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Strain and Optoelectronic Tuning in Mixed-Halide

Perovskites with lon Irradiation

Subodh K. Gautam,* Minjin Kim, Bernard Geffroy, Milo Boirot, Vincent L. R. Jacques,

and Olivier Plantevin*

Defects usually behave as imperfections in materials that significantly
degrade their performance. However, the unusual optoelectronic performance
in metal halide perovskites in the presence of defects opens the way for strain
and optoelectronic properties tailoring with ion irradiation. Defects and strain
engineering is performed in triple-cation mixed halide perovskites using
proton irradiation at 1 MeV and different fluences. At intermediate fluence,
the initial polycrystalline film compressive strain (—0.15%) can be released,
improving exciton lifetimes from about 500 ns to 1 ps. In contrast, high
irradiation fluence is shown to restore compressive strain leading to sample
degradation, with lower lifetime values (~200 ns). Also, the phase segregation
occurring under light illumination between bromine-rich and iodine-rich
regions is shown to be defects-mediated as the segregation rate increases by
a factor of four for high proton irradiation fluence. The irradiation defects are
revealed with low-temperature photoluminescence (PL) through bound

and brighter luminescence than inorganic
semiconductors together with high ambipo-
lar mobilities, about few tens cm? V! 57!
for mixed-halide perovskites,!!?] several or-
ders of magnitude larger than in or-
ganic semiconductors. The most frequently
used material in high-performing per-
ovskite solar cells is methylammonium
lead tri-iodide (CH,NH,Pbl,, referred to
as MAPDI;) which has a tetragonal struc-
ture at room temperature. This mate-
rial undergoes two structural phase tran-
sitions as a function of increasing tem-
perature: from orthorhombic to tetragonal
at 160 K and from tetragonal to cubic at
about 310 K.BI The material is generally
synthesized at temperatures about 350 K

exciton radiative recombination mechanisms. The PL temperature
dependence gives some insight into electron—phonon coupling mechanism

and their modification with ion irradiation.

1. Introduction

Hybrid organic-inorganic perovskites have become one of the
most promising low-cost alternatives to traditional semiconduc-
tors in photovoltaics and light-emitting devices. It combines both
attractive features of organic and inorganic materials within a sin-
gle composite, for instance, with more robust excitonic properties
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in the cubic phase, and must reorganize
when crossing the structural phase tran-
sition to stabilize in the tetragonal phase
at room temperature. This phase is thus
composed of several domains, given the
three variants being equally probable, that
might introduce many atomic and extended
defects. This presence of many defects
within the perovskite materials is thus of primary interest to get
a complete understanding of their electronic properties.[*l Theo-
retical calculations revealed that the electronic properties of metal
halide perovskites (MHP) are tolerant to defects because the in-
trinsic point defects and grain boundaries do not generate in-gap
states.[’] Also, it was predicted that the electronic conductivity of
perovskite could be tuned between p-type and n-type by control-
ling growth conditions. This self-doping effect in CH,NH,Pbl,
was then reported and found to be either n- or p-type by chang-
ing the ratio of methylammonium halide (MAI) and lead iodide
(PbL,), which are the two precursors for perovskite formation.!®!
The n-type doping was associated with iodine vacancies, having
the lowest formation energy, while the p-type behavior was as-
sociated with Pb vacancies. Regarding the optoelectronic prop-
erties, it was recently shown that the defects behave in an un-
usual way in MHP, acting primarily as trapping and release cen-
ters without non-radiative recombination, resulting in efficient
photoconversion and charge transport properties./’! However, de-
fect tolerance and defect passivation has become a challenge to
improve efficiencies in the frame of photovoltaic devices!®! and
was shown to be a foreground issue to understand hybrid per-
ovskite materials'®! in particular regarding their impact on car-
rier recombination, charge transport and limitations in power
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conversion efficiencies in solar cell devices.[1*!!] Defects are usu-
ally regarded as imperfections in semiconductor materials that
could significantly degrade their performance. However, control-
ling their formation may be beneficial to generate novel proper-
ties and tailor their properties for device applications. Further-
more, perovskite films also exhibit some degree of lattice strain,
affecting their structural stability and optoelectronic properties,
though it is still under debate how the strain, affects the carrier
recombination process and other optoelectronic properties.!12-14]
Here, we carry out defect engineering applied to mixed-halide hy-
brid organic—inorganic perovskites using ion irradiation to intro-
duce point defects in a controlled manner. We show that irradia-
tion defects influence thin film strain, optoelectronic properties,
and phase segregation dynamics.

To date, various combinations and ratios of monovalent or-
ganic and inorganic cations (formamidinium FA, methylammo-
nium MA, and cesium Cs) and halides (I and Br) have been
optimized for the band gap tuning as a means of improving
the efficiency and stability of perovskite solar cells.['>"18] There-
fore, multiple-cation mixed-halide (Cs, FA, MA)Pb(I, Br), per-
ovskite materials possess excellent properties with improved per-
formance of photovoltaic devices. In the present study we will
focus on such triple-cation-based hybrid perovskite films with
a composition (MAg1;FAj g3)0.95CS0.05 Pb(lo,83BT017)3."*) We will
quote TC-MHP for triple cation-mixed halide perovskites. Unfor-
tunately, being optimized for better quality,'> these mixed halide
perovskites exhibit unwanted structural instabilities under con-
tinuous light irradiation. As initially reported, MAPb(I, _ Br,),
undergoes reversible halide phase segregation under light illu-
mination into separate I- and Br-rich domains within the par-
ent phase.’ In recent years, it was reported that the light-
induced phase segregation process in MAPb(I, _,Br,); and
CsPb(I, _ ,Br,), perovskites is mainly related to the migration of
iodine ions that segregate into iodine-rich clusters. Radiative re-
combinations are prone to occur in these iodine-rich clusters that
show a lower energy band gap than the matrix.[22!] Interestingly,
as these clusters are enriched with iodine under illumination,
their local iodine vacancy concentration is lowered. At the same
time, the associated radiative recombination also shows an in-
creased lifetime from about 0.8 to 4 us.[?!] Point defects affect
the photo-induced halide mobility in MHP, which is one of to-
day’s challenges for improved stability in opto-electronic devices.
In this work, 1 MeV proton irradiation has been used as a tool to
tune the defect density in perovskite films in a controlled manner.
The present study will help to understand better the light-induced
phase separation phenomenon in TC-MHP films and the rela-
tionship between these mechanisms and native or irradiation-
based point defects together with thin film strain.

2. Irradiation Effect on Mixed-Halide Perovskite

2.1. lon Irradiation

We have introduced on purpose different defect concentra-
tions into TC-MHP polycrystalline thin films, of composition
(MA, 17F Ay 3)0.95C80.0s Pb(Ig.83 B0 1) 3, with proton irradiation at 1
MeV and different fluences from 10" cm=2 to 5 x 10" cm~2. Con-
trary to usual semiconductors, where irradiation defects quench
the luminescence very efficiently, it was already observed that
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hybrid perovskite samples, both in single crystals and polycrys-
talline thin films, present high radiation hardness under Helium
ion irradiation using low energy at 30 keVI?2l or proton irradiation
at 50 keV.[?] We estimated, for instance, that these compounds
were about 10° times more radiation-hard than crystalline silicon.
At 30 keV and fluences from 10'* to 10'® cm™2, only short life-
times are impacted by the non-radiative decay paths introduced
through ion irradiation. However, at higher fluence (2 x 10'°
cm?), lifetime decreases more drastically. At higher energy, from
1 to 10 MeV, perovskite solar cells show good robustness up to
10 protons cm™2, depending on the nature of the hole transport-
ing layer used for the device.**! In the case of high energy proton
(68 MeV), the radiation hardness of solar cells was evidenced up
to fluences in the 10'? to 10'* cm™2 range.”! It was also shown
that such high energy irradiation (at 68 MeV and 10** cm~2) could
lead to solar cell device improvement through an increase in open
circuit voltage, fill factor, and recombination lifetime of photo-
generated charge carriers.[?°] A 100% relative increase for PL de-
cay time was reported after irradiation at 68 MeV and 2 x 10'?
cm™2, for both devices and thin films, while the irradiation at 20
MeV for the same fluence did show almost no change.?” More
insights were given for (perovskite/CIGS) tandem solar cells that
could be used for space applications with good radiation hardness
up to 2 x 102 cm=2.128)

According to SRIM simulation results (see Figure S1, Support-
ing Information), the irradiation with 1 MeV protons leads to the
formation of about 0.1 vacancies per incident ion along the ion
beam trajectory within the thickness of our samples (about 400
nm), which is rather low as compared to 30 keV helium ion irradi-
ation used in a previous study with about five vacancies per inci-
dent ion along the ion beam trajectory.[?2?°! The projected range
at 1 MeV is about 17 um compared to 340 nm at 30 keV. At 30
keV, most irradiation particles stop in the material, thus creat-
ing a high number of end-of-range defects. The simulation evi-
dence that the nuclear energy deposition (ballistic collisions) is
about hundred times lower at 1 MeV compared to 30 keV within
the thickness of the perovskite material for a given fluence. In-
terestingly we can also observe that the ratio between electronic
energy loss and nuclear energy loss is about one thousand at 1
MeV as compared to two hundred at 30 keV, as discussed in the
Section S2, Supporting Information.

2.2. Optoelectronic Properties

The effect of proton irradiation on the optical absorbance and
PL emission of TC-MHP films was investigated, as represented
in Figure 1a. The optical absorption spectra of pristine and irra-
diated films at significative irradiation fluences (10'* cm~2 and
5 X 10%° cm~2) are shown. All spectra show high absorbance of
perovskite films for energies higher than 1.62 eV and exhibit a
high absorbance coefficient of ~#10* cm™!. UV-vis spectra show
relatively sharp near band edge absorption for a pristine film
with direct band gap E, ~ 1.624 eV, obtained from a classical
Tauc analysis (see inset figure). The bandgap remains stable at
this value after irradiation with moderate fluence up to 5 x 10
cm~2. However, a significant blue shift is observed at higher flu-
ence along with bending in the absorption band edge. An in-
crease in the optical bandgap of #12 meV is observed with the
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Figure 1. a) Photoluminescence spectra of triple-cation mixed-halide per-
ovskite film as a function of proton irradiation fluence. Inset in (a) shows
the UV-vis absorption data represented as (ahv)? as a function of energy
for the pristine and irradiated (5 x 10" cm~2) film. The dotted lines corre-
spond to the Tauc plot analysis and the intercepts with the abscissa line is
giving the bandgap values. b) Photoluminescence decay spectra of irradi-
ated films at different fluences. Inset of (b): Average lifetime as a function
of fluence extracted from the fits of PL decay curves.

highest fluence. The PL spectra of the TC-MHP films show a
slight increase in PL intensity after irradiation in the range from
10 em~ to 5 X 10 cm~ with no noticeable shift or broaden-
ing. A slight increase of PL intensity after irradiation at high en-
ergy and low fluence was also reported in a previous work.[28] At
higher fluences, from 10" cm™2 to 5 x 10'° cm™2, the PL inten-
sity shows a relative decrease as compared to the pristine film.
Consistent with the band gap modification observed with opti-
cal absorption, the PL emission peak also shows a significant
shift (%15 meV) to higher energy along with spectrum broad-
ening. This broadening might be associated with several near-
band-edge electronic defect levels associated with the high den-
sity of point defects and defect clusters created at high irradiation
fluence. To understand the role of defect concentration on car-
rier dynamics, we have recorded the time-resolved PL decays of
proton irradiated TC-MHP films at different fluences. Figure 1b
shows normalized PL-decay spectra fitted with a double expo-
nential decay fit, and the inset figure represents the calculated
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average PL lifetimes versus irradiation fluence. The lifetime is
shown to increase from 478 ns to ~1 ps after irradiation at mod-
erate fluence from 10" to 5x 10 cm=2 and then decrease to
190 ns at the highest fluence of 5 x 10" cm™2. We will further
discuss this behavior in the next section in light of the struc-
tural changes. It is well known that trap-mediated recombina-
tion processes, previously known as Shockley—Read-Hall (SRH)
recombination, dominate under low-carrier density and saturate
after the free charge carrier density gets above ~#10"® cm= when
band-to band bimolecular processes start dominating.***!l In
this work, PL decay measurements were carried out using low-
power (6 pW) excitation source with a repetition rate of 100
kHz. The initial carrier density is estimated ~4.45 x 10 cm~3
with assuming that every incident photon generates a charge car-
rier. Pristine films follow a mono-exponential decay, which sug-
gests that trap-mediated monomolecular recombination process
(Shockley—Read-Hall) dominate the overall carrier dynamics and
higher order recombination processes are negligible. The param-
eter values which return the best fit of PL decay curves are shown
in Table S2, Supporting Information. The Shockley—Read—Hall
rate constant (Rgp;) constant values are extracted from the long
PL decay components of pristine and irradiated films. The Rgpy,
is calculated and inversely follows the carrier lifetime at different
fluences. For the pristine film the Rgg,,; constant is ~-1.8 x 10°
s~ which decreases to ~8.3 X 10° s7! for an irradiation fluence
of 10 cm™2. The decrease in Rgyyy value confirms that the trap
density reduces after irradiation with moderate fluence. How-
ever, it increases to &3 X 10° s~! at the highest fluence of 5 x 10
cm2, above the initial value. The calculated Ry, for the pristine
film agrees well with values reported for comparable perovskite
compositions.**) Furthermore, a fast-initial photoluminescence
decay component evolves at higher irradiation fluences in the
range 5 X 10 cm™2-5 X 10'> cm~2 when the irradiation defect
density increases. This short decay reveals the rapid localization
of free charge carriers in unoccupied high-density trap states, re-
sulting in the reduction of the overall average carrier lifetime.

2.3. Thin Film Strain Modification with lon Irradiation

The structural properties of pristine and irradiated films are stud-
ied by X-ray diffraction in Bragg—Brentano geometry. The diffrac-
tograms are represented in Figure 2. The TC-MHP films show
polycrystalline nature due to their film growth at low tempera-
tures based on the solution process. All diffractograms display
the characteristic peaks of the cubic phase of TC-MHP, and agree
with previous reports. An additional peak of PbI, is also observed,
which is also typical in those systems. The structural changes are
more visible at higher angles in XRD. Here, the strongest peak
measured at relatively high angles is the 220 reflection, appear-
ing at 20 ~40.8° for the pristine film. Its evolution as a function
of irradiation is shown in Figure 2b. For low-irradiation fluences,
up to 10 cm~2, this reflection shifts to lower 20 angles, has a
larger maximum peak intensity, and seems to get narrower. For
higher irradiations, the inverse behavior is observed, and at 10'
cm2, the 220 peak is similar as in the pristine state. The change
of width and maximum intensity can be explained by a change
of crystallite size and lattice strain. In general, the presence of
atomic interstitials and vacancies can lead to strain formation. In
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Figure 2. a) X-ray diffraction (XRD) spectra of triple-cation mixed-halide perovskite films at different irradiation fluences. b) (220) diffraction peak, the
red dotted line illustrates the complex strain behavior as a function of irradiation fluences. c) Linear Williamson Hall plot of the XRD data for pristine
and irradiated films at different fluences. d) Schematic for ion irradiation and strain modification on an MHP sample. e) Correlation between average
carrier lifetime and compressive strain as a function of irradiation fluence (relative strain is estimated from WH analysis of the XRD measurements, and

average lifetime is estimated from the TCSPC data).

particular, irradiation-induced point defects can modify the in-
ternal strain in the lattice. In this case, the changes of peak po-
sition and widths in diffraction are correlated and microstrain in
the material can be determined by Bragg peak width analyses us-
ing the commonly employed Williamson-Hall (W-H) method.*]
This method is based upon the broadening analysis of the diffrac-
tion peaks and measures the relative deviations of peak positions
from their average initial value to quantify the material’s strain
(compressive or tensile). The analysis is based upon a simplified
method where both size-induced and strain-induced broadening
are deconvoluted by considering the peak width as a function of
20. The width B, is taken as the sum of grain size broadening
and strain-induced broadening as

by = + 4etan(0) (1)

KA
Dcos(6)
where Kis a constant, D is the average grain size, € is the relative

deformation, and g is the Bragg peak width.
Thus

Buucos(0) K | 4esin(0)
A D A

)

Adv. Optical Mater. 2023, 2300577 2300577 (4 of 10)

The plot of 24<@ 55 3 function of 2@ for all peaks of the
diffractogram allows to perform a linear fitand get the crystalline
size from the y-intercept and the strain e from the slope.

The W-H plot is represented in Figure 2c for all samples, and
the slope from W-H plot analysis is determined for each irradi-
ation fluence. The various parameters extracted from the W-H
analysis and 220 diffraction peak are mentioned in the Table S1,
Supporting Information. The pristine sample has a slope of 1.5 X
1073 which corresponds to a compressive strain of & —0.15%. The
native strain may arise due to the presence of defects during the
growth process. At moderate irradiation fluence, W-H plot anal-
ysis reveals much lower slope value (~8.7 X 10~* ) which shows
that the initial compressive strain relaxes after irradiation with
fluences from 10* to 5 X 10'* cm~2. The irradiation at moderate
fluences could lead to local atomic mobility equivalent to defect
annealing through electronic energy deposition and relax the in-
trinsic lattice strain. At a higher fluence of 10" cm™2, the W-H
plot shows a higher slope value (1.9 X 1073) close to the pris-
tine film value, which confirms that the irradiated film returns
into a compressive strain state (=% —0.19%) after the formation
of a high density of defects. The whole scenario is represented
schematically in Figure 2d, where lattice strain was evidenced
under light illumination in TC-MHP.3¥ To characterize the
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irradiation effect on strain in perovskite lattice, we further ana-
lyze the response of the 220 diffraction peak position as a func-
tion of irradiation fluence, as represented in Figure 2b. The val-
ues of compressive/tensile strain are usually expressed as a ratio
of the d spacings and written as percentages. The strain e(hkl) is
determined here using the relative peak shift (relative change in
lattice constant) of 220 Bragg peak (i.e., strain e(hkl) = ‘%“). The
reduction in compressive strain magnitude is observed after ir-
radiation for fluences of 10" and 10'* cm~2 as the 26 angle of the
220 diffraction peak increases (lower d-spacing) after irradiation.
This shift implies the lattice expansion related to strain relaxation
of TC-MHP films, whereas as the irradiation fluence increases to
5 % 10'* cm~2 the peak position is constant and characteristic of a
strain-free film (Figure 2b). With this method, the strain is evalu-
ated ~ —0.19% in the pristine, in good agreement with the W-H
analysis. A peak shift to higher 20 is observed at a higher fluence
of 5 X 10" cm~2, which is interpreted due to the introduction of
a high number of defects, restoring compressive strain after irra-
diation to & —0.16%. We have thus evidenced a method to relax
the initial compressive strain for protons irradiation fluences of
10 and 10 cm~2. To directly assess the impact of irradiation
defects and the role of strain on the optoelectronic properties,
we can correlate the PL spectra and lifetime with the structural
changes presented here, as discussed in the following section.

3. Strain—Lifetime Correlation

It is known that lattice strain is directly associated with a high
defect concentration that contributes to a higher non-radiative
recombination rate, degrading the optoelectronic properties of
the TC-MHP.[**] Figure 2e shows the lattice strain together with
carrier lifetime as a function of irradiation fluence. We find that
samples with lower emission intensity and carrier lifetime corre-
spond to compressive strain. In contrast, the samples irradiated
with a fluence of 10'* and 10'* cm~2 show higher PL emission
and longer carrier lifetime for a relaxed strain state, as shown in
Figures 1 and 2e.

The carrier lifetime increases along with a change in relative
strain from —0.15% to —0.08% at a moderate fluence of 10"
and 10 jons cm=2. For the pristine sample the average life-
time is ~495 ns, which increases to ~588 ns at 10'? ions cm™2
and ~1 ps at 10" ions cm™. This behavior might be associated
with irradiation-induced annealing of native points defects (in-
troduced during film growth), associated with strain release as
illustrated in Figure 2d. However, we checked the effect of con-
ventional annealing at 350 K for 1 h, which did not result in any
lifetime change. During synthesis, the samples are processed at
350 K for solvent evaporation and films crystallization. This kind
of thin films can easily be damaged for higher annealing tem-
peratures, so we decided to anneal for 1 h at that temperature.
We observed steady lifetime values, indicating the process did
not lower the defect density. Interestingly, the carrier lifetime is
shown to decrease along with the introduction of compressive
strain in the lattice from ~——0.08% to ~—0.19% at higher ir-
radiation fluences (5 x 10 to 5 x 10'> cm™2). This effect is re-
lated to the formation of high-density point defects and disor-
der in the lattice, which leads to the introduction of a compres-
sive strain. Generally, lattice strain induces lattice deformation
and perturbs the electronic band structure of the material and
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thus consequently affects the carrier lifetime. At moderate flu-
ence, the strain relaxation expands the lattice constant, increas-
ing the carrier delocalization distance and slowing the carrier re-
combination process. Therefore, carrier lifetime increases dur-
ing the strain relaxation process.!*}] On the other hand, compres-
sive strain arises at higher fluences (10%° to 5 x 10> cm=2) which
reduce the lattice constant along with the introduction of a high-
density of defects. This compressive strain decreases the carrier
delocalization distance. It accelerates the carrier recombination
process (shorter lifetime), as already observed with optical exper-
iments under thin film bending to apply tensile or compressive
strain.[®*]

4. Impact of Irradiation Defects on Phase
Segregation

The light-induced ion migration leading to phase segregation in
mixed halide perovskites has been extensively studied these re-
cent years.>*¥’] In our previous study we addressed the photo-
induced halide ion migration and quantitatively rationalized the
spectroscopic processes during phase separation using time-
resolved photoluminescence spectroscopy tools.[!) Our analysis
revealed that laser excitation creates iodide- and bromide-rich
domains associated with bandgap reduction of perovskite films
as represented schematically in Figure 3c. With increasing laser
power density, a continuous redshift in the emission peak from
762 nm at 0.1 mW cm™2 up to 794 nm at 800 mW cm~2 was ob-
served at 300 K along with an increase in decay lifetime, which
could be attributed to the halide ion migration induced phase seg-
regation effect together with trap-filling. The bandgap reduction
and growth of iodide and bromide-rich domains strongly depend
on laser excitation power. PL measurements have allowed us to
estimate the phase segregation rate (redshift) under laser illumi-
nation and the recovery rate under dark conditions, as the process
is fully reversible. The process was observed to be fully reversible
under dark conditions, and the relaxation process showed expo-
nential dependency with time. It was found much faster at higher
temperatures (330 K) than at room temperature. Using the recov-
ery rate values at different temperatures, the activation energy for
halide ion migration is calculated and found to be ~0.31 eV.[?! In
the present study, we have performed PL measurements at room
temperature (296 K) on pristine and irradiated films at differ-
ent fluences to provide insight into the photo-excitation-induced
modification in segregation rate and change in activation energy
for halide ion migration under different defects concentration
and strain state. The measurements were performed at a laser
power density of 55 mW cm™2 to track the complete segregation
process, as shown in Figure 3a and Figure S5, Supporting Infor-
mation. We have evidenced a strong red-shift from ~1.62 eV to
~1.56 €V that we attribute to phase segregation and recombina-
tion in iodine-rich clusters as already observed.?!! The PL inten-
sity also shows a strong increase with the redshift about 1 h be-
fore stabilization, indicating that the radiative recombination oc-
curs in less defective regions as these are progressively enriched
with the mobile iodine ions. The phase segregation mechanism
is fully reversible, as shown in Figure 3b, where both peak posi-
tion and PL intensity return to their initial values when the sam-
ple is kept under dark conditions for ~7 h at room temperature.
From the evolution of the PL peak position with time under light
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Figure 3. a) Time-dependent red-shift in PL emission and evolution of PL spectra under the influence of iodide-rich domains formation under continuous

wave excitation (Pg,.

=55 mW cm~2). Inset: PL peak position as a function of light exposure time. b) Time-dependent recovery process of phase

segregated TC-MHP film under dark conditions (laser off). Inset: PL peak position as a function of time. c) Schematic picture of light-induced phase
segregation and recovery. d) Phase segregation rate as a function of proton irradiation fluence. The dashed line is a guide to the eye.

exposure at a fixed power (~55 mW cm™2 here), one can obtain
the segregation rate, which is about 1.3 X 10~® s7! for the pris-
tine sample. As shown in Figure 3d, this value is not affected by
irradiation at 10 cm2, which appears to be the threshold above
which it significatively increases. The segregation rate shows to
be proportional to the log of the fluence, increasing fourfold up
to more than 5 x 1073 s7! at the fluence maximum of 5 x 10
cm™2. Thus, it confirms that the phase segregation process is
defect-mediated as the iodine diffusion under light should pro-
cess through a pair exchange mechanism. It was discussed that
the driving force for iodine diffusion might rely on trapped pho-
togenerated holes that would have the ability to accumulate at
different charge carrier traps.3’! It was also shown through op-
tical measurements under hydrostatic pressure that lattice com-
pression increases the activation barrier for phase segregation.[*8]
Studying the recovery process after phase segregation at variable
temperature allows us to get the activation energies as illustrated
in Figure 4. We found these activation energies are consistent
with our previous study.?!] For the study presented here, we ob-
tained consistent values with ~0.29 €V for the recovery of the
pristine sample. This value was obtained from the linear fit of
the log of the recovery rate, as presented in Figure 4, using the
PL data of recovery process at different temperatures (see Fig-
ure S6, Supporting Information). After ion irradiation at 5 x 10%°
cm~2, and consistent with faster phase segregation, we have ob-
tained a value for the activation energy for the recovery ~0.21 eV.
At moderate fluence, the increased segregation rate is consistent
with a lower activation barrier that would be expected when the
growth strain is released through ion irradiation, and consistent
with the measurements under hydrostatic pressure.[**! However,
at the highest fluence we have shown that a compressive strain is
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restored through defect accumulation. Both strain state and de-
fect concentrations are thus important parameters to consider,
the last one being predominant for ion diffusion at a high irradi-
ation fluence.

5. Bound Excitons and Impurity Scattering
Revealed with Low-Temperature PL

The low-temperature PL emission characteristics have also been
investigated in pristine and irradiated samples at T = 10 K,
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Figure 5. a) Photoluminescence spectra measured at T = 10 K of triple-cation mixed-halide perovskite film for pristine and different irradiation fluences.
b) The linewidth broadening of PL spectra as a function of temperature (symbols) along with least square fitting curves (solid lines) to determine the
exciton-phonon coupling for the pristine and irradiated film at 10'* cm=2 (higher panel) and irradiated film at 5 x 10" cm~2 (lower panel). Inset:

Schematics to indicate the evolution of the different components to describe the peak broadening with temperature: T'y, I'y, I't 6, Timp,

respectively the

inhomogeneous broadening, the acoustic and longitudinal optical phonon scattering terms and the impurity scattering term.

as represented in Figure 5a. As previously shown in both sin-
gle crystals and polycrystalline samples of CH,;NH,Pbl,, the
low-temperature emission spectra identify three bands that
can be tentatively attributed to three different bound excitons
recombinations.[?? The three processes are attributed to different
energy levels lying near or inside the band gap. They are quoted
BE,, BE,, and BE; as they get deeper inside the forbidden band.
The pristine sample shows the presence of BE, and BE, recom-
binations, which can be first associated with near-band edge re-
combinations through iodine vacancies and interstitials, as these
defects being the predominant ones after growth.[*7:113% Irradi-
ation at 10" cm™ induces little change in the low-temperature
PL spectrum. It rather evidences a decrease of the BE, relative
contribution, consistent with strain relieving. At higher fluence
(10" cm™2), the BE, energy does not change, but one can observe
that the BE, relative contribution strongly increases, while the
BE, contribution grows 20 meV below the BE,. This growing
BE; contribution could be associated with the growing number
of lead vacancies and interstitials after irradiation. Several calcu-
lations show that the methylammonium molecule does not gen-
erate in-gap states.[**?] At a high fluence of 5 X 10" cm~?, the gap
is modified and the BE,; contribution is shifted ~20 meV higher,
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together with BE, and BE; processes. The BE, contribution is rel-
atively lowered as the recombination through the inner band-gap
defect states may be associated with iodine and lead point defects,
which evidences a growing contribution at high concentrations
(higher irradiation fluence). We have also studied the tempera-
ture dependence of the PL spectra from 10 K to room tempera-
ture at 300 K as presented in the Section S7, Supporting Informa-
tion. The decomposition in several components allows focusing
only on the BE, contribution changes when the temperature in-
creases. We can follow the band broadening with temperature
increase from the analysis, as represented in Figure 5b. We can
describe the broadening using Segall’s expression/?!#1l
I'= I“inh + I-‘ac + I“LO + IHimp

3)

E
Ir'= 1—‘inh + VacT + + + yimpexp <_ﬁ> (4)
() -1 :

In the Equations (3) and (4), the broadening is expressed as
a sum of different contributions, where I’ is the inhomoge-
neous broadening contribution that arises from scattering due
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to exciton-exciton interaction and crystal disorder, and is temper-
ature independent. Also, I',. = 7, T and I'; are the different ho-
mogeneous broadening terms resulting from acoustic and longi-
tudinal optical (LO)-phonon (Fréhlich coupling) scattering. The
terms y, and y,, in Equation (2) represent the charge carrier—
phonon coupling strengths with, respectively, acoustic and opti-
cal phonons. The last term I';,,,, accounts for the scattering due
to ionized impurities with average binding energy E,. We have
neglected the impurity broadening term for the pristine and low
irradiation fluence. We can observe from Figure 5b that the fits
using the expression for the broadening as a function of temper-
ature are very good and indicates an increasing coupling parame-
ter y,o from ~18 meV with the pristine sample to ~26 meV after
irradiation at 10'* cm™2. At the same time, the phonon energy is
kept almost constant at ~8 meV. As a matter of comparison, the
same method was used for several hybrid perovskite materials,
giving y,, ~11.5 meV and E, ~ 40 meV for CH,NH,Pbl,.[*?]
In our TC-MHP sample, the electron-phonon coupling is higher
than this value. At the same time, the phonon energy we ob-
tained is much lower but closer to the expected value from vibra-
tional studies, which is E;, &~ 11 meV for CH;NH,Pbl,.2l The
increase in LO-phonon coupling parameter with ion irradiation
may be due to the defect number increase and to the strong in-
teraction of phonons with trapped charge carriers. At a higher
fluence of 5 x 10 cm~2, while the LO-phonon energy stays al-
most constant ~10 meV, the electron-phonon coupling still in-
creases to y;, & 57 meV indicating a high coupling for a high
defect concentration. It is also striking to note that for high ir-
radiation fluence and high defect concentration, one must con-
sider the impurity scattering term I';,,, in the model to describe
the PL line broadening with temperature properly. At a higher
fluence of 5 X 10" cm™2, the experimental data are fitted well
by considering the contributions of ionized impurities scattering
term with LO-phonon scattering term. From the model, we ob-
tain an activation energy ~22 meV for the impurity scattering
term. Interestingly, as shown in the Figure S8, Supporting Infor-
mation, we can analyze the temperature dependence of the PL in-
tegrated intensity with an Arrhenius activation law. The thermal
quenching of the PL intensity can be described by the familiar
expression!*3]

I(T) = b ®)

1+C~exp(—k§“T>

where, I is the PL intensity at T = 0 K, E, is the activation en-
ergy for the non-radiative processes, C is a constant and k; is
Boltzmann constant. This analysis shows that the activation en-
ergy for non-radiative recombinations is 31 meV in the pris-
tine sample, in good agreement with the exciton binding energy
estimated ~24-32 meV in (CH;NH,)PbI, and a little bit lower
for Cs-containing mixed perovskite compounds ~20-24 meV.[*4]
However, irradiation at 10'* protons cm~2 indicate an increase
of that value to ~45 meV that could be attributed to the strain
relief we have evidenced. At higher fluence, when the compres-
sive strain is restored and in the presence of a high defect con-
centration, the activation energy for non-radiative recombination
decreases to £19 meV. It is very interesting to observe a change in
the activation energy with strain state that could be interpreted as
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a change in exciton binding energy, giving a possible explanation
for the value dispersion obtained from different studies.[*"!

6. Conclusion

Defect tolerance has become a challenge to improve efficiencies
in the frame of photovoltaic devices and have been a vital issue in
understanding hybrid perovskite materials. We have introduced
different defect concentrations with 1 MeV proton irradiation
into mixed halide perovskites polycrystalline thin films. Contrary
to usual semiconductors, where irradiation defects quench the lu-
minescence very efficiently, we observe high radiation hardness.
Electronic energy deposition, which is the primary mechanism
during the proton irradiation, is shown to relax growth strain, re-
sulting in considerable exciton lifetime improvement from about
500 ns to ~1 ps for a fluence of 10'* cm~2. Higher irradiation flu-
ence at 5 X 10'° cm 2 is shown to restore compressive strain and
leads to sample degradation, with lower lifetime value ~200 ns.
We confirmed that the phase segregation occurring under light
illumination in mixed halide perovskites is clearly shown to be
defects mediated as the segregation rate increases by four at the
highest proton irradiation fluence. Also, the near band-edge en-
ergy levels of irradiation defects and the associated bound exciton
mechanisms are revealed with low-temperature photolumines-
cence. Additionally, temperature dependent PL gives some in-
sight into the electron—phonon coupling mechanism and their
modification with ion irradiation, as we evidenced an increase in
electron—phonon coupling parameter from 18 to ~57 meV for
a fluence of 10'® cm~2. We have shown that proton irradiation in
hybrid perovskite materials is an effective way to tune both strain
and defect concentration, opening a new perspective in sample
post-processing using high-energy and low irradiation fluences.

7. Experimental Section

Sample Preparation: The triple-cation mixed halide hybrid perovskite
thin films (thickness 380 nm) were prepared using the spin coating
technique on glass substrates. At first, for the materials synthesis, the
(MA, 17FA, 33) Pb(lg.33Brg.17)3 perovskite precursor solution was prepared
by dissolving Pbl, (1.1 m), FAI (1.0 M), PbBr, (0.2 M), MABr (0.2 M) ina 75
wt% mixture of anhydrous N,N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO). The solution was kept on stirring, and then 42 uL (5%
molar ratio) of Csl (1.5 M in DMSO) was added to the resultant solution at
room temperature. The precursors of FAl and Pbl, were purchased from
Sigma Aldrich; MABr from Solaronix; Pbl,, and Csl from Alfa Aesar. Before
thin film coating, glass substrates were initially cleaned in deionized wa-
ter, acetone, and 2-propanol sequentially by ultra-sonication, followed by
drying in dry nitrogen gas. A dynamic dispense was generally preferred in
the synthesis process as it is a more controlled process that produces less
substrate-to-substrate variation. The triple-cation solution was dispensed
after stabilizing the spin revolution at 6000 rpm. The total spinning time
was 30s, and then 200 pL of chlorobenzene was dropped for 5 s to remove
residual solvent. Films were annealed at 80 °C in nitrogen ambient for 1
h, allowing solvent evaporation and thin film crystallization.

Experimental Details: The proton ion irradiation was performed using
the van de Graaf ARAMIS accelerator at the 1)C laboratory at Paris-Saclay
University. An ion energy of 1 MeV and fluences between 10'> and 5 x 10"
cm~2 were used. The ion beam size was 1 mm and was rastered over a
large area to have a homogeneous dose deposition. The implantations
were performed at room temperature with ion currents about 1pA in order
to keep maximum deposited power below 100 mW cm=2.

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

25U89017 suowWwWo) aAneal) ajgesidde ayy Aq paulanob ale so|ollie YO ‘osn 4o sajnJ 1oy Ateaqi] auluQ A3IM UO (SUOIIPUOD-pue-SwWIa}/woo As|im Aleldijauljuo//:sdiiy)
suonIPuUOY pue suua] ayl 89S ‘[£20Z/0/Lz] uo Aleiqr auluo Asjim ‘@dueid auelyd09 - uiralueld JaIAl0 Ag £LS00EZ0Z WOPE/Z00L 0L/10p/wod Asim Aleigiiauljuo//:sd11y wouy papeojumod ‘0 ‘€202 ‘LLOLS6LZ



ADVANCED

SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

The UV-vis absorption measurements were performed using Cary 5000
UV-vis—NIR double-beam spectrophotometer. Photoluminescence spec-
troscopy studies on mixed halide perovskite samples were performed in
reflection geometry with a Quantamaster spectrometer from Horiba-JY
equipped with an R13456 photomultiplier (Hamamatsu) detector. A fiber-
coupled laser diode (MDL-I11-454nm) from CNI was used; it had a wave-
length of 454 + 5 nm at different excitation powers and was focused on
the sample on a spot size of ~#1.75 mm diameter. The time-resolved single
photon counting (TCSPC) measurements were carried out using as an ex-
citation source a Picoquant laser at 448 nm (LDH-1B-440-B) controlled by
Taiko PDL M1 with adjustable frequency up to 100 MHz and pulse width
below 80 ps. For low-temperature measurements, the samples were glued
with silver paste in an optical closed-cycle cryostat from ARS Instruments
equipped with two quartz windows, allowing control of the sample tem-
perature from 10 to 400 K. The X-ray diffraction measurements were per-
formed using a four-circle diffractometer with Cu rotating anode (wave-
length 1, = 1.54 A). X-ray diffraction measurements were performed
with Cu Ka radiation generated by a Rigaku RU-300B rotating anode. The
sample was mounted on a 4-circle Eulerian Huber diffractometer, and the
diffraction signal was recorded in specular geometry with a Timepix de-
tector from Amsterdam Scientific Instruments. The diffractograms were
obtained by integration of the diffraction rings on the 2D detector with an
angular resolution of 0.01° in 26.
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