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a b s t r a c t

Lead-free double perovskite halides are emerging optoelectronic materials that are alternatives to lead-
based perovskite halides. Recently, single-crystalline double perovskite halides were synthesized, and
their intriguing functional properties were demonstrated. Despite such pioneering works, lead-free
double perovskite halides with better crystallinity are still in demand for applications to novel opto-
electronic devices. Here, we realized highly crystalline Cs2AgBiBr6 single crystals with a well-defined
atomic ordering on the microscopic scale. We avoided the formation of Ag vacancies and the subse-
quent secondary Cs3Bi2Br9 by manipulating the initial chemical environments in hydrothermal synthesis.
The suppression of Ag vacancies allows us to reduce the trap density in the as-grown crystals and to
enhance the carrier mobility further. Our design strategy is applicable for fabricating other lead-free
halide materials with high crystallinity.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

For the last few decades, lead-based perovskite halides CsPbX3
(X ¼ Cl, Br, I) have been promising candidates in the field of opto-
electronic devices, which include photovoltaic solar cells [1e3], X-
ray detectors [4e6], and light emitting diodes [7e9]. Despite their
excellent functionality (e.g., the high solar-cell efficiency of 23.7%)
[10], their use in actual devices has been limited due to the global
regulation of toxic lead [11]. Very recently, alternative materials
that do not contain a Pb2þ ion at the perovskite B-site and are eco-
friendly have been under intensive exploration [12e15].

Currently, lead-free double perovskite halides Cs2AgBiX6 are of
enormous interest as alternatives to lead-based perovskite halides
CsPbX3 [9,16,17]. Here, two neighbouring Pb2þ ions in the perov-
skite halides are alternately replaced with monovalent Agþ and
eramic Society.

roduction and hosting by Elsevi
trivalent Bi3þ ions resulting in a double perovskite structure, as
shown in Fig. 1a. Some pioneers have already synthesized lead-free
double perovskite halide single crystals with good crystallinity.
These materials showed fascinating physical properties, including a
long lifetime in carrier recombination [18], low effective mass [18],
robust phase stability against humidity [18,19], and white-light
emission by self-trapped excitons [20]. Nevertheless, Cs2AgBiX6
single crystals with better crystallinity are still in demand for po-
tential applications in a wide range of optoelectronic devices [21].
To achieve this, a systematic study of the synthesis of highly crys-
talline Cs2AgBiX6 single crystals is essential.

The structural stability of lead-free double perovskite halide
Cs2AgBiX6 is very susceptible to changes in the ambient chemical
composition during single crystal growth. It has been theoretically
demonstrated that various defects in a double perovskite Cs2Ag-
BiBr6 can be created, such as Ag vacancies, Bi vacancies, and AgBi
anti-site defects [22]. Note that their formation energies in theo-
retical calculations are dependent on a particular chemical condi-
tion (e.g., Ag-rich and Bi-rich). It is also interesting that the
formation energies of secondary phases, which include CsAgBr2
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Fig. 1. Lead-free double perovskite halide crystal growth. (a) Schematic view of lead-based perovskite halide CsPbBr3 and lead-free double perovskite halide Cs2AgBiBr6. (b)
Temperature-time sequence diagram for the hydrothermal synthesis of Cs2AgBiBr6. (c) A schematic diagram of a crystallization process for Cs2AgBiBr6 double perovskite formation
and optical image of the crystals. (d) Initial molar concentrations of Agþ and Bi3þ ions in the precursor solution to generate excess Ag or Bi conditions in a hydrothermal reaction. (e)
The lateral sizes of Cs2AgBiBr6 crystals according to the initial molar concentrations of Agþ and Bi3þ ions in a hydrothermal reaction.

Fig. 2. Structure characterization. (a) X-ray diffraction patterns of ground powder of
Cs2AgBiBr6 single crystals grown under various chemical environments (i.e., stoi-
chiometric, excess Bi, and excess Ag conditions), and Cs3Bi2Br9 powder (as a reference
for the secondary phase). (b) Enlarged view of the XRD peak corresponding to the (111)
Bragg peak of Cs2AgBiBr6 and (1010) Bragg peak of Cs3Bi2Br9 around a 2q angle of 13� .
(c) The volume fractions between the primary Cs2AgBiBr6 and secondary Cs3Bi2Br9
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(tetragonal, P4/nmm) [23], Cs2AgBr3 (orthorhombic, Pnma) [23],
and Cs3Bi2Br9 (trigonal, P-3m1) [24], compete with that of Cs2Ag-
BiBr6 in the thermodynamic reaction process. Furthermore, it ap-
pears that the most energetically stable phase is very different
relying on the given chemical environment. Despite these
intriguing thermodynamic calculations of the phase stability in
lead-free double perovskite halides, it has rarely been examined
how the structural phase of Cs2AgBiX6 during crystal growth
evolves depending on variations in either the Agþ or Bi3þ content.

It is worth noting that the chemical stoichiometry and crystal-
linity of Cs2AgBiX6 single crystals can strongly depend on the
compositional ratio between Agþ and Bi3þ ions during crystal
growth. Due to the high ionic conductivity of Agþ ions [25e27],
some of the mobile Agþ ions would not participate in the crystal-
lization, and then the rate of chemical reaction can be dependent
on the total amount of Agþ cations inside a precursor solution.
Although a stoichiometric amount of Agþ ions is incorporated in
the precursor solution, the resulting Cs2AgBiX6 crystal will be Ag-
deficient (i.e., Bi-excessive) due to the itinerant Agþ ions. This re-
sults in poor crystallinity with the appearance of impurity/sec-
ondary phases. On the other hand, it is well known that a
transition-metal Bi atom is very volatile, and thus it can be easily
vaporized in a thermally-assisted chemical reaction process
[28e30]. To avoid Bi deficiency in the end product, a high content of
Bi3þ ions exceeding the stoichiometric composition was added in
the beginning stage of material synthesis [28e30]. Therefore, it is of
great interest to investigate the effect of the initial Agþ or Bi3þ

content on the chemical composition and structural phases of the
as-grown Cs2AgBiX6 single crystals.

In this work, we experimentally demonstrated the impact of Ag-
excess or Bi-excess on the single crystal growth of a lead-free
double perovskite halide Cs2AgBiBr6. While tuning the molar con-
centration of the reactants (i.e., CsBr, AgBr and BiBr3) in the hy-
drothermal synthesis of Cs2AgBiBr6, we systematically monitored
how its crystal growth evolved as a function of the initial contents
of the Ag and Bi elements in the AgBr and BiBr3, respectively. Note
that an Ag-rich (Bi-rich) environment is attainable in the as-
prepared precursor solution for the hydrothermal reaction, as the
concentration of the starting material AgBr (BiBr3) exceeds the
phases based on the initial molar concentrations of Agþ and Bi3þ ions in a hydro-
thermal reaction.



Fig. 3. Composition analysis. (a) Atomic composition as a function of the initial molar concentrations of Agþ and Bi3þ ions in the as-grown Cs2AgBiBr6 powders and single crystals
via a hydrothermal reaction. (b, c, d, e) SEM images and (f, g, h, i) EDX spectra of Cs2AgBiBr6 powders and crystals grown under various chemical environments [i.e., Bi-excess (b, f),
stoichiometric (c, d, g, h), and Ag-excess (e, i) conditions]. (j) The estimated molar ratio of Bi/Ag as a function of the initial molar concentrations of Agþ and Bi3þ ions in as-grown
Cs2AgBiBr6 samples.
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stoichiometric amount. We found that the degree of crystallization
strongly depended on the initial reaction conditions. It appears that
the as-grown Cs2AgBiBr6 single crystals under Ag-rich conditions
are highly crystalline with a well-defined double perovskite
structure microscopically. In contrast, under Bi-rich conditions, the
crystallization of Cs2AgBiBr6 is relatively poor with the formation of
a parasitic Cs3Bi2Br9 phase. We also identified that the Cs2AgBiBr6
single crystals synthesized under Ag-excess conditions exhibited a
larger indirect band gap (Eg,indirect ~ 2.12 eV) than those
(Eg,indirect ~ 2.07 eV) synthesized under the stoichiometric condi-
tions, which is close to the value predicted (Eg,indirect ~ 2.26 eV) by
theoretical calculations. A possible origin of such a difference in the
crystallinity of Cs2AgBiBr6 will be discussed in conjunction with its
effect on the electrical transport properties (e.g., carrier mobility) of
the as-grown single crystals.

To fabricate lead-free double perovskite halide Cs2AgBiBr6 single
crystals, we used a conventional hydrothermal reaction technique.
In the hydrothermal method, a reactant solution in a Teflon vessel
was pressurizedwith an autoclave during the crystal growth. Under
the internal pressure imposed by the autoclave, a double perovskite
Cs2AgBiBr6 phase was easily stabilized, enabling the subsequent
growth of single crystals. For the hydrothermal reaction, we first
prepared a starting solution by dissolving high-purity CsBr (99.9%),
AgBr (99.0%), and BiBr3 (�98.0%) powders in a buffered HBr solvent
(the HBr weight percentage of 48% in H2O) [18]. As shown in Fig. 1b,
the as-prepared precursor solution was fired in a box furnace up to
130 �C with a ramping rate of 5 �C/min. Then, it was cooled down to
room temperature with a ramping rate of 1 �C/hour for
crystallization. For more details related to the single crystal growth,
see the method section and Fig. S1 (Supporting Information).

In the hydrothermal synthesis of Cs2AgBiBr6 single crystals, it is
possible to control the initial chemical environment of the reaction.
A chemical reaction between the starting substances (i.e., CsBr,
AgBr, and BiBr3) produces a stoichiometric Cs2AgBiBr6 as follows
[22]:

2CsBr þ AgBr þ BiBr3 / Cs2AgBiBr6 (1)

Note that the ratio of molar concentrations between AgBr and
BiBr3 is 1 in the stoichiometric case.We stress that it is important to
assess the degree of crystallization of double perovskite halides
depending on the initial concentrations of Agþ and Bi3þ ions that
take part in a chemical reaction. Thus, we produced an excess Ag or
excess Bi condition while varying the molar concentrations of the
AgBr and BiBr3 reactants in a precursor solution as follows (Fig. 1c):

2CsBr(s) þ (1þx) AgBr(s) þ (1þy) BiBr3(s) þ HBr(aq) /
Cs2AgBiBr6(s) þ (x Ag1þ þ y Bi3þ þ HBr)(aq) (2)

Herein, the x (y) valuewas varied from 0.05 to 0.20 with increments
of 0.05 in the Ag (Bi)-excess condition, whereas the y (x) value was
fixed to zero, as shown Fig.1d. For example, when the x and y values
were 0.05 and 0.00, respectively, the corresponding molar con-
centrations of (1þx) AgBr and (1þy) BiBr3 reactants became 1.05
and 1.00, respectively, which allowed us to artificially generate the
Ag-excess condition in the hydrothermal reaction. In the opposite



Fig. 4. Crystallinity of our Cs2AgBiBr6 single crystal grown under an Ag-excessive environment. The high-resolution XRD data of (a) the q-2q scan, (b) the phi (4) scan, and (c) the
rocking-curve measurement of the Cs2AgBiBr6 single crystal grown under an Ag-excessive environment.
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case (i.e., x ¼ 0 and y > 0), the Bi-excess condition was attainable as
well.

We found that the lateral sizes of Cs2AgBiBr6 single crystals
grown by a hydrothermal method strongly depended on the initial
molar concentrations of AgBr and BiBr3 reactants (Fig. 1e). More
details of the size estimation of the as-grown Cs2AgBiBr6 single
crystals are described in Fig. S2 (Supporting Information). It is also
interesting that the double perovskite Cs2AgBiBr6 phase is highly
crystalized with an average lateral dimension of ~4 mm under an
excess Ag environment only, although there were some variations
in the measured crystal size (the measured values of the lateral
sizes of all Cs2AgBiBr6 crystals used in this work are shown in
Table S1). In contrast, under excess Bi conditions, the crystallinity of
the as-produced Cs2AgBiBr6 crystals was very poor and still
remained in a powder form. For the stoichiometric case, where the
molar ratio between Agþ and Bi3þ contents was 1, the measured
crystal size quite varied significantly from ~1 to ~5 mm, indicating
that it was difficult to achieve reproducible growth of Cs2AgBiBr6
single crystals with high crystallinity.

2. Results and discussion

Fig. 2a shows the powder x-ray diffraction (XRD) results of
Cs2AgBiBr6 single crystals grown under various chemical environ-
ments (i.e., stoichiometric, excess Bi, and excess Ag conditions). To
perform these measurements, Cs2AgBiBr6 single crystals were first
synthesized using a precursor solution with different molar con-
centrations of Agþ [(1þx)] and Bi3þ [(1þy)] ions by a hydrothermal
method; then, we prepared Cs2AgBiBr6 powders by grinding the as-
grown Cs2AgBiBr6 single crystals (for more details of the synthesis
of Cs2AgBiBr6 single crystals, see the method section in Supporting
Information). We found that the obtained powder XRD patterns
(the blue solid lines) of Cs2AgBiBr6 single crystals grown under Ag-
excess conditions exactly matched that of a cubic Cs2AgBiBr6 phase
(a ¼ b ¼ c ¼ 11.25 Å) (detailed analyses of powder XRD results,
Fig. S3, Supporting Information) [18]. In contrast, it appeared that
the as-grown Cs2AgBiBr6 single crystals under Bi-excess conditions
contained a secondary Cs3Bi2Br9 phase (marked by the red solid
circles) and a little amount of BiBr3 residues (Fig. S3b, Supporting
Information) in addition to the major double perovskite phase
(marked by the blue solid diamonds) (Fig. 2b). For comparison, the
measured XRD pattern of Cs3Bi2Br9 powders is shown in the lowest
panel of Fig. 2a (a detailed comparison of the obtained XRD
patterns of Cs2AgBiBr6 powders with the reference XRD pattern of
Cs3Bi2Br9 is provided in Fig. S4, Supporting Information).

Fig. 2c shows the volume fractions of the primary Cs2AgBiBr6
and secondary Cs3Bi2Br9 phases. We estimated the relative portions
of Cs2AgBiBr6 and Cs3Bi2Br9 phases by fitting the (111) and (1010)
Bragg peaks (around the 2q angle of 13�) of double perovskite
Cs2AgBiBr6 and layered perovskite Cs3Bi2Br9 phases using a Lor-
entzian distribution function. It is evident that the volume fraction
of the primary Cs2AgBiBr6 (the secondary Cs3Bi2Br9) phase keeps
increasing (decreasing) as the molar concentration of Bi3þ ions
decreases from 1.2 to 1.0 under excess Bi conditions. Here, the
molar content of Agþ ions relative to the Bi content increased,
although the absolute molar concentration of Agþ ions was fixed at
1. It is also noticeable that the secondary Cs3Bi2Br9 phase (the
extracted volume fraction of ~4%) still remains in Cs2AgBiBr6 single
crystals synthesized under stoichiometric conditions (denoted by a
black arrow). In contrast, there is no Cs3Bi2Br9 phase in the as-
grown single crystals under excess Ag conditions, and the Cs2Ag-
BiBr6 phase becomes dominant. This indicates that the phase sta-
bility of double perovskite Cs2AgBiBr6 is very susceptible to the
initial chemical concentrations in the precursor solution prepared
for the hydrothermal reaction.

To gain further insight into the chemical-environment-
dependent structural instability in Cs2AgBiBr6 single crystals, we
carried out energy-dispersive x-ray spectroscopy (EDX) measure-
ments to analyze the chemical stoichiometry. As shown in Fig. 3a,
the element-specific EDX results reveal that the Ag and Bi contents
in the as-synthesized Cs2AgBiBr6 compounds are very different
depending on the initial molar concentrations of Agþ and Bi3þ ions
in a precursor solution. On the other hand, there was no significant
change in the measured Cs and Br contents, which are almost
constant with atomic percentages of 20% and 60%, respectively [For
the stoichiometric analyses of as-synthesized Cs2AgBiBr6 single-
crystal/powder compounds, we carried out scanning electron mi-
croscopy (SEM) and EDX measurements. And, the obtained SEM
images and EDX spectra are shown in Fig. 3b-i]. Considering the fact
that the atomic percentages of Cs, Ag, Bi, and Br elements are 20%,
10%, 10%, and 60% in stoichiometric Cs2AgBiBr6, respectively, all the
Cs2AgBiBr6 single-crystal/powder specimens should contain stoi-
chiometric amount of Csþ and Br� ions.

To further assess either Bi or Ag deficiencies in the Cs2AgBiBr6
compounds, we also calculated the proportion of Bi to Ag contents
from the measured atomic percentages of Bi and Ag elements



Fig. 5. Atomic-resolution STEM images of a Cs2AgBiBr6 single crystal grown under an Ag-excess environment. (a) Optical image of Cs2AgBiBr6 single crystals. (b) Schematic diagram
of the Cs2AgBiBr6 structure viewed along the [110] direction. (c) High-resolution HAADF-STEM image, (d) FFT pattern of the Cs2AgBiBr6 single crystals, and (e) simulated electron
diffraction pattern of a cubic double perovskite structure along the [110] zone axis. (f) HAADF-STEM intensity profiles along the [001] direction from regions shown in (c) cor-
responding to the atomic rows shown in the schematic.
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(Fig. 3j). For Cs2AgBiBr6 single crystals grown under excess Ag
conditions, the atomic percentages of Ag and Bi elements are the
same (approximately 10%), and the derived Bi/Ag values are close to
1, indicating that there are no Bi and Ag vacancies inside the as-
grown single crystals. In contrast, it is clear that the Bi and Ag ra-
tio is larger than 1 for Cs2AgBiBr6 compounds synthesized under
both excess Bi and stoichiometric (denoted by a black arrow)
conditions. This indicates that the measured single crystal/powder
specimens have excessive Bi (i.e., Ag-deficient) elements due to the
presence of the secondary Cs3Bi2Br9 phase.

High-resolution XRD measurements were performed to
macroscopically examine the crystallinity of our Cs2AgBiBr6 single
crystals (for details related to the XRD experiments, see themethod
section in Supporting Information). For these XRD analyses, we first
selected a Cs2AgBiBr6 single crystal synthesized under an excess Ag
condition where the initial molar concentrations of Agþ and Bi3þ

ions were 1.2 and 1.0, respectively. Note that Cs2AgBiBr6 single
crystals grown under excess Ag conditions were well crystallized
with no impurity phases, whereas the as-grown single crystals
under excess Bi and stoichiometric conditions were poorly crys-
tallized and showed a secondary Cs3Bi2Br9 phase (Fig. 2a). The
subsequent XRD q-2q result clearly shows that the as-grown
Cs2AgBiBr6 single crystals in an excess Ag environment are
single-crystalline with a [111] crystallographic orientation (Fig. 4a).
An XRD phi (f) scan of the (220) Bragg peak shows 3-fold sym-
metry due to the preferred [111] orientation in a cubic double
perovskite structure (Fig. 4b). The as-grown single crystal should be
in a single domain state structurally, because no diffraction peak
due to in-plane misorientation was observed except for the three
{220} Bragg peaks. To evaluate the mosaicity of our Cs2AgBiBr6
single crystals, we also carried out XRD rocking-curve measure-
ments of the (111) Bragg peak, as shown in Fig. 4c. The measured
diffraction peak is very sharp, and then the estimated full width at
half maximum (FWHM) via the best fit was 0.03�, which is smaller
than the FWHM values of previously reported Cs2AgBiBr6 (0.06�)
single crystal [31], lead-based perovskite halide CsPbBr3 (0.16�)
[32], CH3NH3PbBr3 (0.07�). This peak is comparable to conventional
perovskite oxide LiNbO3 (0.02�) [33] and SrTiO3 (0.01�) single
crystals (XRD rocking-curve results of CH3NH3PbBr3 and SrTiO3
single crystals are shown in Fig. S5, Supporting Information).
Accordingly, it is highly likely that there is no mosaic spread in our
Cs2AgBiBr6 single crystals, and they should be highly crystallized
with a single domain configuration.

To visualize the atomic structure in our Cs2AgBiBr6 single crys-
tals, we carried out cross-sectional scanning transmission electron
microscopy (STEM) experiments (sample preparation and STEM
measurement details are provided in the method section and
Fig. S6, Supporting Information). As with the XRD analyses, we used
a high crystalline Cs2AgBiBr6 single crystal synthesized under
excess Ag conditions for the STEM measurements (Fig. 5a). In
double perovskite Cs2AgBiBr6, two neighbouring halogen octa-
hedra [i.e., AgBr6 (light cyan diamonds) and BiBr6 (light yellow di-
amonds)] are alternately interconnected via corner sharing,
resulting in an octahedral breathing order, as shown in Fig. 5b. A
high-angle annular dark field (HAADF)-STEM image of the as-
grown Cs2AgBiBr6 single crystal reveals that the observed atomic
configuration (Fig. 5c) is in good agreement with the projected
lattice structure (Fig. 5b) along the [110] zone axis. It is worth
noting that all the chemical elements (Cs, Ag, Bi, and Br) consti-
tuting Cs2AgBiBr6 single crystals are uniformly distributed
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throughout the whole region of the specimen with no spatial in-
homogeneity (details about the STEM-EDX measurements are
provided in Fig. S7, Supporting Information). In a fast Fourier
transform (FFT) pattern obtained from the HAADF-STEM image, we
observed {111} diffraction peaks arising from the lattice doubling of
simple perovskite unit cells (Fig. 5d). We also found that the FFT
pattern corresponded to the simulated electron diffraction pattern
of a cubic double perovskite structure (Fig. 5e) (a comparison be-
tween the simulated electron diffraction patterns of cubic perov-
skite and double perovskite structures is shown in Fig. S8,
Supporting Information).

To identify the atomic arrangement of the as-grown Cs2AgBiBr6
single crystals, we plot the line profiles of the measured STEM in-
tensity in a HAADF image (Fig. 5c) along the cubic [001] direction,
as shown in Fig. 5f. Note that a Cs2AgBiBr6 unit cell can be
conceptually viewed as a stack of CsBr-BiBr2 (or AgBr2)-CsBr-AgBr2
(or BiBr2) in the [001] direction. Considering the fact that the peak
intensities of atoms in the extracted line profiles are determined by
the atomic number (Z) [34], the atomic stacking sequences in col-
umns 1 (the red dashed box in Fig. 5c) and 5 (the blue dashed box in
Fig. 5c) should correspond to Cs-Bi-Cs-Ag. And, in column 3 (the
yellow dashed box in Fig. 5c), the corresponding stacking sequence
becomes Cs-Ag-Cs-Bi. When the Cs2AgBiBr6 unit cell is projected
along the [110] zone axis, halogen Br atoms only appear with an
interatomic spacing of 11.25 Å/2 (i.e., a half lattice parameter of
cubic Cs2AgBiBr6) [18], as displayed in columns 2 (the orange
dashed box in Figs. 5c) and 4 (the green dashed box in Fig. 5c).
Furthermore, in the intensity profiles, the peak position of each
atom is very periodic, and there was no variation in the peak in-
tensity. It follows that all the constituent atoms in our Cs2AgBiBr6
single crystals are highly ordered at the atomic level, resulting in
the well-defined double perovskite structure.

Fig. 6 shows space-charge-limited bulk conduction (SCLC) be-
haviors of Cs2AgBiBr6 single crystals synthesized under stoichio-
metric [(Agþ, Bi3þ) ¼ (1, 1) (Fig. 6a)] and Ag-excess [(Agþ, Bi3þ) ¼
(1.05, 1), (1.1, 1), (1.15, 1), and (1.2, 1) (Fig. 6b-e)] conditions,
respectively. Note that the majority of the conduction carriers are
holes (i.e., p-type) in Cs2AgBiBr6, because the valence band
maximum is close to the Fermi level (the calculated electronic band
structure of Cs2AgBiBr6 is shown in Fig. S9, Supporting Information)
[31,35]. A metal-insulator-metal (MIM) structure of Au/Cs2AgBiBr6/
Au is commonly used for the hole-governing electrical transport
measurements (for more details on our current density-voltage (J-
V) measurements, see the method section and Fig. S10, Supporting
Information) [31,36]. In the conventional SCLC model [37e40], the
J-V curves at low voltages (i.e., V < Vtr) are characterized by linear
ohmic behaviors (JOhm f V). As the voltage increases across a
transition voltage of Vtr, the deep traps begin to fill, resulting in
trap-filled-limited currents (JTFL f Vn with n > 2). At even higher
voltages (i.e., V > VTFL), the deep traps are almost totally filled,
exhibiting deep-trap-free-conduction behavior (i.e., space-charge-
limited currents, JSCL f V2). In this space-charge-limited region,
the dark current density (JD fitted by the Mott-Gurney law and VTFL)
[37e40] is described as follows:

JD ¼ 9εε0mV2

8L3
(3)
Fig. 6. Carrier mobility characterization. Logarithm JeV curves in the dark for Cs2Ag-
BiBr6 single crystals grown under (a) stoichiometric and (b, c, d, e) Ag-excessive
conditions. Linear fittings are applied to estimate the carrier mobility and trap den-
sity according to the space charge-limited current (SCLC) model. The regions are
marked for Ohmic (Blue, J f Vn¼1), TFL (trap-filled limited) (Green, J f Vn>2) and Trap-
free SCLC regime (Orange, J f Vn¼2).



Table 1
Formation energies of Ag and Bi vacancy defects from first-principles calculations.

Compound Ag vacancy Bi vacancy

Evf (eV) 3.13 6.15

Fig. 7. (a), (b) Temperature-dependent dark current of Cs2AgBiBr6 crystal grown under
various chemical environments (i.e., stoichiometric (a) and Ag-excess conditions (b)).
(c) Arrhenius plots of the temperature dependence of sT versus 1000/T.
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VTFL ¼
eNtL2

2εε0
(4)

where e, ε, m, L, V are the charge of free carriers (i.e., holes), dielectric
constant, carrier mobility, sample thickness, and the applied
voltage bias, respectively. Nt is the density of deep traps. It is
therefore possible for us to estimate the carrier mobility (m) and
trap density (Nt) by fitting the measured JSCL-V curves with these
formulas shown above.

The high crystallinity of our Cs2AgBiBr6 single crystals allowed
us to achieve higher carrier mobility and lower trap density based
on their J-V characteristics. To estimate the carrier mobility and trap
density, we first measured the dielectric constants (ε) of the as-
grown Cs2AgBiBr6 single crystals electrically (detailed information
related to the dielectric permittivity measurements are in the
method section and Fig. S11, Supporting Information). Then, the m

and Nt values of the as-grown Cs2AgBiBr6 single crystals were ob-
tained via linear fits of the log Jelog V plots). It is evident that the
as-grown Cs2AgBiBr6 single crystals (m and Nt ¼ 22.3 cm2 V�1 s�1

and 9.57 � 109 cm�3, respectively) under Ag-excess conditions
(Fig. 6e) exhibit ~5 times higher mobility and possess approxi-
mately three times lower trap density than those (m and
Nt ¼ 4.47 cm2 V�1 s�1 and 36.0 � 109 cm�3, respectively) under
stoichiometric conditions (Fig. 6a). Note that there was no notice-
able difference in the surface morphologies of the as-synthesized
Cs2AgBiBr6 single crystals under stoichiometric and Ag-excessive
environments (Fig. S12, Supporting Information), which indicates
that a difference in the measured electrical properties was not
attributed to extrinsic effects such as grain boundaries. More
interestingly, the obtained Nt decreased significantly as the initial
Agþ molar concentration with respect to the Bi3þ molar concen-
tration increased (Fig. S13a, Supporting Information). On the other
hand, the estimated m progressively increased with an increase in
Agþ/Bi3þ molar ratio (Fig. S13b, Supporting Information). The
highest m value (~22.3 cm2 V�1 s�1) was measured in our Cs2Ag-
BiBr6 single crystals synthesized under an Ag-abundant (Agþ:
Bi3þ ¼ 1.2 : 1) environment. This value is comparable to the m values
(11.8 and 55.7 cm2 V�1 s�1) reported in previous studies [31,41].

To understand the microscopic origin of the synthetic-
environment-dependent transport properties (i.e., m and Nt) in
the as-grown Cs2AgBiBr6 single crystals, we predicted the forma-
tion energies of Ag and Bi vacancy defects through first-principles
calculations, as shown in Table 1. To compute the vacancy forma-
tion energy (Evf), we first added the energies of defective Cs2Ag-
BiBr6 (Etotal) (with either the Ag or Bi vacancy) and a single Ag or Bi
atom (EAg/Bi). Then, the energy of defect-free Cs2AgBiBr6 (E0) was
subtracted from the sum of Etotal and EAg/Bi (For more details on our
theoretical calculations, see the method section in Supporting In-
formation). It is interesting that the formation energy of an Ag
vacancy (3.13 eV) is about twice as low as that of a Bi vacancy
(6.15 eV). Thus, the formation of these Ag vacancy defects during
crystal growth can be much easier under Ag-deficient and stoi-
chiometric environments rather than Ag-excess conditions. At a
given Ag vacancy site, the primary Cs2AgBiBr6 phase would be
structurally unstable resulting in the emergence of a secondary
Cs3Bi2Br9 phase (a possible scenario of a structural transition from a
double perovskite Cs2AgBiBr6 phase to a layered perovskite
Cs3Bi2Br9 phase is schematically described in Fig. S14, Supporting
Information). The UVevisible absorption measurements of our
Cs2AgBiBr6 single crystals revealed that the as-grown single crys-
tals (2.10e2.12 eV) under Ag-excess conditions exhibited a higher
indirect band gap (Eg,indirect) than those (2.07 eV) under stoichio-
metric conditions (Fig. S15 and Table S2, Supporting Information).
Note that Eg,indirect in Cs2AgBiBr6 was calculated to be ~2.26 eV in
our theoretical results (Fig. S9, Supporting Information). Consid-
ering the fact that an optical band gap in a solid is usually reduced
with the formation of defect levels [35,41], the as-grown Cs2Ag-
BiBr6 single crystals under Ag-rich conditions should contain fewer
Ag vacancies than those under stoichiometric conditions. Since
vacancy defects in solids also act as trapping sites, impeding the
movements in free charge carriers [35,41], it is highly likely that the
major hole carriers are more mobile in Cs2AgBiBr6 single crystals
synthesized under an Ag excess environment due to the lower
concentration of charge trapping sites, which is consistent with our
transport results of m and Nt.

To get further insight on the underlying mechanism of the
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enhanced transport properties in the as-grown Cs2AgBiBr6 single
crystals under Ag-excessive conditions, we performed the tem-
perature (T)-dependent conductivity measurements our Cs2Ag-
BiBr6 single crystals, as shown in Fig. 7. We first measured the
current (I)-voltage (V) characteristics of two as-grown Cs2AgBiBr6
single crystals [i.e., synthesized under stoichiometric (Fig. 7a) and
Ag-excessive (Fig. 7b) conditions, respectively] in the temperature
range from 298 to 373 K. Then, we plotted the measured electrical
conductivity (s) in accordance with the Arrhenius relation [ln(sT)
vs. 1/T] and extracted the activation energy (Ea) for electrical
transport via the subsequent linear fit of the Arrhenius plot (Fig. 7c)
[31,42]. For the Cs2AgBiBr6 single crystal under a stoichiometric
(Ag-excessive) condition, Ea for charge transport was estimated to
0.80 (0.80) eV at high temperatures, whereas it was 0.37 (0.59) eV
at low temperatures. Note that the high-temperature transport
behaviors are dominated by thermal activation of major charge
carriers (i.e., mobile holes for Cs2AgBiBr6) and hence, the energy
barrier height should be comparable to a half of an electronic band
gap (i.e., Eg,indirect ~2.10 eV in our UVevisible absorption measure-
ments of Cs2AgBiBr6 single crystals) in intrinsic semiconductors
with slight variations [42]. On the contrary, Ea at low temperatures
can be easily affected by extrinsic effects such as vacancy defects
and interfacial Schottky barrier [31,43]. Considering that the
Cs2AgBiBr6 single crystal grown under a stoichiometric condition is
more defective than the as-grown single crystal under an Ag-
excessive condition, the charge transport at low temperatures
would be governed by extrinsic defects with a lower Ea than
intrinsic charge carriers. Further studies are highly desirable to
elucidate the mechanism of the defect-mediated electrical charge
transport on an atomic scale.

3. Conclusions

In summary, we experimentally achieved highly crystalline
lead-free double perovskite halide Cs2AgBiBr6 single crystals with a
well-defined atomic ordering using a hydrothermal method. The
successful growth of Cs2AgBiBr6 single crystals was achieved by
systematically controlling the initial chemical environment in the
hydrothermal synthesis. At the beginning stage of the hydrother-
mal reaction, Ag-rich conditions were used to suppress the for-
mation of Ag vacancies in the single-crystal growth of Cs2AgBiBr6.
Our results are of practical interest for fabricating high-quality
lead-free halide materials and for optimizing their synthetic con-
ditions where the reproducible growth of the halide materials is
feasible. Conceptually, this work can be utilized to realize defect-
free optoelectronic devices with high performance and multi-
functionality.
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