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Controlling the Defects of Cs,AgBiBrg by Varied Precursor

Compositions

Alexander Frebel, Songhak Yoon,* Samuel Meles Neguse, Dennis M. Jockel,
Marc Widenmeyer, Stefan Lange, Volker Naumann, Arnulf Rosspeintner,
Stefan G. Ebbinghaus, Benjamin Balke, and Anke Weidenkaff

1. Introduction

The amount and type of defects in Cs,AgBiBrs are controlled by varying the Ag/Bi

ratio of the precursor solutions in two different synthesis routes, that is, slow solution
cooling crystallization and fast microwave-assisted hydrothermal synthesis. The
correlation between the Ag/Bi ratio in the precursor solution and defect formation in
the crystals is studied by band broadening analysis in Raman spectroscopy, the
estimated Urbach energy in UV-vis spectroscopy, and thermogravimetric analysis.
Ag-rich precursors are found to prevent the formation of the secondary-phase
Cs3Bi,Brg, but at the same time induced the formation of Br vacancies and antisite
defects. Time-resolved photoluminescence measurements reveal that the formation
of beneficial defects such as Br vacancies causes to trap the charge carriers, thus
avoiding the recombination of charge carriers and leading to a longer carrier lifetime.
Herein, the findings provide a guidance to decrease the defect densities and can be
applied to the fabrication of Pb-free solar cells based on Cs,AgBiBrs.
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Because of their outstanding optoelectronic
properties, organic—inorganic metal halide
perovskites are one of the most intensely
studied materials. In the research field of
photovoltaic (PV) cells, the presence of
the toxic element Pb is considered as
one of the main obstacles together with
stability issues."? As a Pb-free alternative
Cs,AgBiBrg is thoroughly investigated
being a promising candidate for PV
application.®>~”) The power conversion effi-
ciency (PCE) of Cs,AgBiBrs was reported to
be as high as 3.11%.") Previous reports of
lower PCE in Cs,AgBiBrs-based perovskite
solar cell mostly resulted from the induced
defects, which act as trap states leading to a
low external quantum efficiency (EQE) and
photoluminescence quantum yield (PLQY).”™" For instance,
the majority of carriers (>99%) was found to decay through a
fast trapping process!">'* and the PLQY was reported to be
as low as 0.084%.") The generated defects in Cs,AgBiBr, were
found to act as non-radiative recombination centers, hampering
the process of charge transfer.*® Thus, the carrier lifetime and
EQE of Cs,AgBiBrg need to be improved to enhance the PCE,
and one of the major challenges is a fundamental understanding
of the defect formation in CszAgBiBrG.“S]

The optical properties of Cs,AgBiBrg are tunable by varying
the synthesis conditions such as temperature, pressure, cooling
rate for nucleation and crystal growth, or precursor stoichiome-
try. Many researchers have also evidenced that the composition
and crystallinity of Cs,AgBiBr, single crystals are strongly depen-
dent on the synthesis route. Understandably, Ag-rich precursor
conditions are reported to be favorable for preventing the forma-
tion of Ag vacancies.'”* Furthermore, the ordering and
arrangement of the Ag and Bi octahedra, which influence the
optical properties of Cs,AgBiBrs, are affected by the synthesis
conditions as well.?*?1 C.W. Ahn et al. have recently shown that
by controlling the Ag/Bi ratio in hydrothermal synthesis, the for-
mation of Ag vacancies and the subsequent secondary-phase
Cs3Bi,Brg can be avoided. In addition, they found a critical
parameter for the initial chemical reaction (nucleation), crystalli-
zation, and resulting defect formation in Cs,AgBiBr single crys-
tal growth.'”) However, the previously investigated initial Ag/Bi
ratio was rather narrow, ranging from 1:1.2 to 1.2:1. Thus, it is of
special interest to investigate the effect of the Ag™ and Bi*"
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concentration in a broader range, which is expected to result in
Cs,AgBiBr, single crystals with different types and concentra-
tions of defects.

In this work, varying precursor compositions were used in
two different synthesis approaches, that is, slow solution cool-
ing and fast microwave-assisted hydrothermal synthesis with
the aim of systematically controlling the amount and type of
defects in the obtained crystals. The change of defect concen-
trations is confirmed by Raman and UV-vis spectroscopy.
The charge-carrier dynamics are investigated by time-resolved
photoluminescence (TR-PL). Our findings provide a strategic
guidance to decrease the detrimental defects in Cs,AgBiBrg
and can thus be applied to the fabrication of Pb-free inorganic
solar cells.

2. Experimental Section

2.1. Synthesis of Cs,AgBiBrs Crystals

The Cs,AgBiBrs crystals were prepared by two different wet
chemical routes, namely solution cooling in an oil bath and
microwave-assisted hydrothermal synthesis in a microwave
digestion system (Turbowave 1500, MLS). CsBr (99.9%, metal
basis, Alfa Aesar), AgBr (99.5%, Alfa Aesar), BiBr; (99%, Alfa
Aesar), and aqueous HBr solution (48%, Alfa Aesar) were used
as chemicals. For the solution cooling method in each batch
12mL HBr solution was used to obtain the target amount of
1 mmol Cs,AgBiBr,. Five samples were prepared with varying
AgBr to BiBrj ratio. The corresponding amounts of precursors
used are listed in Table S1, Supporting Information. The oil bath
was heated to 110 °C on a hot plate and the reaction vessels were
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I ;
HBr
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sealed to prevent evaporation of the solvent. After complete dis-
solution of the starting chemicals, the hot solutions were slowly
cooled down to room temperature at a rate of 5°Ch™.
The obtained crystals were dried and stored in air. In the follow-
ing, the corresponding samples were denoted as SC_Bi25,
SC_Bi33, SC_Bi50, SC_Bi66, and SC_Bi75, respectively. For
the microwave-assisted hydrothermal synthesis, the precursor
solutions were prepared with the same concentrations as in
the solution cooling method. The starting precursors together
with HBr solution were placed in a Teflon-lined autoclave and
heated in the microwave system to 200 °C within 10 min with
a pressure of 4.7 MPa and kept at this temperature for a dwell
time of 1 h. The solutions were cooled down to 50 °C with a rate
of 150 °Ch™". The obtained samples are denoted in the following
as MH_Bi25, MH_Bi33, MH_Bi50, MH_Bi66, and MH_Bi75,
respectively. Both solution cooling method and the microwave-
assisted hydrothermal method are schematically shown in
Figure 1.

2.2. Characterization of Cs,AgBiBrs Crystals

Raman spectra were obtained at room temperature using a
Bruker SENTERRA Raman microscope equipped with a
He-Ne laser (wavelength of 632.8 nm; laser power of 20 mW)
with a resolution of 2-5 cm ™. An objective lens with a magnifi-
cation of 20 and an aperture of 25 pm was chosen. The same
microscope was also used to take optical images of the crystals.
The crystallites size, their distribution, and their morphology
were studied by Zeiss Merlin field-emission scanning electron
microscope (SEM) operating at 8 kV. Single-crystal X-ray diffrac-
tion (XRD) was carried out at room temperature on a STOE
IPDS-2T imaging plate diffractometer (MoK, graphite

2 x CsBr

|

Solution cooling
method

110°C

5°C/h

RT

l

Microwave-assisted
hydrothermal synthesis

,Qfeo 200 °C
&g
.- 150 °C/h
Pressure (40 bar) \
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= 50 °C

Figure 1. Schematic illustration of the two synthesis routes: Solution cooling method (left) and microwave-assisted hydrothermal synthesis (right).
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monochromator, 5 min frame ™', @ = 0°~180°, 20, = 60°). The
crystal structure refinements were carried out with the program
ShelXL. Due to the high-absorption coefficient for Cs,AgBiBrg, a
numerical absorption correction was carried out based on the
observed crystal shapes, which were modified using the STOE
XShape tool by minimizing the deviations of the intensities of
symmetry equivalent reflections. The optical absorption spectra
of the samples were investigated using a Perkin Elmer Lambda
900 spectrometer equipped with a deuterium arc lamp for UV
light and a tungsten—halogen lamp for visible and near-infrared
light. The baseline measurement was taken with BaSO,. The dif-
fuse reflectance measurements were conducted with a scan
speed of 500 nmmin ' in the wavelength range from 1000 to
200nm. The obtained reflectance spectra were converted to
absorbance by wusing the Kubelka—Munk function F(R)
(Equation (1)).

N _(1-R)?

an E(R) =R M
where a is the absorbance and R is the measured reflectance.*’!
Using the Tauc plot method, the bandgaps were determined.”**!
In addition, the Urbach energy was determined from the
obtained absorption spectra, which was interpreted as one of
the indicators for crystal imperfection and defects.*®! For the
determination of the Urbach energy Ey, the absorbance was plot-
ted versus the photon energy (Equation (2)).

a(E) = agexp (Z—Z) (2)

X-ray photoelectron spectroscopy (XPS) was performed in a
Kratos Axis Ultra DLD instrument, equipped with a monochro-
matic Al-Ko source (E=1486.6eV). An analysis area of
300 x 700 pm was defined by an electrostatic-magnetic lens
system. Sample charging was suppressed by a low-energy elec-
tron flood gun. Survey spectra in the binding energy range
between 1330 and 5 eV binding energy were recorded with an
analyzer pass energy (PE) of 80 and 0.5 eV step width. Core level
and valence band detail spectra were recorded with a PE of 10 eV
and energy step width of 0.1 and 0.025 eV, respectively. For
acquisition of elemental information at depths larger than the
information depth of XPS (few nm) and for removal of surficial
hydrocarbon contaminations, the surface was gradually sputter-
eroded by a 500 eV Ar* ion beam with a beam current density in
the order of 10 pA mm™2. For the thermogravimetric analysis
(TGA), a Netzsch STA 449 F3 thermal analyzer was used.
Around 25 mg of the samples were heated in alumina crucibles
using two heating steps under flowing N, atmosphere. Starting
at room temperature, in the first step, the samples were heated to
302 °C with a rate of 20 °C min ™. In the second step, the samples
were heated at a much lower rate of 2.5 °C min~" to 800 °C. Data
was corrected with a baseline measurement of an empty crucible.
Time-resolved and time-integrated photoluminescence spectra
were obtained using a pulsed laser diode (437 nm, PicoQuant
LD-440) with approximately 10 pJ on a spot with a diameter of
approximately 30 pm, resulting in flux of ~1 pJ cm™2. The repe-
tition rate of the light source was 250 kHz for TR-PL measure-
ments, while 10MHz were used for the time-integrated
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measurements. The polarization of the excitation was controlled
using a Glan-Taylor polarizer and set to s-polarization.
Fluorescence of the samples was collected using a Cassegrain-
type collection optic (Anagrain; Anaspec Research Laboratories
Ltd., Berkshire, UK) in 180° back-scattering geometry, passed
through a long-pass filter (458 nm), a wire-grid polarizer
(Thorlabs, WP25M-UB) at magic angle with respect to the exci-
tation, and focused onto a fiber/fiber-bundle using an achromatic
lens (Thorlabs, AC254-100-AB). For TR-PL experiments, a Triax-
190 (Horiba) imaging spectrograph with a 150 lines mm™!
grating (Aplaze = 500 nm) was used to disperse the fluorescence
coming from the multimode fiber (@ =200um, NA 0.12,
CeramOptec). For all samples, a central detection wavelength
of 650nm (~1.91eV) and a bandpass of ~10nm was used.
The spectrograph was focused on a single-photon avalanche
diode (Micro Photon Devices, MPD-100-CTE) with the help of
an elliptic mirror (Horiba, 1427C). Time-correlated single-
photon counting was established using a PicoHarp-300
(PicoQuant). The single-photon timing events were collected
in time-tagged time-resolved (TTTR) mode. For time-integrated
emission spectra, an Andor Shamrock 163 spectrograph with a
150 lines mm™? grating ((Aplaze = 500 nm) was used to disperse
the fluorescence coming from a fiber bundle. The spectrally dis-
persed light was detected utilizing an intensified charged-
coupled device camera (iStar720, Andor).

3. Results

To verify the double-perovskite structure and to check for possi-
ble secondary phases, Raman spectroscopy was performed.®!
Figure 2a shows the Raman spectra of the crystals synthesized
by solution cooling and microwave-assisted hydrothermal syn-
thesis. Cs,AgBiBrg is known to exhibit characteristic bands with
a Raman shift of 75, 135, and 175 cm™".2*?”] For both synthesis
methods, single-phase Cs,AgBiBr; is formed for Bi25, Bi33, and
Bi50 samples. In contrast, Cs3Bi,Bry is obtained for Bi66 and
Bi75 samples where the Raman bands at 190 and 166cm™"
belong to the stretching vibration modes of the (BiBry)* octahe-
dra in Cs3Bi,Bre.*® For MH_Bi66, a mixture of Cs,AgBiBrs and
Cs3Bi,Brg was found. From this observation, it can be concluded
that Ag-rich synthesis conditions are beneficial for the formation
of Cs,AgBiBrg while the formation of Cs3Bi,Brg is suppressed
both in the solution cooling method and microwave-assisted
hydrothermal synthesis. The hydrothermal method is found to
extend the formation region of Cs,AgBiBrs into the direction
of a Bi-rich composition (MH_Bi66). The full width half maxi-
mum (FWHM) values of the A;; Raman band at 175 cm ™" nor-
malized to the Ty, band at 75 cm ™" are depicted in Figure 2b. The
more defects and imperfections exist in the samples, the broader
the Raman bands become due to the change of the local symme-
try. Changes in the vibrational modes by lattice imperfections
can therefore be sensitively characterized by Raman spectrome-
try.”?! As can be seen in Figure 2b, Cs,AgBiBr single crystals
grown by the hydrothermal method exhibit much broader Ay,
bands and a decrease of the FWHM with increasing Bi content
while almost no change in the A;; bandwidth was found for the
solution cooling method. Thus, it can be concluded that
increasing defect densities or imperfections occur in crystals

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 2. a) Raman spectra of the samples synthesized by solution cooling method and synthesis. The background color red indicates single-phase
Cs,AgBiBre, yellow Cs3Bi,Brs, and orange a mixture of both. b) Comparison of full width half maximum (FWHM) values of the A, band of the obtained

Cs,AgBiBrg single crystals.

synthesized by the hydrothermal method and that the defects are
more significant for Ag-rich conditions (MH_Bi25).

The details of the shape, size, and surface roughness of the
synthesized single crystals are shown in Figure 3. SEM images
clearly revealed a well-defined triangular shape of Cs,AgBiBr in
Bi25, Bi30, and Bi50 for both solution cooling method and the
hydrothermal synthesis. The cooling rate in the hydrothermal
synthesis is much faster than that in the solution cooling, result-
ing in much smaller crystals of 10-50 pm compared to the solu-
tion cooling method with a size of 100-500 pm. Regarding the
compositions of Bi66 and Bi75, the optical microscope images
are shown in Figure S2, Supporting Information. The surface
of the crystals is rather irregular but sharp by the solution cooling
method, while the crystals are round and yellowish by the hydro-
thermal synthesis.

For a more detailed structure characterization, single-crystal
XRD was performed. Phase pure Cs,AgBiBr, single crystals con-
firmed by Raman spectroscopy analysis, namely Bi25, Bi30, and
Bi50 for both solution cooling and hydrothermal synthesis, were
investigated. All measured samples were found to be cubic
Cs,AgBiBr, (space group: Fm3m). The refined unit cell param-
eters are plotted in Figure 4a and for both synthesis methods they
slightly increase with increasing Bi amount up to Bi50. The lat-
tice parameters of Cs,AgBiBrs grown via the hydrothermal
method were larger than those synthesized by the solution cool-
ing. The obtained lattice parameters for the solution cooling
method match well with previously reported values in

Adv. Photonics Res. 2022, 2200061 2200061 (4 of 11)

literature.*17-2*3%33] The lattice expansion of Cs,AgBiBrg crys-
tals from the hydrothermal method can be interpreted as being
caused by significant amounts of defects in the lattice. To inves-
tigate the formation of Agy, antisite defects, the intensity ratios of
the (111) and (022) reflections were determined and the results
are shown in Figure 4b. A higher ordering is reported to lead to a
larger intensity ratio of Ij111)/I022)-*>** The samples grown by
the hydrothermal method clearly show a decrease of the I;11y)/
Iio22) ratio with decreasing Ag/Bi ratio while the samples
obtained from the solution cooling method show minute
changes. This indicates that the arrangement of Ag and Bi octa-
hedra was more ordered for the Ag-richer synthesis conditions in
the hydrothermal method. Moreover, the amounts of Agy. anti-
site defects were profoundly higher for Cs,AgBiBr synthesized
by the hydrothermal method, especially for the lower Ag/Bi ratio
samples. More results of the single-crystal XRD investigations
are given in Table S3, Supporting Information.

The ordering degree of Ag and Bi octahedra in the double
perovskite structure is reported to affect the bandgap,*"*! which
was further investigated by UV—-vis spectroscopy. Figure 5 shows
the UV-vis diffuse reflectance spectra as a function of wave-
length. The varying Ag/Bi ratio does not lead to a significant
change in the absorption edge except for MH_Bi50. The obtained
absorption edge wavelength of Cs,AgBiBrs is approximately
600 nm (2.07 eV), which is in good agreement with the reported
value.””) Above the absorption edge at ~600 nm, a characteristic
absorption peak at ~440 nm (2.82 eV) was also observed for both

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 3. Scanning electron microscope (SEM) images of Cs,AgBiBrg single crystals synthesized by a) solution cooling method and b) hydrothermal

synthesis.
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Figure 4. a) Unit cell parameters and b) intensity ratio of the (111) and (022) reflections for the different single crystals.

solution cooling and hydrothermal synthesis, whose peak shape
varied depending on the synthesis route. This observation is in a
good agreement with the reported direct band to band transition
of ~2.8 eV at the I' point in Cs,AgBiBr.*”) However, at the same
time, this peak can also be assigned to the excitonic absorption
while its origin remains unclear.*®! Cs,AgBiBr, is reported to
have an indirect bandgap”®® and thus the Tauc plot assuming
an indirect bandgap is also plotted and discussed in
Figure S4, Supporting Information.

The exponential decay at the low-energy side of the absorption
edge was analyzed for the determination of the Urbach energy
as shown in the inset of Figure 5. The Urbach energy of the solu-
tion cooling samples was determined to be in the range of
0.071eV < Ey<0.089eV  whilst for the hydrothermally
synthesized samples the obtained values are in the range of
0.081eV<Ey<0.135eV. It should also be noted that
Cs,AgBiBrg single crystals grown by the hydrothermal method

Adv. Photonics Res. 2022, 2200061 2200061 (5 of 11)

exhibited gradual changes of the Urbach energy whereas almost
no change was found for the samples synthesized by the solution
cooling method. This difference in the synthesis condition
resulted in a significant change in the type and total amount
of defects in Cs,AgBiBrg. As shown in Figure 1, fast cooling rate
was applied to the hydrothermal synthesis compared to the
solution cooling method. In addition, the applied pressure might
play a role in the hydrothermal method. Contrarily, the solution
cooling method was performed under atmospheric pressure. The
underlying differences in the nucleation and growth mechanism
are not yet fully understood and remain to be elucidated. The
observed trends of the Urbach energies are in good accordance
with the analysis of the Raman bandwidth shown in Figure 2b. In
other words, the change in the Urbach energy was found to be in
direct correlation to the broadening of the measured Raman
band. This correlation between Urbach energy and Raman line-
width was previously reported in the Mg,Zn; O solid solution

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 5. UV-vis diffuse reflectance spectra converted to the Kubelka—Munk function F(R) and logarithmic plot of the absorbance with linear fit for the
determination of the Urbach energy E, of Cs,AgBiBrg (as illustrated in the inset) for a) solution cooling and b) hydrothermal synthesis. c) The comparison

of the obtained Urbach energies is plotted.

by J. Huso et al.,*”) but to our knowledge, this is the first time
that this effect is reported for Cs,AgBiBr prepared by different
routes. This correlation is also in good agreement with our obser-
vations in the XPS measurements.

To detect differences in the defect formation and composi-
tional changes in the synthesized Cs,AgBiBrg single crystals
from both synthesis routes, XPS was carried out. The obtained
stoichiometry is shown in Figure 6. The elemental composition
of the surface (up to a depth of only a few nanometers) was cal-
culated from the survey spectra by considering the Cs 3d, Ag 3d,
Bi 4f, and Br 3p peaks and by employing instrument-specific rel-
ative sensitivity factors (RSFs). Interestingly, a surplus of Ag to Bi
was observed in all the samples except SC_Bi50 as shown in
Figure 6a. The Ag surplus is decreasing with decreasing
Ag/Bi ratio for the solution cooling method, but for the hydro-
thermal method, the ratio was almost constant. While SC_Bi33
was nearly stoichiometric, SC_Bi50 exhibited Ag deficiencies
that can be interpreted by a possible formation of Ag vacancies.
Furthermore, SC_Bi25 showed a clear surplus of Ag to Bi. The
XPS spectra collected after a shorter sputtering time, correspond-
ing to a removal of about 2-5 nm of the outermost atomic layers
depicted in Figure SS5a, Supporting Information, revealed a
marked surplus of Ag compared to the results shown in
Figure 5. This can be an indication of residual AgBr on the crystal
surface, and by TGA, the presence of AgBr was indeed proven in
all samples (Figure 7). A similar trend was found for the

Adv. Photonics Res. 2022, 2200061 2200061 (6 of 11)

(Ag + Bi)/Br ratio as shown in Figure 6b, and it should be men-
tioned that it is hard to judge which one is the exception out of
three samples. It was also noted that the Cs/Br ratio estimated by
XPS decreases with decreasing Ag/Bi ratio during the synthesis
for both solution cooling method and hydrothermal synthesis
with exception for MH_Bi33 as shown in Figure 6¢c. The differ-
entiated Cs/Br ratio between the two synthesis methods is in
good agreement with the lattice parameter change determined
by single-crystal XRD. The indicative Cs deficiency for solution
cooled single crystals found by XPS leads to a shrinkage of the
crystal lattice as reported in literature.*® The calculated compo-
sitions for both synthesis methods showed a surplus of Ag except
for SC_Bi50. Considering the Cs/Br ratio obtained, this reveals a
substantial amount of Br vacancies. Due to the charging effect,
further investigation of the electronic valence states by ultraviolet
photoelectron spectroscopy could not be analyzed. Nevertheless,
the valence band of the solution cooled samples could be
observed with orders of magnitude lower intensity as
shown in Figure S5b, Supporting Information. A detectable
difference in the valence onset could not be detected within
the measurement uncertainty margin for all solution cooling
samples.

The thermal stability and the decomposition temperature of
the Cs,AgBiBr, single crystals were investigated by TGA. The
mass change, differential thermal gravimetry (DTG) profile,
and differential thermal analysis (DTA) curves are shown in

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 6. Atomic ratios of a) Ag/Bi, b) (Ag+ Bi)Br, and c) Cs/Br determined by X-ray photoelectron spectroscopy (XPS).
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Figure 7. Thermogravimetric analysis (TGA), differential thermal gravimetry (DTG), and differential thermal analysis (DTA) curves of Cs,AgBiBrg syn-
thesized by a) solution cooling and b) hydrothermal synthesis.

which can be controlled by varying the Ag/Bi ratio during syn-
thesis. For the solution cooling method, Bi33 and Bi25 exhibited
a decomposition temperature of 494 °C, which is lower than that
of Bi50. Decomposition temperatures of 495 and 486 °C were
obtained for Bi33 and Bi25, respectively, for the hydrothermal
synthesis, indicating that in both synthesis methods, the

Figure 7. The decomposition temperature was determined from
the onset temperature (tangent method) of the TG curve.
Samples from both the solution cooling and the hydrothermal
synthesis exhibited a similar onset of 501 and 503 °C, respec-
tively, for the same precursor stoichiometry of Bi50. This is in
the same range as the reported decomposition temperature,?’!
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decomposition temperature decreases upon increasing the Ag/Bi
ratio. For SC_Bi50 and SC_Bi25, the position of the minimum
value in the DTG is found to be at 547 and 537 °C, respectively.
For MH_Bi50 and MH_Bi25, the position of the minimum value
in the DTG is found to be at 541 and 526°C, respectively.
Interestingly, in the DTA curve, a small endothermic peak at
~2424°C was observed for all samples. This corresponds to be
the melting point of AgBr,*” indicating the existence of AgBr
on the surface of the Cs,AgBiBrg single crystals, as confirmed
by XPS analysis with varied sputtering time. The decreasing
decomposition temperature with increasing Ag/Bi ratio follows
the same trend as the broadening of the Raman band and the
Urbach energy, especially for the hydrothermally synthesized sam-
ples. Thus, the decreased decomposition temperature can be
regarded as an indicator for the crystal imperfection. The generated
defects decrease the decomposition enthalpy, so that a lower tem-
perature is needed for the chemical decomposition. By evaluation
of the calculated decomposition energy, Cs,AgBiBrs has been
reported to decompose into AgBr, CsAgBr,, and Cs;Bi,Br,.2"

To obtain a better understanding of the photoexcitation and
photoemission characteristics of Cs,AgBiBrg, we have performed
PL spectroscopy. The PL spectra for the different samples from
the two synthesis routes are presented in Figure 8. All samples
reveal an emission peak at 1.9 eV, which is Stokes-shifted com-
pared to the UV-vis absorption onset. This is in good agreement
with the reported literature values between 1.9 and 1.95 eV for
Cs,AgBiBr; single crystals.'>418274041 Compared to the esti-
mated bandgap from UV-vis diffuse reflectance spectra, it is
interestingly found that no significant or fundamental difference
occurs in the position of the emission peak for the samples syn-
thesized via both synthesis routes. It should be noted that the
shape of the emission peak is strongly asymmetric and broad.
The origin of asymmetric spectra shape and broadness is
ascribed to the contributions from indirect band to band transi-
tion, the electron—phonon coupling, and the lower energy emis-
sion due to the defect states in the band structure or self-trapped
excitons (STEs).*®! The lifetime of charge carriers was obtained
by TR-PL at the band-edge emission of 1.9 eV with an excitation
energy of 2.8 eV. The decay curves were fitted with a double expo-
nential decay equation (Equation (3)).
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I(t) = Ajexp (;t> + Ajexp <j) (3)
71 72

where t is the time, A; and A, are pre-exponential factors, and 7;
and 7, are the corresponding decay times for the exponential
components, respectively. The fitting results of decay profiles
are presented in Figure 9. The crystals synthesized by the solu-
tion cooling method do not show a significant difference for the
varied Ag/Bi precursor ratios. However, for the hydrothermally
synthesized crystals, the results clearly show a significant differ-
ence of the decay profiles with changing Ag/Bi ratio. The sam-
ples synthesized at a higher Ag/Br precursor ratio showed a
longer decay time than those synthesized under stoichiometric
Ag/Br synthesis condition. The decay constants are ranging from
1 to 3 ns for 7; and from 11 to 23 ns for 7,. Here, 7 is found to be
in the range described in literature, but 7, seems to be much
smaller than reported by M. Keshavarz et al.*!! As discussed
by Slavney et al. and other research groups, the short and inter-
mediate time decay should be highly correlated to defects as
charge trapping centers.!'>'83641:42 Iy contrast, the interpreta-
tion of time-resolved studies is still under debate and our find-
ings concerning the change in the intermediate decay 7, will be
further studied. Nevertheless, for the solution cooling samples,
the decay constant 7; differed only marginally within the esti-
mated measurement error range and just a slight change in 7,
was observed. In contrast, for Cs,AgBiBrg crystals prepared by
the hydrothermal method both decay constants 7; and 7, vary
with the Ag/Bi precursor ratio of the precursor solutions.

4. Discussion

In this study, the type and concentration of defects as well as the
formation of the secondary-phase Cs;Bi,Bry were found to be
strongly dependent on the precursor Ag/Bi ratio and the
different synthetic routes. Applying Ag-rich conditions during
the synthesis was favorable for preventing the formation of
Cs;3Bi,Bro. In contrast, a Bi-rich synthesis condition was not
favorable for obtaining single-phase Cs,AgBiBr for both the
solution cooling method and the hydrothermal method. By apply-
ing various characterization techniques, Cs,AgBiBrs single

(b)
1 —— MH_Bi25
—— MH_Bi33
MH_Bi50

Normalized PL signal (a.u.)

1.6

18 20 22 24

Energy (eV)

1.4

Figure 8. Photoluminescence (PL) spectra of Cs,AgBiBrg synthesized by a) solution cooling and b) hydrothermal synthesis.
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Figure 9. Determined decay parameters 71 and 7, from time-resolved photoluminescence (TR-PL) of the samples prepared by a) solution cooling method

and b) hydrothermal synthesis.

crystals were thoroughly investigated. The tendency observed in
TR-PL was in good agreement with the Raman band broadening
and the estimated Urbach energy values from UV-vis spectros-
copy. Single crystals synthesized by the solution cooling method
showed no significant band broadening in Raman spectroscopy,
smaller cell parameters, negligible change both in absorption
edge shift and Urbach energy, and finally no dramatic change
in the decay constant in TR-PL. In contrast, in hydrothermally
synthesized Cs,AgBiBr,, the increase of the Raman broadening
and the Urbach energy indirectly reveals higher amounts of
defects. Lower Bi content leads to the formation of Ag vacancies
or Agy, antisite defects to meet the charge neutrality.
Furthermore, significantly more Br vacancies were found in
the hydrothermal synthesis compared to the solution cooling
method. Generally, high amounts of defects would result in a
decrease of the carrier lifetime. According to Xiao et al.,2% how-
ever, the energy level position of Br vacancies was calculated to be
placed 0.03 eV below the conduction band within the bandgap.
Hence, Br vacancies could be shallow electron traps that increase
the charge-carrier lifetime as schematically shown in Figure 10.
Here, two mechanisms of charge trapping are plausible. First,
directly after photoexcitation, trapping and detrapping of the
excited electrons can happen within 10 ps during photon-assisted

Bi-rich / Stoichiometric conditions

N

T

Absorption

| Phonon

L

k

transfer to the bottom of the conduction band by electron inter-
valley scattering.!" Second, after the electron intervalley scatter-
ing, the electrons can be trapped and detrapped at shallow stable
defects formed by Br vacancies close to the bottom of the con-
duction band. Further investigations, for example, picosecond
time-resolved spectroscopy will shed light on this topic.

Ahn et al. reported that Ag-rich conditions in the initial chem-
ical environments not only suppress the formation of Ag vacan-
cies, but also prevent the formation of the secondary-phase
Cs3Bi,Brg in hydrothermal synthesis.m] In contrast to their
report, in our study, Cs,AgBiBrs single crystals grown from
Ag-rich precursor solutions revealed Ag vacancies together with
Br vacancies. It should be noted that the range of initial molar
concentrations of Ag" and Bi’" investigated in our study
(£300% from stoichiometric Ag"/Bi*" ratio) is much wider than
the compositional range reported by Ahn et al. (+20% from stoi-
chiometric Ag*/Bi** ratio). Our results are in good line with pre-
vious reports in the respect that the precise tuning of
stoichiometry of synthesized Cs,AgBiBr, can have a direct
impact on the optical properties.!'’~**!

The absorption spectra used for the Urbach energy estimation
revealed that hydrothermally synthesized Cs,AgBiBr single
crystals can be fitted with two single exponentials whereas the

Ag-rich conditions

Figure 10. Schematic illustration of the induced dominant defects for Bi-rich/stoichiometric conditions and Ag-rich conditions. Light absorption, emis-
sion, and trapping/detrapping mechanisms of charge carriers are highlighted.
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data for solution cooling samples can be well fitted by one expo-
nential function. We cannot rule out the possibility that the sam-
ples synthesized by the hydrothermal synthesis may contain
another type of non-negligible defects in addition to Br vacancies.
This issue needs further investigations. A possible explanation
for our observation can be the formation of Ag vacancies or anti-
site defects Agy;, both of which can play a role as a hole trap.
Formation of Ag vacancies in Ag-rich conditions seems not
likely. Instead, if antisite Agg; defects are more favorably formed
in the hydrothermal method together with Br vacancies, the
larger Urbach energy and increased carrier lifetime can be sat-
isfactorily explained. The change in Urbach energy might also
show up in the change of peak broadening in PL emission spec-
troscopy. For instance, Lei et al. have shown that asymmetric PL
spectra of Cs,AgBiBr, can be deconvoluted by band-to-band tran-
sition and defects-related excitons or STE.1*”! Steele et al. argued
that Urbach tail from sub-bandgap defects was clearly observed
in PL emission spectroscopy.[*! However, the PL emission sig-
nals were too broad to be accurately analyzed in our study. The
defects and their role in the synthesis and characterization of
Cs,AgBiBr, single crystals are particularly important, yet poorly
defined indicators. One remaining question is why more Br
vacancies and Agy; antisite defects can be formed in hydrother-
mally synthesized samples compared to the solution cooling
method. As an outlook, it is anticipated to calculate the change
of band structure, depending on the defects type and concentra-
tion. The degree of bandgap narrowing with controlled defect
concentration is an interesting topic. The significance of each
defect type such as Br vacancy, Ag vacancy, and antisite defect
Agy, on the bandgap in Cs,AgBiBr, needs to be investigated
further.

5. Summary

Cs,AgBiBr, single crystals were synthesized by the solution cool-
ing method and the hydrothermal synthesis. Under controlled
Ag"/Bi’" ratio during the synthesis, the defect type and concen-
tration in resulting Cs,AgBiBr, single crystals were successfully
varied. The crystal structure, composition, thermal stability, and
optical properties were investigated. From the estimated band
broadening analysis in Raman spectroscopy and Urbach energy
by UV-vis spectroscopy, it is confirmed that the defect concen-
tration is changed by a variation of the Ag/Bi ratio in the precur-
sor solutions. It could be confirmed that Ag-rich synthesis
conditions prevent the formation of Cs;Bi,Br, but an increasing
Ag concentration induces the generation of Br vacancies.
This formation of Br vacancies results in pronounced
trapping-assisted recombination processes leading to a longer
carrier lifetime. Based on our findings, the synthesis conditions
for achieving higher PCE in Cs,AgBiBrg-based thin-film solar
cells are rationalized.
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