part is diffracted from the grating (angles are shown not to scale). Iy, Iy, and Ip are incident, reflection, and diffraction intensities. b) Reflectivity and
c) diffraction efficiency spectra for T =4 K. d—g) Angular distribution of k = 9 diffraction reflex at different temperatures for the normal incident light
with E =2.33 eV. h) Temperature dependency of the diffraction efficiency for incident light with E=2.33 eV (green) and E =2.36 eV (blue). Dots denote

temperatures corresponding to angular distributions (d)—(g).

lator strength, is the free exciton resonancel'’*!%l with energy

Eeye = 2.3 eV. The ion irradiation leads to the periodic spatial
modulation of excitonic properties. [llumination of the modu-
lated area with light close to the exciton resonance (E = E.)
results in the formation of new coherent response—a diffrac-
tion reflex (Figure 2a). The unique feature of this response is
the absence of non-resonant diffraction due to the absence of
the sample relief modulation.
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Figure 3. Temperature dependencies of a) reflectivity Kz and b) diffrac-
tion efficiency Kp spectra.
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For normal incidence, the diffraction angle for the kth

exc

diffraction maximum will be o = arcsin , where A is

the exciton resonance wavelength. Cryostat geometry makes
it possible to observe the k = 9 diffraction reflex with « = 77°.
To find the diffraction reflex, the grating was illuminated by
a plane wavefront of cw-laser with energy E = 2.33 eV along
the normal direction. Since this energy is close to the exciton
energy, we were able to observe a distinct diffraction reflex. The
angular width of the reflex was =1° (Figure 2d—g).

A more precise adjustment of the excitation to the exciton
resonance can be done by tuning the latter by varying the
sample temperature. Figure 2h shows the temperature depend-

ency of the diffraction efficiency K, =I—D, where I, is the

diffracted light intensity. The diffraction efficiency reaches
its maximum at T = 14 K, and the angular distribution of
diffraction does not depend on temperature (Figure 2d—g). The
same behavior was observed for a laser with a higher energy
E = 2.36 eV with maximum diffraction efficiency at higher
temperature T = 92 K. The higher resonant temperature for a
higher energy laser is due to the fact that in halide perovskites
the band gap increases with temperature. This also could be
seen in the temperature dependence of the reflection spectrum
Kg(T) in Figure 3a.

Identification of the direction of the diffraction reflex made
it possible to measure the full diffraction spectrum Kp(E). In
Figure 2c the diffraction spectrum is shown for T = 4 K. The
free exciton resonance dominates this spectrum. The level of
background non-resonant signal is less than 107 and is asso-
ciated with scattering on a non-ideal sample surface since it
is observed not only in the direction of diffraction. Thus, the
observed spectrum fully corresponds to the concept of resonant
diffraction. Temperature dependency of diffraction spectrum
(Figure 3b) shows that resonant diffraction is quite distinguish-
able at temperatures of 120 K and even above (see blue curve
in Figure 2h). Several weaker resonant features are observed
in diffraction spectra at energies above the exciton resonance.

© 2022 Wiley-VCH GmbH
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The fitting allows us to isolate these features (Figure S4a,
Supporting Information). The study of these states is beyond
the scope of this work, but they are presumably related to the
excited states of the exciton with temperature-independent
splittings of 5 meV scale (Figure S4d, Supporting Information).

3. Conclusion

In this work, we have demonstrated an exciton diffraction
grating based on a single crystal of a fully inorganic halide
perovskite CsPbBr;. Such grating is an example of the simplest
resonant DOE. For spatial modulation of exciton properties
without changing the relief of the sample, we used irradiation
with a focused 30 keV Ga* ion beam with a dose two orders of
magnitude lower than the milling dose. The simulation shows
that such a method could be used to create defective regions
with a subwavelength spatial resolution. A grating with 5 pm
period made it possible to observe a narrow and directed
diffraction reflex due to the spatial modulation of the prop-
erties of free excitons and higher energy states. The total
spectral width of free excitons diffraction was 1.7 meV, and
the maximum diffraction efficiency reached 2.3 x1073. Halide
perovskite exciton DOEs will make it possible to create active
elements for information photonics with simple synthesis,
efficient interaction with light, and nonlinear properties.

4. Experimental Section

Synthesis and Characterization: CsPbBr; halide perovskite single
crystals were grown from a solution using concentrated acid: 0.6 g
(2.8 mmol) of CsBr and 1.03 g (2.8 mmol) of PbBr, were dissolved in
10 mL of concentrated hydrobromic acid HBr. The solution was left
at room temperature for 16 h until single crystals were obtained. The
resulting crystals were filtered, washed with ethanol, and stored in a dry
atmosphere. The formation of the single CsPbBr; perovskite phase was
confirmed by X-ray diffraction (Figure S5, Supporting Information).

lon Beam Irradiation: CsPbBr; single crystals were irradiated by
30 keV Ga* ions at room temperature in the Zeiss Crossbeam 1540XB
workstation combining a scanning electron microscope and a FIB
column. For controlled exposure, an external scan generator Raith
ELPHY Plus and an electrostatic beam blanker were used. The irradiated
pattern was an array of 20 stripes with 2.5 x 100 um size and 2.5 um gaps
between stripes (Figure 1f). Thus, diffraction gratings with a period of
5 um (200 mm™) and 100 x 100 um size were fabricated. Stripes were
irradiated by ion dose 10" cm™2. The ion beam was focused in the 20 nm
spot. The 200 pA ion beam current was used. The same workstation was
used for SEM images captured in the material contrast mode (InLens
detector).

lon-Sample Interaction Modeling: To simulate ion scattering and
defect formation, the Monte Carlo method implemented in the SRIM
2013 program®¥ was used. Modeling by this method does not take into
account the crystal structure of the material and ion channeling. A beam
of 30 keV Ga* ions (68.93 amu) hitting the 200 nm-thick CsPbBr; target
normal to the surface, was modeled. The density of the material was
taken to be 4.856 g cm .34 The target consisted of 20% Cs (132.91 amu),
20% Pb (207.19 amu), and 60% Br (79.904 amu). For all elements, the
lattice binding energy was set to 3 eV and the displacement energy was
25 eV. Detailed calculations with full damage cascades were performed
for 10° incident ions. Sputtering effects were not considered. Based on
the simulations, the vacancy generation yields V(z) (vacancies/(A- ion))
for Cs, Pb, and Br atoms at a given target depth z were obtained.
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Multiplying this value by the layer thickness and the irradiation dose
provides the vacancy density in the layer at the given depth. Nuclear
energy loss predicted by the method used in [reference srim above] is
780 eV nm~". The corresponding projected range of Ga* ions is 24 nm.

Optical Study:For optical research, the crystal was mounted in a
Montana Instruments closed-cycle helium cryostat and cooled down to
T =4 K. PL mapping was carried out by the illumination of the sample
by a 450 nm cw-laser and collecting PL by a color CMOS camera with
different long pass filters. To measure the reflectivity and diffraction
efficiency spectra, a green LED was used as a source. Using a telescope
with a diaphragm at the focus, a parallel beam was made that fell on
the sample. A spectrometer with a CCD detector was used to capture
spectra. To visualize the diffraction reflex, 532 and 525 nm lasers
were used.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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