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ABSTRACT: Mixed halide perovskite (MHP) materials are promising candidates for [THzTpssetup

photonic applications, owing to their tunable bandgap and pronounced optoelectronic ‘
properties. However, phase segregation in these materials severely impacts their scalability. TN e A
The additive engineering (AE) strategy in the growth of most perovskite crystals (PSCs) has wiexn (| “
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proven more effective. Current work focused toward enhancing the stability of 6.67% Cl-doped
methylammonium lead(II) bromide single crystals (MHSCs) using aromatic nitrogen-based —I
additives. Modified MHSCs showed enhanced terahertz (THz) radiation transmission and -
reflection. Moreover, the evidence from powder X-ray diffraction (p-XRD), X-ray
photoelectron spectroscopy (XPS), and THz transmission in modified MHSCs revealed the

mitigated phase segregation in modified MHSCs.
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ixed halide perovskite single crystals (MHSCs) are During this process, the perovskite demises into regions of

auspicious resources in nearly all fields of science and differing halide content, adversely affecting the optoelectronic
technology, such as light-emitting diodes (LEDs),' ™ lasers,”’ properties by acting as traps, limiting the prospects of MHSC
menmristors,” photovoltaics,g_16 photocatalysis,17 and higher technology.42 Hence, decreasing/increasing the Cl concen-
energy radiation detectors.'®"” MHSCs are promising tration in MHSCs is anomalous and distinctly different from
materials for future application owing to their tunable bandgap, the monotonic growth trend reported in Br/Cl double-halide
higher optoelectronic properties, dielectric constant,” and alloys, which depends upon the nature of molecular bonds on
low-cost processability.21 The ABX; type of unit cell structure the surface.””~** Nevertheless, limited reported techniques are
is present in these materials, in which monovalent “A” cations available on the additives engineering for three-dimensional
are located in the voids between interlinked octahedra, (3D)4 ZI\QI}-ISCS in the literature to mitigate phase segrega-
indirectly affecting the bandgap.”>™>° The bandgap is formed tion.”” " Herein, in this work, we optimized 6.67% Cl-doped
by combining the metal and halide (MXj, octahedral unit) s MHSC:s to study the effect of aromatic additives on structural
and p orbitals. Changing the concentration of halides/metals and optical properties of MHSCs. The aromatic additives used

can directly affect the bandgap.”” The standard crystallization are phenylethylamine hydrochloride (PEA) and p-xylylenedi-
techniques are antisolvent vapor-assisted crystallization amine dihydrochloride (PXA).
(AVC)*®** and inverse temperature crystallization (ITC).”"*' Methylammonium bromide (MABr) is a hygroscopic salt;
The potential factors influencing surface quality, crystallinity, on the surface of _the crystals, it ab-sork')s moisture an'd converts
and halide segregation depend upon the crystal growth to methylammonium (MA), .resultlng in lead(1I) halide (PbX,)
technique,”” the stoichiometry of the concentration/composi- gnd hal"ge? gases (X2) for:;nng a vacant surface on MHSCSJ as
tion, 3> including the solvent,>> the annealing temperature of illustrated in Figure la_. The 'N-b_ased aromatic organic
the precursor,”® and the crystal growth period.”’” Cl doping .molecules with monoamine arlld diamine groups are prone to
into perovskite precursor solutions has been widely reported to interact more with the inorganic octahedra ar}d are more stable
tune the optoelectronic properties of organic—inorganic halide than their MABr counterparts. Each column in panels b—d, e~

perovskites (OTHPs).**** Mix et al. investigated different Cl- g, and h—j of Figure 1 represents the chemical structure of
doping concentrations and reported that increased LED

performances in optimized MHSCs outperformed their Received: March 9, 2023
counterpart in optoelectronic properties.38 However, the Accepted:  June 7, 2023
challenges associated with MHSCs are phase segregation and Published: June 13, 2023

compositional instability under ambient conditions, which are
yet to be explored more in MHSCs.*** The phase segregation
effect is well-described in microcrystalline thin films.***'
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Figure 1. (a) Schematics of surface degradation of MHSCs in the presence of atmospheric moisture and (b—d, e—g, and h—j) each column
representing the MABr, PEA, and PXA, chemical structure photographs, and SEM images, respectively.
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Figure 2. (a—e) XPS data of Cl 2p, Br 3d, Pb 4f, C 1s, and N 1s core-level spectra with molecular level defect and chemical state behavior in
MHSCs with changing additives, (f) change in the XPS survey of each SC with different additives, and (g) atomic percent values of each element in

reported SCs.

MABr, PEA, and PXA, grown crystal images, and changing
crystal surface recorded using scanning electron microscopy
(SEM), respectively. Interestingly, we observed flat surfaces
with more transparency and low surface roughness in modified
MHSCs, suggesting the reduced surface trap states, owing to
the effective bonding interaction with additives on the
surface,*® with weight percent values of modified and pristine
MHSCs (Figure S2 of the Supporting Information) and
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elemental ratios extracted from the energy-dispersive X-ray
(EDX) data (Table S1 of the Supporting Information).
X-ray photoelectron spectroscopy (XPS) studies have been
conducted to predict the change in the chemical state behavior
of core-level orbitals with additives. A considerable shift in Cl
3d and Br 3d core-level spectra toward lower energies was
observed in MH—-PXA and MH-PEA SCs, indicating the
decreased binding energy resulting from increased halide
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Figure 3. XRD pattern of the modified and pristine SCs: (a and b) splitting and shifting of powder and single-crystal (SC) p-XRD, with (100)
peaks showing the transition from single-phase MHSCs to double-phase segregation with different additives, and (c and d) change in fwhm for

powder and single-crystal MHSC p-XRD peaks.

vacancies (panels a and b of Figure 2).*’ Interestingly,
intensities of the additional peak in Pb 4f, Cls, and N 1s
core-level binding relating to a residual molecule Pb° and
CH;NH, have decreased in modified crystals compared to
pristine crystals (panels c—e of Figure 2). However, more
intense molecular defects and Pb° peaks were seen in the PXA-
modified crystals. The XPS survey and changes in the atomic
percentages (%) of halides for MHSCs with additives are
illustrated in panels f and g of Figure 2. The Cl/Pb ratio of the
SC surface also increased when a higher fraction of Cl was
injected into the precursor solution.

Further, powder X-ray diffraction (p-XRD) was conducted
to verify the effect of additives on lattice parameters and
diffraction angles (20 values) for powder and SC samples. The
pristine Bravais lattice MHSCs corresponding to (100), (200),
and (300) planes comply with the previously reported data
(Figure S3 of the Supporting Information).”®*® Generally,
replacing Br~ with CI” in the perovskite lattice fosters the unit
structure to expand as a result of the confinement effect caused
by decreased Pb—X distances. Meanwhile, if the peak shift is
toward higher angles, the host unit cell structure is contracting
and vice versa. From Figure 3b, we could observe the
diffraction peak of MHSCs toward the smaller diffraction angle
after using the additives, indicating lattice expansion depending
upon the Cl concentration. As in MH—PEA, the bandgap
evolution inflection point (or the phase boundary between the
single-phase double-halide alloy and phase segregation)
consistently increased with an increased N content. Panels ¢
and d of Figure 3 indicate a more comprehensive single-phase
range full width half maximum (FWHM) and greater tolerance
to phase segregation in the perovskite with a higher Br content
than that of MH—PXA with a higher Cl content.*’
Subsequently, the microstrain values have been calculated
from p-XRD data using Williamson—Hall (W—H) plots, at
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8.436 X 107% 8.140 X 10™*, and 0.950 for MH, MH—PEA, and
MH-PXA, respectively (panels a—c of Figure S4 of the
Supporting Information).”” A higher lattice strain is observed
in the case of MH—PXA with more FWHM and peak splitting,
which might be due to increased intrinsic defects as a result of
halide segregation on the surface of PSCs. XPS data also
strengthened the argument of increased intrinsic defects by
decreasing the photoemission energy. However, structural
evolution observed with XRD reveals that the bandgap
decrease at a high CI content was caused by phase segregation
into two perovskite phases (inset in Figure 3a). Trends
obtained in XRD peaks are consistent with the elemental ratios
calculated using the XPS atomic percent and suggest the
segregation of a high Br/Cl phase, which left behind a Br-rich
surface.

Furthermore, high-resolution transmission electron micros-
copy (HRTEM) measurements have been performed to check
the changes in the selected area electron diffraction (SAED)
pattern by changing additives.”' >* HRTEM images, lattice
fringes, and SAED have been recorded (panels a—c, d—f, and
g—i of Figure 4). The bright lattice fringes of modified MHSCs
in HRTEM images depicted lattice plane distances (d space) of
0.216, 0.34S, and 0.250, corresponding to (220), (111), and
(200) planes, respectively. SAED patterns exhibit a well-
defined crystalline nature of modified MHSCs. Consequently,
for all MHSCs, the calculated lattice constant from trans-
mission electron microscopy (TEM) images (using GATAN
software) is very close to the estimated value from p-XRD
using the Bragg diffraction equation. The collected TEM
images were taken by selecting a spot from different locations
on the grid because perovskite materials are volatile in high-
energy electron beams. Hence, analyzing the element
distribution for long-time electron beam exposure is
challenging.
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Figure 4. (a—c, d—f, and g—i) TEM images, HRTEM images with
lattice fringes, and SAED of each MH, MH—PEA, and MH—PXA SC,
respectively.

In general, replacing Br~ with CI” in the perovskite lattice
increases the bandgap of materials, which is attributed to the
downshift of the valence band maximum (VBM) (increased
electronegativity) and the upward shift of the conduction band
minimum (CBM) (increase in ionization energy). The
decrease in Pb—X distances causes the confinement effect;
both the electronegativity effect and the confinement effect of
the halides eventually increase the bandgap. Hence, the MH—
PXA SC has more bandgaps than other modified MHSCs.
Bandgap values of gristine MHSC are in congruence with
previous repor’cs.38’3 As discussed in XPS measurements, a

0.112 eV increase in Pb*" orbital binding energy was attributed
to the reduced halide vacancies in MH—PEA SCs over the
pristine SCs. Considering both the contributions of surface
defects toward photoinstability and optimized CI ratio, this
assumed that photoinduced phase segregation reduced in the
case of MH—PEA. Optical studies have been carried out to
further validate the generality of the defect-free surface on
modified MHSCs and to investigate the impact of additives on
the bandgap. Ultraviolet—visible (UV—vis) spectroscopic
measurements were performed in diffuse reflectance spectra
(DRS) mode (Figure Sa), and the bandgap was calculated on
the basis of the empirical Kubelka—Munk function (Figure
5Sb). A slight decrement and increment of 0.002 and 0.003 eV
have been observed in MH—PEA and MH—PXA SCs.

The light-induced phase segregation of modified MHSCs
was compared to the pristine photoluminescence (PL)
measurements recorded under a 800 nm laser (two-photon
absorption) in ambient conditions (Figure Sc). This two-
photon absorption spectroscopy gives details of the bulk
materials. A PL blue shift of modified MHSCs at a high CI
concentration level strongly suggests that incorporating Cl into
the lattice employs the halide phase segregation pathways,
indicating the increase in non-radiative recombination
(induced by deep traps Pb°, MA, etc.).”>*° The order of PL
emission intensity for SCs follows MH > MH—PEA > MH-
PXA. The PL intensity shows quadratic dependence up to the
50 mW laser power; after that, it shows the saturation for all
samples. Ganeev et al. showed a similar dependence of PL
emission from MAPbBr; thin films.”” This order is more visible
after crossing the S0 mW laser power. It represents the
photostability of modified MHSCs at different laser powers,
forming the more halide-concentrated domains at high-
intensity lasers. The XPS and PL data suggested a combination
of mechanisms: suppression of the non-radiative recombina-
tion, thereby increasing/decreasing the stability/defect states
on the surface depending upon the bonding interactions of
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Figure 5. (a) UV—vis spectra, with the enlarged view in the inset, (b) energy versus F(R(hv))? plot, with the MH, MH—PEA, and MH—PXA SCs
photoexcited at 800 nm, and the corresponding (c) PL spectra, (d) PL intensity versus input laser power, and (e) FTIR spectra, showing

vibrational modes with respect to additives in the modifed MHSCs.
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absorption coefficients, and (g) real conductivity at 0° and 45°, measured relative to the frequency (THz).

additives, and an increase in the intrinsic defect concentration
concluded from structural and optical properties. The trends in
the lattice constant and bandgap were consistent; in all cases,
the bandgap raising rate was ~0.002 eV, with each percentage
of Cl alloyed.”®™® Fourier transform infrared (FTIR)
spectroscopy generally confirms the presence of additives
using the functional group vibrational mode strength in the
spectrum and change in the vibrational modes.”” The FTIR
spectrum of the pristine MHSC showed major shifts of the
prominent peaks at 894, 1245, 1451, and 3097 cm™!, which are
attributed to the C—N stretch (vS5), sym-NH;" bend (v3),
asym-NH;" bend (v9), and sym-NH;" stretch (vl),
respectively. This peak shifted by adding the additives owing
to changes in the MA" interaction with the Pb—X inorganic
octahedron. The N—H stretch trend should increase (band
position increases) for the Cl concentration because it is more
electronegative than bromide. In the spectra of the modified
MHSCs, the characteristic peaks of the unsaturated benzene
C—H vibrational mode in the region of 3005 cm™" are visible
in the modified MHSC spectrum, indicating the presence of
aromatic additives on the surface, coordinated with the Pb**
ions. The change in vibrational modes with additives in the
modified MHSCs from 1000 to 600 cm™" is provided in Figure
SS of the Supporting Information.

Terahertz (THz) studies were conducted in transmittance
and reflection modes to justify surface artifacts and to study the
crystal depth profile of MHSCs. THz radiation could be
generated by focusing femtosecond amplifier pulses of 800 nm
and its second harmonic wavelengths (two-color gurpp) into
ambient air, which is one of the potential sources.®’ % Several
researchers explored the diversity of THz ap(?lications in
optics, photonics, biomedicine, and imaging.66_7 Meanwhile,
terahertz time-domain spectroscopy (THz-TDS) has been
developed as a promising technique in science and
medicine.”" " Earlier, research groups have studied a variety
of OIHPs in the THz range.75_8‘ Therefore, THz-TDS is one
of the prominent techniques to ascertain the response of a
material in terms of transmission and reflection properties and
can obtain the absorption coefficient raised as a result of the
optical phonon vibrations. In the present study, we measured
THz pulse transmission and reflection from MH series PSCs.
Figure S1 of the Supporting Information depicts the
experimental setup used for THz-TDS. The corresponding
transmission of the THz electric field (temporal profile) from
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MH, MH—-PEA, and MH—-PXA was positioned at normal
incidence to the reference THz pulse (transmission at 0°)
(Figure 6a) and transmission/reflection at 45° (panels b and ¢
of Figure 6) for delay (ps), while at the same time,
transmission at 0° (Figure 6d), transmittance/reflectance at
45° (Figure 6e), absorption coefficients (Figure 6f), and real
conductivity at 0° and 45° (Figure 6g) were measured with
respect to the frequency (THz).

The measured transmittance for PSCs was at 0° (THz
amplitude for PSCs/THz amplitude reference pulse) (Figure
S6a of the Supporting Information). The reference THz pulse
has a bandwidth of up to 3.0 THz, having a maximum peak
intensity of around 1 THz. The transmitted/reflected THz
pulses have less peak intensity and bandwidth as a result of the
absorption of SCs. The SCs possess higher reflection than
transmission. Also, for the reflectance (bottom panel of Figure
S6b of the Supporting Information); the additive SCs are
much superior to transmittance (upper panel of Figure S6b of
the Supporting Information) compared to pristine SCs. The
transmission at 45° is lower than 0° as a result of the extended
path length because the orientation of MHSC at 45° increases
the interacting length of THz pulses. It is familiar that, on the
basis of the transmission data of THz pulses from SCs, one can
obtain the absorption coefficient and conductivity by knowing
the real/imaginary parts of the refractive index. The equations
used for these measurements were reported elsewhere.**™*’
Here, the thickness of the PSCs plays a key role in these
measurements. The measured thickness of MH, MH—PEA,
and MH-PXA, using digital vernier calipers, is followed by
1.45, 1.44, and 1.47 mm, respectively. The measured
absorption coeflicients and real conductivity of SCs are at
T0° and T45° (panels g and h of Figure 6), respectively. The
peak position absorption and conductivity for each SC are
almost identical, except for the 1.5 THz for MH.

Meanwhile, it is observed that the modified MHSCs shift in
their absorption/conductivity peaks compared to those of the
pure MH crystal; this might be due to a change in the
morphology and chemical composition of additive-based
MHSCs. Earlier, three phonon modes (0.8, 1.4, and 2.0
THz) associated with pure MAPbBry SCs were determined by
Maeng et al."’ using first-principles simulations. The Pb—Br—
Pb bonds show transverse and longitudinal optical vibrations at
0.8 and 1.4 THz, respectively, whereas 2.0 THz corresponds to
the optical Br vibration. However, other vibrational frequencies

https://doi.org/10.1021/acs.jpclett.3c00649
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are present in the optical infrared (IR) vibrational spectra
reported by Maeng et al.*’ Those frequencies are labeled as
solid red lines, and the corresponding values are shown on the
top axis of Figure 6g. Earlier, the vibrational modes of MAPbX;
(X = Cl, Br, and I) using Raman spectroscopy and theoretical
simulations were demonstrated by Brivio et al.*’ Chlorine-
contained PSCs have higher vibrational frequencies than the
bromide- and iodine-based SCs.”” In the present case, we have
grown the MHSCs in different additives (PEA and PXA).
Therefore, these additives contributed to the weight and
atomic percent changes in modified MHSCs compared to the
pristine SCs (C, N, Pb, Br, and Cl) confirmed by XPS data. As
a result, the vibrational frequencies depend upon the chemical
bonding between Pb—Br/Cl-Pb and individual Br and Cl
optical vibrations. Hence, the frequencies of the resultant
absorption/conduction spectra are shifted in comparison to
pure MHSC. Moreover, additive PEA has influenced crystal
morphology and enhanced THz transmission and reflection.
As a result, the absorption/conductivity becomes weaker,
which implies the applicability of additive-based PSCs in the
THz range.

In summary, we have successfully demonstrated an AE
strategy for mitigating the mixed halide phase segregation
effect of 6.67% Cl-doped MHSCs with additives. Of all of the
additives that we have observed, a bluer shift in PL emission
for MH—PXA SC when excited with a 2PA source laser
indicates more non-radiative recombination. Interestingly, we
observed increased crystallinity with mitigated phase segrega-
tion (concluded from p-XRD and XPS studies). The lattice
constant of the PEA—MHSC:s is greater than PXA and pristine
MHSC, suggesting increased Schottky order and transparency
in the bulk perovskite. This explanation is consistent with the
increased interaction between the formation of MHSCs, with
PEA additives being more thermodynamically preferred than
other additives. The present work will open the door for
obtaining more transparent flat surface crystals with low trap
states for photodetection applications, particularly THz and
higher energy radiation detection with excellent resolution.
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