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ABSTRACT: Mixed-halide perovskite materials (MHSCs) hold significant interest in
photonics applications owing to their inherent advantages, including tunable bandgap
properties, remarkable defect tolerance characteristics, and facile processability. These
attributes position MHSCs as up-and-coming materials for various applications. However,
the commercialization of these materials is severely affected by external factors, such as
humidity and oxygen. The current work studies change in higher harmonics generation
(HHG) in MAPbBr;_,Cl, single crystals (MHSC) with changing nitrogen-based additives.
These additives act as a passivating layer and improve the nanolevel crystallinity. The additive
engineering strategy impacts morphological and optical properties, depending on the additive’s

interaction.

O rganic—inorganic hybrid mixed-halide perovskite single
crystals (PSCs) are auspicious resources in nearly all
fields of science and technology, such as light-emitting
diodes,"” lasers,”* luminescent solar concentrators,”® mem-
ristors,” photovoltaics,” X-rays,” and y rays owing to these
materials” tunable bandgaps and higher optoelectronic proper-
ties with a large dielectric constant and low-cost process-
ability.'”"" Perovskite materials possess an ABX; structure in
which a bandgap is formed by combining the metal and halide
(MXg, octahedral unit) s, p orbitals. Changing the concen-
tration of halides and metals can directly influence bandgap
tuning. Cations located in the voids of these interlinked
octahedra indirectly affect these materials’ bandgap.'”

Crystals are grown either by optimizing the material
composition or by optimizing the temperature. Some
crystallization methods include the inverse temperature
method (ITC)," temperature-lowering method,'* top-seeded
crystallization method,"” antisolvent vapor assistant method
(AVC),'® Bridgman growth method,'” low-temperature
gradient crystallization,® cavitations triggered asymmetrical
crystallization, and room-temperature liquid diffused separa-
tion induced crystallization (LDSC)." Although PSC growth
techniques have rapidly improved the surface quality’>*' and
crystals’ performance, stability issues like phase segrega-
tion,>* % rapid material degradation,zs’26 hystex'esis,27’28 and
environmental factors such as moisture and heat are the
challenges that hamper the commercialization of these
materials.””*’

Phase segregation has been explained by using a continuous
wave (CW) diode laser in the case of microcrystalline thin
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films. Additionally, forming formamidinium and cesium lead
iodide solid-state alloys stabilized the perovskite structures by
tuning the tolerance factor.”* Doping of Cl into perovskite
precursor solutions has been widely reported to tune the
optoelectronic properties of perovskite materials.’*> Mean-
while, a traditional class of MAPbBr;_,Cl, (x = 0 to 3) SCs at
different concentrations of Cl doping has been investigated by
Mix et al. with increased LED performances in the case of x =
0.06 (2% Cl).*” In a recent study, using laser-induced plasma
plumes (LIPs) from MAPbBr; SCs with changing additives led
to the exploration of high-order nonlinear properties through
higher harmonics generation (HHG).*> The study demon-
strated a change in HHG with different additives” interactions.
However, only a few reports are available in the literature on
the additive engineering strategy for 3D MHSC growth and its
tunable HHG. Perovskite-based HHG faces several key
challenges. These include stability against environmental
factors, precise bandgap control for desired photon energy,
understanding and optimizing nonlinear optical (NLO)
responses, improving conversion efficiencies, achieving phase
matching in complex structures, and addressing technical
requirements for generating high-intensity laser pulses. Addi-
tionally, integration with existing technologies, developing
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Figure 1. (a—e) Surface degradation of SCs in the outer atmosphere at a constant 60 °C temperature at different time intervals has been studied
using UV spectroscopy. (f) PL spectra recorded with a 488 nm laser. (g) Average lifetime of MHPSCs with changing additives. (h) Distribution
box plot represents the MHSCs repeated experimental values of TRPL. (i) Schematic representation of decreasing surface defects by adding
additives to electronic band structure model in modified MHPSCs compared to pristine samples.

accurate measurement techniques, and understanding funda-
mental processes are crucial for advancing this technology’s
practical applications in ultrafast lasers. Overcoming these
challenges is essential for fully realizing the potential of
perovskite-based HHG. In this work, change in HHG with
different additives has been studied by considering the
promising composition of 6.67% Cl-doped MHSCs (owing
to outperforming optoelectronic properties with low Cl
fraction, with a bandgap of 2.3 eV were reported elsewhere).*”
Additives form an ionic interaction with the crystallites in a
solution that can modify the nucleation and prevent
preferential directional growth and crystal growth dynamics,
which impact the HHG. Fundamental characterizations were
done in our recently published article. This Letter addresses
changes in thermal stability, and tunable HHG of MHPSCs
was studied using 800 nm and 35 fs as the driving pulse (DP)
and heating pulses (HP) of 800 nm, 200 ps and 1064 nm, 6 ns
by taking the choline bromide (CB), phenylethylamine
hydrochloride (PEA), P-xylylenediamine dihydrochloride
(PXA), and (R)-3-aminopiperidine dihydrochloride (API) to
MAPbBr, 4Cl,, SC (pristine) in the precursor solution to grow
MH-CB, MH-PEA, MH-PXA, and MH-APL

N-based aliphatic, aromatic with one or two amine groups,
and heterocyclic organic molecules as an additive interact
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differently with the surface and have higher stability than their
MABr counterparts.” In the present work, we have chosen
salts of additives such as CB, aliphatic; PEA, aromatic; PXA,
aromatic; and API, heterocyclic to grow the MAPbBr, ¢Cl,, SC
(MH, pristine), which acts as a passive layer on the surface of
MHSCs. Changes in absorbance values representing surface
degradation of SCs in the outer atmosphere at a constant 60
°C temperature at different time intervals have been studied
using ultraviolet—visible (UV) spectroscopy (panels a—e of
Figure 1). The photoluminescence (PL) measurements using a
488 nm laser observed a blue shift as the Cl concentration
increased in the modified MHSC:s, as shown in Figure 1f. Most
of the literature showed that the bandgap of perovskite crystals
increases after adding a small amount of Cl ions.>* However, a
decrease in halide vacancies and incorporation of Cl might be
attributed to a change in the PL of the modified crystals.”
Generally, the transient evolution of the electron—hole
population after impulsive photoexcitation can be calculated
from time-resolved PL (TRPL) measurements. Herein, the
changes in average exciton lifetime are investigated using
TRPL. Subsequently, the decay curves of the excited carrier in
the modified PSCs are fitted using a triexponential decay
model to quantify the carrier dynamics, and the fitted
parameters are summarized in Table 1.”°7*° The average PL

https://doi.org/10.1021/acs.jpclett.3c02454
J. Phys. Chem. Lett. 2023, 14, 9222—-9229


https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02454?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02454?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Table 1. Comparative Study of the MHPSCs Thermodynamic Properties of Phase One Transformations

MHPSCs Temperature (T;) °C E, (kJ mol™") AHs (KJ/g) AS (J/g °C) AG (kJ mol™")
MH 328.69 177.93 172.43 —-32.14 193.70
MH-CB 329.52 127.98 122.39 —104.99 192.93
MH-PEA 328.70 169.77 164.20 —46.299 195.23
MH-PXA 328.97 183.79 178.34 —20.251 191.62
MH-API 328.69 168.19 162.61 —49.259 195.69
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Figure 2. (a) Change in phase transition temperature (inset) second heating in differential scanning calorimetry. (b) TGA of pristine and modified
MHPSCs. (¢, d) Plots of In(1 — x) vs time and In[—In(1 — x)] vs 1000/ T of organic moiety decomposition in MHPSCs.

lifetime considerably increased in modified MHSCs compared
to pristine ones (Figure 1g). Figure 1h illustrates a distribution
box plot representing the MHSC’s repeated experimental
values of TRPL. Based on the evidence gathered from various
optical measurements, it can be inferred that the reduction of
surface defects proceeds through the incorporation of
additives. The electronic band structure model in modified
MHPSCs is schematically represented in Figure 1i. In some
cases, the decay curves of the excited carrier in the modified
PSCs were fitted using a triexponential decay model to
quantify the carrier dynamics.”> The relatively faster decay
components (Tl and 12) are attributed to charge carrier
trapping defect states, while the slower decay components (73)
are assigned to radiative recombination in the bulk material.
The average PL lifetime was significantly enhanced from 0.85
to 2.47 ns, suggesting that the additives lengthen the charge
carrier lifetimes within the bulk crystal. Photographs of MH,
MH-CB, MH-PEA, MH-PXA, and MH-API are given in Figure
S1 of the Supporting Information.

The thermodynamic properties in modified MHPSCs have
been anlyzed by using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) with a heating rate of
10 °C/min in an N, atmosphere. Interestingly, a change in the
phase transition temperature (T,) in modified MHPSCs was
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observed around 328.69 to 329.52 °C in DSC. Subsequently, it
indicates whether the process is exothermic or endothermic, as
shown in Figure 2a. Most PSCs’ thermal decomposition
follows two steps, first organic moiety and second lead halide
decomposition in TGA, as shown in eq 1.*

CH,NH,PbX, % CH,-NH, + HX + PbX, ),

TGA of pristine and modified MH-PXA SCs has shown a
decomposition with weight losses of 22.7%, 73.41%, and 20.8,
66% at each step, respectively (Figure 2b). Herein, the organic
moiety degradation starts at ~300 and ends at 382 °C.
Considering phase transformations as first-order reactions, the
kinetics and thermodynamic parameters of the reaction were

calculated using the equations reported in the literature.’”
dx
— =k(1 —«
dt ( ) (2)
where
wWi— W
x=——
Wi — W (3)
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w, is the initial weight, w, is the weight of the sample at a
particular time t, and wy is the final weight. A straight line of a
plotted graph (Figure 2c) using eqs 2 and 3 for the selected
phase confirms the first-order reactions. Kinetics parameters
were determined using a modified form of the Coats and
Redfern model, as described in eq 4.

E

a

CRT

ART?
PE, 4)

where A is the pre-exponential factor, f is a heating rate (10
°C/min), R is the general gas constant (8.3143 J mol™' K™),
E, is activation energy, and T is the temperature (K).

Activation energy (E,) values are extracted from the slope of
the In[—In(1 — x)] vs 1000/T plot (Figure 2d). Furthermore,
changes in entropy (AS), enthalpy (AH), and Gibbs free
energy (AG) were determined using basic thermodynamic
equations.”” Resulting values obtained for phase one and phase
two are plotted in Figure S2 of the Supporting Information,
and phase one values are presented in Table 1. Herein, positive
values of AH and AG show that the decomposition of the
organic moiety is a nonspontaneous reaction. From overall
thermodynamic parameters, it could be concluded that MH-
CB SCs have relatively higher thermal stability than the
pristine ones. The enhanced thermal stability of the modified
crystal can be attributed to its increased interactions of
additives with the crystal surface. Moreover, our results are
close to previous observations in the literature.***’

Recently, high-order nonlinear properties using HHG in
LIPs of Ni-doped CsPbBr; 2D colloidal nanocrystals have been
researched, and the improvement of harmonics was
determined for optimized % of Ni.*’~*> Harmonic spectra of
modified crystals were obtained as stacks illustrated in panels
a—d of Figure 3. In the first step, (a) at DP intensity, i.e., 6 X
10" W/cm? we measured the harmonic spectra by changing
the ps HP intensities. All the samples emitted the harmonics at
lower ps HP intensity (I,) of 0.75 X 10" W/cm? The

In[—In(1 — x)] = In
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harmonics intensity and cutoff were significantly improved
with a further increase in the I, up to 1.77 X 10" W/cm?
Notably, at low L, for the MH obtained, the harmonics cutoff
was up to 13H, whereas for additive-based SCs, the cutoff was
extended to 19H. This indicates that the plasma plume density
was enhanced in the case of additives in comparison to MH. In
the second and third steps (b and c), we measured the
harmonics spectra individually at fixed ps and ns HP
intensities, i.e., 0.9 and 7 X 10'® W/cm?, and varied the DP
intensity (I;;) between 1.5 and 9 X 10" W/cm? In the case of
picosecond LIPs, the cutoff achieved up to 19H (MH) and
21H (MH-CB, MH-PEA, and MH-PEX). In contrast, it is
increased up to 25H for MH-APIL However, in the case of ns
LIPs, the cutoff is similar for all the crystals, i.e., up to 21H.

In the fourth step (d), we fixed the ns HP intensity (I,;) at
7x 10" W/cm® and measured the harmonic spectra
concerning the delay between ns HP and fs DPs. In the case
of nanosecond LIPs, either variation in Iy or change in the
delay, we could not observe much difference in the harmonic
cutoff. However, the intensity of the harmonics is improved for
additive-based crystals at longer delays, as shown in Figure 3d.
The cutoff delays were achieved at 1200 ns for MH, while for
MH-CB, MH-PEA, and MH-API it is similar to around 1600
ns, whereas for MH-AP], it is up to 1500 ns.

MA shows the first maxima at a 100 ns delay within these
delay ranges, continuously decreasing the harmonic intensity
and having peaks at every 200 ns, whereas MH-PEX and MH-
API exhibit 300 ns. The modified SCs also show a similar trend
to MH, while all their peaks appear at each 200 ns delay. This
indicates the ejection of plasma components, such as atoms,
ions, and nanoparticles with different masses. The DP is
propagating above the target surface at approximately a 0.2
mm distance. Meanwhile, it is observed that the harmonics
emitted for additive SCs show a shift compared to MH. Panels
e and f of Figure 4 show the normalized intensity of 9H in the
case of ns and ps LIPs, respectively. The shift in ps LIPs is

https://doi.org/10.1021/acs.jpclett.3c02454
J. Phys. Chem. Lett. 2023, 14, 9222—-9229
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much higher than the ns LIPs. In the case of ns LIPs, the MH- 1064 nm as an ablating laser pulse, and for ps pulses, the
CB, MH-PEA, and MH-API show a bluer shift, whereas MH- wavelength is the same as the DP. Nonlinear absorption of
PXA shows a redshift in both cases of plasma plumes. The DP MHPSCs at 800 nm emits PL radiation and ejection of plasma
we have used is 800 nm, and in the case of ns pulses, we used components during laser ablation. At the same time, only
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plasma plume formation is achieved in the case of ns laser
ablation. Therefore, it is assumed that the plasma components
(atoms, ions, and nanoparticles) of modified MHPSCs with
low/higher bandgaps might interact with the blue/red spectral
components of 800 nm and decrease/increase the wavelengths
of the harmonics. Moreover, as discussed, the order of PL
emission intensity follows the order MH > MH-PEA > MH-
PXA > MH-CB > MH-API; this order is reversed in the case of
harmonics intensity, as appears in panels a—c of Figure 4. This
confirms that at probing of 800 nm, the MHPSCs lead to
higher absorption and principal PL emission (either by
ablation of picosecond and nanosecond pulses) and decrease
the intensity of the harmonics compared to the modified
MHPSCs. The MH-CB and MH-PEA SCs have first maxima
around 800 ns and 700 ns.

In addition, we measured the harmonic spectra continuously
until the disappearance of harmonic signal from SC plasma
plumes. Panels a and b of Figure S depict the harmonic spectra
of MH and MH-API as a function of time. The plasma plumes
are produced by nanosecond heating pulses at a fixed position
of the crystal surface, and the harmonic spectra have been
recorded as a movie using CCD. Each frame harmonics spectra
are plotted as a vertical stack image. It is observed that the MH
crystal emits harmonics for 3.15 min, and the modified
MHPSCs exceed this time duration. For example, the MH-API
(shown in Figure 5b) emits the harmonic signal for up to 3.35
min. Approximately a similar time was achieved for MH-CB,
MH-PEA, and MH-PEX. Therefore, one can assume that the
additives increased the stability of crystals. Overall, the
measured harmonics spectra, either picosecond or nanosecond
LIPs from these SCs, the additives increased the stability of
crystals further, which leads to the intensity enhancement and
the shift in the harmonics. Among all reported SCs, MA-API
has a higher intensity than others, and in the case of ps LIPs,
MH-PXA shows a larger redshift (for 9H, A4 = +1.05 nm).
The HHG studies with various laser parameters, such as
intensities of DP, HP, and delay dependence between DP and
HP, revealed that the additive-based SCs enhanced the
emission of harmonics in the extreme ultraviolet (XUV)
region more than pristine MHPSCs.

As discussed above, our previous study on MAPbBr; SCs
with changing additives demonstrated a change in HHG with
different additives’ interactions.®” In the current investigation,
an increase in the Cl percentage led to an increase in the high-
harmonic generation (HHG) cutoff. It is well-known that
HHG is a three-step model: (i) ionization by an intense laser
field, (ii) acceleration in the laser field, and (iii) recombination
with the parent ion, leading to the generation of high-energy
photons. It has been observed that the MH crystal emits the
harmonics until 3.15 min, and the modified MHPSCs exceed
this time duration up to 3.35 min (shown in Figure Sb). In
contrast, pristine MAPbBr; continuously produced plasma
plumes for 2.66 min as the first ionization potential CI is
greater than the Br. Due to this, the plasma density (containing
atoms and singly charged ions) will be higher in the case of
MH PSCs than MA. This is also supported by the harmonic
emission from MA and MH crystals concerning ps LIPs. Figure
S4 of the Supporting Information compares harmonic intensity
emitted from MA and MH crystals with respect to driving
pulse intensities. Even in the case of the MA crystal, the
ablating ps intensity is twice that of the MH crystal at low and
high DP intensities, i.e., 1.5 and 9.0 X 10 W/cm?, and the
MH crystal shows higher intensities than the MA crystal, which

confirms that MH crystals possess denser plasma components
than MA crystals.

In summary, we have successfully demonstrated an additive
engineering strategy for mitigating the mixed halide phase
segregation effect of 6.67% Cl-doped MHSCs with additives.
Out of all the additives we have observed, a bluer shift in PL
emission for MH-PXA SC when excited with a 2PA source
laser indicates more nonradiative recombination. Interestingly,
we observed increased crystallinity with mitigated phase
separation. The heterocyclic amine (API) coordination with
crystallite facets resulted in enhanced harmonic emission and
stability. From the overall basic characterization and HHG
observations, it is estimated that additives’ interaction with the
surface plays an essential role in passivation along with Cl
incorporated into the perovskite lattice with decreasing halide
vacancies rather than being sacrificed as a volatile phase. The
lattice constant of the API-MHSCs is higher than those of
other additives, suggesting increased Schottky order and
transparency in the bulk perovskite. This explanation is
consistent with the increased interaction between the
formation of MHPSCs, with API additives being more
thermodynamically preferred than other additives. The present
work will open the doors for tuning the higher-order
harmonics’ wavelength without changing the driving pulse’s
chirps, i.e., either positive or negative. Interestingly, in
modified MHSCs, enhanced harmonic intensity and stability
have been observed. Therefore, we can conveniently use a
modified MHPSC in plasma HHG with advanced properties in
harmonic spectroscopic applications.
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