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ABSTRACT: Small bandgap scintillators have gained significant attention in
recent years. Especially Cs4PbBr6 is an interesting material, mitigating the small
Stokes shift-related problem of perovskites like CsPbBr3. In this work, optical and
scintillation properties of Cs4PbBr6 single crystals are investigated as a function of
temperature, with a detailed focus at 10 K. The Cs4PbBr6 single crystals were
grown using the vertical Bridgman method. Due to incongruent melting, CsPbBr3
inclusions are formed, generating a 540 nm emission band. Prepairing Cs4PbBr6
via solid-state synthesis yields CsPbBr3-inclusion-free material, showing no green
540 nm emission band. In Cs4PbBr6 samples with and without CsPbBr3
inclusions, a new emission band at 610 nm ascribed to an unknown defect was
found. Based on the presented experiments, an emission mechanism is proposed
for Cs4PbBr6. This shows that both defects and CsPbBr3 inclusions play a role in
the emission behavior of Cs4PbBr6 but only the CsPbBr3 inclusions are
responsible for the 540 nm emission.

I. INTRODUCTION
In the last 10 years, lead halide perovskites1−3 and lead halide
perovskite-related compounds4−6 have gained interest in the
field of X-ray and γ photon scintillation detection. A clear
distinction should be made, as discussed by Akkerman and
Manna, between true perovskites and perovskite-related
compounds.7 The perovskite crystal structure, with stoichiom-
etry ABX3, consists of a three-dimensional network of corner-
sharing BX6 octahedra. The small bandgap of lead halide
perovskites, approximately 3 eV, increases their theoretical
maximum light yield compared to larger bandgap traditional
scintillators.1,8,9 Using eq 1 and a bandgap of 3 eV, it can be
estimated that perovskites could surpass 100 000 photons/
MeV scintillation photon yield.

N
E

e h
1 000 000

( pairs/MeV)eh
g

=
(1)

Here, Neh represents the number of created electron−hole
pairs, β is taken to be ≈2.5, and Eg represents the bandgap of
the scintillator in eV. Perovskite-based scintillators differ from
traditional scintillators, often doped or codoped, by being
intrinsic scintillators, i.e., not relying on dopant ions.10−14

One of the shortcomings of lead halide perovskite-based
scintillators, however, is their small Stokes shift, which results
in losses due to self-absorption.3,15,16 This problem has been
addressed in detail by Wolszczak et al.15 and Williams et al.16

For other applications, like light-emitting diodes, this is a
significantly smaller problem; these applications often use
either thin films or nanocrystals.17−19 Potential solutions to
deal with the small Stokes shift of perovskites are lower-

dimensional lead halide compounds or the introduction of a
dopant to downshift the emission wavelength. Dimension, in
this case, refers to the connectivity of the PbX6 octahedral
network. In the genuine perovskite structure, ABX3, the PbX6
network is conected in three dimensions. The dimensionality
decreases to two-dimensional in compounds like (PEA)2PbBr4
or zero-dimensional in compounds like Cs4PbBr6. Lower-
dimensional compounds often show self-trapped exciton
emission which, compared to the near bandgap free exciton
emission of perovskites, has a significantly larger Stokes
shift.20−23

Examples of lower-dimensional lead-based compounds that
have been studied for their scintillation properties are the two-
dimensional hybrid organic−inorganic perovskites phenethy-
lammonium lead bromide ((PEA)2PbBr4), butylammonium
lead bromide ((BA)2PbBr4), and 2,2-(ethylenedioxy)bis-
(ethylammonium) lead chloride ((EDBE)PbCl4).

1,4,24,25 In
these compounds, the cation located on the A site is replaced
with a relatively large ammonium ion molecule, creating an
alternating layered structure of PbX6 octahedra and organic
layers.

In this work, the low-temperature optical and scintillation
properties of the zero-dimensional lead halide compound
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Cs4PbBr6 are studied. Cs4PbBr6 crystallizes in the K4CdCl6
structure with space group R3̅c,26,27 has a density of 4.19 g/
cm3, and a 3.9 eV bandgap.28−30 Compared to the corner-
sharing network of BX6 octahedra in the perovskite crystal
structure, the A4BX6 structure consists of isolated BX6
octahedra.31,32 This results in the formation of localized states,
composed of the 6s2 and 6s6p states of Pb2+, on the BX6
octahedra. This closely resembles low doping concentrations of
Pb2+ in face-centered cubic (fcc) alkali halide crystals, also
resulting in the formation of isolated [PbX6]4− octahedra.29,33

A general schematic of the energy levels of ions with an ns2

electronic configuration, e.g., Tl+, Pb2+, and Bi3+, is shown in
Figure 1. The energy levels of a free ns2 ion shift and split due

to a combination of electrostatic, exchange, and spin−orbit
interactions.34,35 In a crystal field, the levels will split further
forming three distinct absorption bands, labeled the A (1S0 →
3P1), B (1S0 → 3P2), and C (1S0 → 1P1) band, which
correspond with transitions between the ns2 ground state and
nsnp excited states.34,35 The 1S0 → 1P1 transition, or the C-
band, is allowed. The 1S0 → 3P0, 1S0 → 3P1 (A-band), and 1S0
→ 3P2 (B-band) transitions are spin forbidden. The 1S0 → 3P1
transition, or A-band, becomes partially allowed due to the
spin−orbit coupling mixing the 3P1 and 1P1 states.34 The 1S0 →
3P2 transition, or B-band, can be induced due to vibrational
coupling with the crystal lattice but it remains weak and often
escapes observation.35,36 Additionally, a fourth band, labeled
the D-band, corresponding to a metal to metal charge transfer
state between the ground state of Pb2+ and the conduction
band is often observed.37,38 Emission typically takes place due
to transitions from the 3P1 (excited) state to the 1S0 (ground)
state and is commonly referred to as A-band emission.34,35

Cs4PbBr6 has been studied in different morphologies:
nanocrystals,28,39−42 thin films,29,30,43 single crystals,27,44,45

and powders.46,47 Next to the potential interest of Cs4PbBr6
as a scintillator, it has also gained interest to be used in light-
emitting diodes (LEDs),48,49 luminescent solar concen-
trates,50,51 and UV detectors.52 Additionally, Cs4PbBr6 has
been explored as host matrix for the production of CsPbBr3

nanocrystals, an overview of which is presented by Akkerman
et al.52 Cs4PbBr6 especially gained a lot of interest due to its
intense green 540 nm emission in addition to its UV 380 nm
emission. The origin of the 540 nm emission is sometimes still
under debate. It was suggested to either originate from
bromine vacancies27,41,53−55 or CsPbBr3 nanocrystal inclu-
sions.29,30,45,56−60 The latter is seen as the more favorable
explanation. This debate has recently been summarized in the
review articles of Wang et al.,61 Biswas,62 and Akkerman et al.52

In general, two different types of Cs4PbBr6 can be classified in
the literature: Cs4PbBr6 with CsPbBr3 inclusions, showing UV
380 nm and green 540 nm emission, and phase pure Cs4PbBr6,
showing only UV 380 nm emission. The goal of this work is to
propose a general emission mechanism for Cs4PbBr6, by
studying the low-temperature optical and scintillation proper-
ties of Cs4PbBr6. The experiments are performed on a
Cs4PbBr6 single crystal, grown using the vertical Bridgman
method. One of the problems of producing single crystals from
the melt, however, is the incongruent melting of Cs4PbBr6.

63

This results in the formation of CsPbBr3 inclusions.29,30 Such
inclusions have also been observed in CsBr crystals doped with
Pb2+.64−66 Zhang et al. demonstrated that Cs4PbBr6 single
crystals can be grown from solution without CsPbBr3
inclusions in the presence of an excess of Cs+ and Br− ions,
which stabilize the formation of Cs4PbBr6.

57 Akkermann et al.
have demonstrated a similar approach for the production of
Cs4PbBr6 nanocrystals.28 We have chosen to use a solid-state
synthesis, next to the Bridgman-grown single crystal, to
produce a Cs4PbBr6 powder without CsPbBr3 inclusions.
The solid-state reaction between CsBr and PbBr2 takes place
below the incongruent melting point of Cs4PbBr6.

63 A slight
excess of CsBr was chosen to prevent the formation of
CsPbBr3 inclusions. This approach has also been used for the
synthesis of Cs4PbI6.

67

In order to aid the presentation of the results and discussion
presented in this work, Figure 2 shows the vacuum referred
binding energy (VRBE) diagram applicable to Cs4PbBr6 on the
left side and to CsPbBr3 on the right side. The valence band of
Cs4PbBr6 consists of bromine 4p orbitals and lead 6s orbitals
while the conduction band consists of bromine 5p orbitals and
lead 6s6p orbitals.41,57,68 Vertical arrows represent excitation
and emission transitions identified in the Section III. The
horizontal dashed lines illustrate the energy and/or charge
carrier transfer routes proposed in the Section IV.

II. EXPERIMENTAL SECTION
Crystals of Cs4PbBr6 were grown by the vertical Bridgman
technique in sealed silica ampules. Since Cs4PbBr6 melts
incongruently at 500 °C,63 a nonstoichiometric mixture of 75%
CsBr and 25% PbBr2 was used. CsBr (Fluka, >99.5%) and
PbBr2 (α, 5N) were dried at 200 °C in vacuum. In a drybox,
the starting materials were filled into a silica ampule and sealed
off under vacuum. The mixture was molten at 550 °C and
slowly cooled by moving the furnace within 10 days. The
product contained a white tip of CsBr and Cs4PbBr6, a yellow-
orange middle part of Cs4PbBr6, and an orange top part of
Cs4PbBr6 and CsPbBr3 eutecticum. Cs4PbBr6 crystals from the
middle part were used for spectroscopic characterizations.
Powder X-ray diffraction (Figure S1) and spectroscopic data
revealed that the sample (middle part) contained about 90%
Cs4PbBr6 and 10% CsPbBr3. The phase separation in the CsBr-
PbBr2 melt did not work well, as can also be seen from the
formation of a white tip containing CsBr.

Figure 1. Schematic energy level diagram of ions with an ns2

electronic ground state. Here, F represents the shift of the energy
levels due to electrostatic interactions and G represents the shift due
to exchange interactions. The final formation of the A-, B-, and C-
bands and the corresponding symmetries are shown for an
octahedrally surrounded ns2 ion. The * indicates the mixing of the
3P1 and 1P1 levels due to spin−orbit interaction.
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CsBr (99.999%, Sigma-Aldrich) and PbBr2 (>98%, Alfa
Aesar) were mixed in a 4.024−1.000 ratio and ground for 15
min. The mixture was loaded in a closed crucible and heated
for 48 h at 600 K, after which it was let to cool down to room
temperature. The as-obtained powder was loaded in an X-ray
diffraction sample holder closed with Kapton foil to prevent
powder spreading and reaction with moisture. The sample was
measured on a PANalytical X’Pert PRO using Cu Kα-radiation
(45 kV, 40 mA) in the range 10° < 2θ < 120° with an

increment of 0.008° for a total measurement time of 9 h. The
pattern was recorded using an X’Celerator detector. The
obtained diffraction pattern was analyzed using Rietveld profile
refinement69,70 in the FullProf suite.71,72 The analyzed powder
diffraction pattern contained only the peaks of Cs4PbBr6
(>99%) and CsBr (<1%) as determined using Rietveld
refinement.

X-ray excited emission spectra were recorded using a
tungsten anode X-ray tube operated at 79 kV. This produces

Figure 2. Vacuum referred binding energy (VRBE) diagram and the processes taking place in Cs4PbBr6 on the left and the VRBE plus additional
processes taking place in Cs4PbBr6 with CsPbBr3 inclusions on the right. Excitation and emission processes are represented by arrows and labeled
using numbers. Energy transfer processes are indicated by dashed lines and labeled using letters. Xdef represents the defect-related emission, and
xPb2+ represents Pb2+ ions with a perturbed coordination shell.

Figure 3. (a) X-ray excited emission spectrum of a Cs4PbBr6 single crystal with CsPbBr3 inclusions recorded at 10 K. (b) Temperature-dependent
X-ray excited emission spectra of a Cs4PbBr6 single crystal measured from 10 to 300 K. The inset shows a zoom in of the 380 nm emission peak. (c)
Temperature-dependent integrated emission intensities of the 380, 540, and 630 nm emission bands.
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X-rays with an average energy of 40 keV. The low-energy part
of the produced X-ray spectrum was removed by placing a 3
mm aluminum filter in front of the X-ray tube. This prevented
radiation damage. The samples were mounted on the
coldfinger of a closed cycle helium cryostat operated below
10−4 bar.

Pulsed X-ray excited emission spectra were recorded by
using the time-correlated single-photon counting method. The
start signal of the measurements was generated by a PicoQuant
LDH-P-C440 M pulsed laser, which directly excites a
Hamamatsu N5084 light-excited X-ray tube. This results in
the production of X-ray pulses with an average energy of 18.2
keV. The stop signal of the measurements was generated by
the detection of a single photon by an ID Quantique id100-50
single-photon counter. Both start and stop signals were
processed by an Ortec 567 time-to-amplitude converter
whose output signal was digitized by an Ortex AD 144 16K
ADC. The samples were mounted on the coldfinger of a closed
cycle helium cryostat operated below 10−4 bar.

Photoluminescence excitation and emission spectra were
recorded by using light from a 450 W xenon lamp passing
through a Horiba Gemini 180 monochromator to excite the
sample. The emitted light was collected at a 90° angle with
respect to the excitation source. The emitted light passed
through a Princeton Instruments SpectraPro-SP2358 mono-
chromator before being detected by a Hamamatsu R7600u-20.
Any reflected excitation light was removed by using a long-pass
filter in front of the Princeton monochromator. All spectra
were corrected for the lamp intensity. The samples were
mounted on the coldfinger of a closed cycle helium cryostat
operated below 10−4 bar.

The presented absorbance spectra were recorded using a
PerkinElmer Lambda 1050 instrument equipped with an
integrating sphere.

III. RESULTS
III.I. Cs4PbBr6 with CsPbBr3 Inclusions. Figure 3a shows

the 10 K X-ray excited emission spectrum of the Cs4PbBr6
single crystal. The spectrum contains three emission bands at
380, 540, and 610 nm. These emission bands have also been
observed by Kubota et al.73 and Ding et al.74 Wu et al. only
studied the emission at wavelengths longer than 400 nm under
X-ray excitation, hence only observing the 540 and 610 nm
emissions.75,76 The relative integral spectral intensities of the
three emission bands are 1, 4.8, and 40.6, respectively. This
means that the majority of the produced scintillation photons
are present in the 610 nm emission band. The 380 nm UV
band can be assigned to the intrinsic emission of Cs4PbBr6
(arrow 2 in Figure 2).28,30,57,73 The powder X-ray diffraction
pattern of the Cs4PbBr6 sample is shown in Figure S1 shows
that the single crystal contains CsPbBr3 related impurities to
which the 540 nm emission can be ascribed (arrow 4 in Figure
2). It has been suggested by Kubota et al. that the 610 nm
emission could be related to bromine vacancies (arrow 6 in
Figure 2).73−75

The X-ray excited emission spectra, measured as a function
of temperature, are shown in Figure 3b. The integrated
intensities of the 380, 540, and 610 nm bands are shown in
Figure 3c. The 540 nm emission band is fully quenched above
100 K. The intensity of the 610 nm emission shows a mild
decrease until 75 K. Above 75 K, its intensity increases,
reaching a maximum at 125 K, and then starts to quench.
Based on the integrated peak intensities, the temperature (T50)

at which the intensity drops below 50% of its maximum
intensity for the 380, 540, and 610 nm emissions is 90, 30, and
150 K, respectively.

The 10 K pulsed X-ray excited decay curve of the total
emission spectrum of the Cs4PbBr6 single crystal is shown in
Figure S2a. The inset shows the first 150 ns of the decay curve,
where two decay components of 0.66 and 16.5 ns can be
observed. On longer time scales, a significantly slower
component of 770 ns can also be observed. The measurement
was repeated by placing a 630 nm long-pass filter in front of
the photodetector, removing the contribution of both the 380
and 540 nm emissions. The resulting decay curve is shown in
Figure 4b, with the inset showing the first 150 ns of the decay.
The decay curve no longer contains the sub-nanosecond decay
component observed in Figure 4a. The decay contains three
decay components of 10, 140, and 790 ns. Nikl et al. have
studied the decay behavior of Cs4PbBr6 with CsPbBr3
inclusions under photoexcitation finding a sub-nanosecond
decay component for the 540 nm emission.30 Additionally the
sub-nanosecond decay component is similar to the decay
curves measured on CsPbBr3 single crystals under pulsed X-ray
excitation.3 This suggests that the sub-nanosecond decay
component observed in Figure 3a can be assigned to the 540
nm emission.

Figure 5 shows the room-temperature absorbance spectrum
of the Cs4PbBr6 single crystal, revealing two peaks at 260 nm
(4.77 eV) and 315 nm (3.94 eV). An additional absorption
edge is observed around 520 nm (2.38 eV). The 315 nm
absorption band can be ascribed to the A-band transitions of
Pb2+ (arrow 1 in Figure 2). Kondo et al. ascribed the 260 nm
band to a combination of the C- and D-band transitions.29 The
overlap of these two transitions has also been observed in alkali
halides doped with low concentrations of Pb2+ for example KBr
which behaves similarly to Cs4PbBr6.

77,78 Hence, the 260 nm
absorption band will be labeled as C/D-band transition (arrow
5 in Figure 2). The observed absorption edge, in Figure 5,
around 520 nm (arrow 8 in Figure 2) can be ascribed to the
presence of CsPbBr3 inclusions.29,30 For comparison, the
absorption spectrum of a CsPbBr3 single crystal is shown in
Figure S2, revealing a similar absorption edge around 520 nm.
Based on these similarities and the powder diffraction pattern
of the Cs4PbBr6 single crystals, the 540 nm emission is ascribed
to CsPbBr3 inclusions (arrow 4 in Figure 2).

To further investigate the nature of the different absorption
and emission bands, the photoluminescence emission of
Cs4PbBr6 was measured as a function of the excitation
wavelength at 10 K. The resulting image plot is shown in
Figure 6a. From this image plot, two emission spectra are
extracted at excitation wavelengths of 310 and 250 nm, as
shown in Figure 6b,c, respectively. Upon excitation of the A-
band (arrow 1 in Figure 2) at 310 nm, as shown in Figure 6b,
two emission bands are observed at 378 and 540 nm. The 378
nm emission can be assigned to the intrinsic A-band emission
of Cs4PbBr6 (arrow 2 in Figure 2),30 and the 540 nm emission
to the presence of CsPbBr3 inclusions (arrow 4 in Figure
2).19,29,30 Analogous behavior is observed in Cs4PbCl6 due to
the presence CsPbCl3 inclusions.79 The excitation spectrum of
the 378 nm A-band emission in Figure 6b shows two excitation
bands at 250 and 310 nm. Similar to the absorbance spectrum
shown in Figure 5, these are assigned to the C/D- and A-band
transitions (arrows 1 and 5 in Figure 2), respectively. Note that
the 310 nm excitation band actually consists of two bands, at
310 and 317 nm, which is typical of the A-band and caused by
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a Jahn−Teller splitting.34,35 From the image plot in Figure 6a,
it can be observed that the 378 nm emission band excited via
the A band transition is the most intense emission band
observed.

Upon excitation in the C/D-band (arrow 5 in Figure 2) at
250 nm, as shown in Figure 6c, two main emission bands at
378 and 610 nm are observed (arrows 2 and 6 in Figure 2).
The 540 nm band is also present in the form of a shoulder on
the shorter-wavelength side of the 610 nm band. The 610 nm
emission band has not been observed before under photo-
excitation but is the dominant emission band under X-ray
excitation, as shown in Figure 3a. The excitation spectrum,
recorded at 675 nm, in Figure 6c shows an intense 250 nm C/

D- and a weak 310 nm A-band, which are also observed in
Figure 6b but with a much different intensity ratio.
Additionally, a second Jahn−Teller split A-band, (arrow 7 in
Figure 2) is observed at 325 and 332 nm which is labeled as AX

and there is also an excitation band at 370 nm, attributed to
the CsPbBr3 inclusions.34,35 Upon excitation at 370 nm (arrow
9 in Figure 2), two emission bands are observed at 540 and
610 nm, as shown in Figure 6d. The excitation spectrum
recorded at 545 nm is also shown in Figure 6d.

The quenching behavior under optical excitation is similar to
the quenching behavior under X-ray excitation. The T50 values
for the 378, 540, and 600 nm emissions are approximately 110,
60, and 160 K. The temperature dependence of the different
emission bands upon exciting at the 250 nm C/D-band, 310
nm A-band, and 370 nm CsPbBr3 inclusions is shown in Figure
S3.
III.II. Cs4PbBr6 without CsPbBr3 Inclusions. Cs4PbBr6

without CsPbBr3 inclusions was synthesized using a solid-state
synthesis. After the heat treatment of the CsBr:PbBr2 (4:1)
mixture, a light gray powder was obtained. The X-ray
diffraction pattern of the synthesized material only exhibits
diffraction peaks of Cs4PbBr6 and CsBr. The diffraction pattern
is shown in Figures S4 and S5 together with a two-phase
Rietveld profile refinement. The refinement yielded expected
mass fractions of >99% for Cs4PbBr6 and <1% for CsBr. In
contrast to the diffraction pattern of the Cs4PbBr6 single
crystal, no peaks related to CsPbBr3 were observed.

To investigate the nature of the different absorption and
emission bands of Cs4PbBr6 without CsPbBr3 inclusions, the
photoluminescence emission was measured as a function of the
excitation wavelength at 10 K. The resulting image plot,
plotted on a log scale, is shown in Figure 7a. From the image
plot, two emission spectra are extracted at excitation
wavelengths of the 310 nm A-band and 250 nm C/D-band,
shown in Figure 7b,c, respectively. Upon excitation of the A-
band (arrow 1 in Figure 2), two emission bands at 378 and 455
(arrows 2 and 3 in Figure 2) are observed. The 540 nm

Figure 4. (a) Pulsed X-ray excited decay curve of the total emission
spectrum of a Cs4PbBr6 single crystal with CsPbBr3 inclusions at 10 K.
(b) Pulsed X-ray excited decay curve, recorded by placing a 630 nm
long-pass filter in front of the detector, of a Cs4PbBr6 single crystal
with CsPbBr3 inclusions at 10 K.

Figure 5. Room-temperature absorbance spectrum of a Cs4PbBr6
single crystal with CsPbBr3 inclusions; the inset shows a zoom-in of
the feature observed between 500 and 550 nm.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c06347
J. Phys. Chem. C 2024, 128, 19921−19932

19925

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06347/suppl_file/jp4c06347_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06347/suppl_file/jp4c06347_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c06347/suppl_file/jp4c06347_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c06347?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c06347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 6. (a) Photoluminescence emission intensity of a Cs4PbBr6 single crystal with CsPbBr3 inclusions as a function of excitation wavelength at
10 K. Photoluminescence excitation and emission spectra at 10 K measured at emission and excitation wavelengths of (b) 380 and 310 nm, (c) 675
and 250 nm, and (d) 545 and 370 nm, respectively.

Figure 7. (a) Photoluminescence emission intensity of Cs4PbBr6 without CsPbBr3 inclusions as a function of excitation wavelength at 10 K, on a
log scale. Photoluminescence excitation and emission spectra at 10 K measured at emission and excitation wavelengths of (b) 380 and 310 nm and
(c) 675 and 250 nm, respectively.
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emission (arrow 4 in Figure 2), observed in Figure 6b and
related to the CsPbBr3 inclusions, is no longer present. The
excitation spectrum of the 378 nm A-band Pb2+ emission, in
Figure 7b, shows the C/D-band at 250 nm and the strong
Jahn−Teller split A-band at 310 and 317 nm.34,35 Upon
excitation of the C/D band (arrow 5 in Figure 2) both the 378
nm A-band emission and 610 nm emission (arrows 2 and 6 in
Figure 2) are observed. The excitation spectrum recorded at
675 nm, in Figure 7c, contains the C/D band at 250 nm and
the Jahn−Teller split AX-band at 320 and 332 nm.

Figure 8 shows the 10 K X-ray excited emission spectrum of
Cs4PbBr6 without CsPbBr3 inclusions. Two emission bands are

observed at 380 and 610 nm with relative intensities of 1 and
25, respectively. The T50 temperature for both emission bands

is 150 K as was obtained from temperature-dependent
behavior of both bands, as shown in Figure S6a,b.

IV. DISCUSSION
IV.I. Perturbed Pb2+ Coordination Sphere. Depending

on the emission wavelength at which the excitation spectra are
recorded, two different A-excitation bands are observed. A
comparison of the two excitation bands for Cs4PbBr6 with and
without CsPbBr3 inclusions is shown in Figure 9a,b,
respectively. Figure 9c shows three emission spectra excited
at 310 nm (only A-band transition, arrow 2 in Figure 2), 320
nm (mixed A- and AX-band transitions), and 332 nm (only AX-
band transition, arrow 7 in Figure 2) of the Cs4PbBr6 sample
without CsPbBr3 inclusions. Exciting only in the A-band yields
two emission bands at 378 nm (strong) and 455 nm (weak).
Exciting in the AX-band yields three emission bands at 405,
455, and 610 nm. It is known that the presence of defects close
to Pb2+ ions influences both the excitation and emission
properties of Pb2+ ions.80 This has been studied extensively in
the alkali halides.81−88 Based on these observations, the A-band
excitation and A-band emission (arrows 1 and 2 in Figure 2,
respectively) are attributed to originate from a Pb2+ ion on an
unperturbed site. The AX-band (arrow 7 in Figure 2) and the
405 and 455 nm emission bands (arrow 3 in Figure 2)
originate from a Pb2+ ion with a different or perturbed
coordination shell. The presence of two additional emission
bands points to at least two different perturbed coordination
spheres of Pb2+. These could, for example, be a Pb2+ interstitial,
a bromine vacancy next to Pb2+, or Pb2+ on a Cs+ site.

After exciting the A-band transition, next to A-band
emission, energy transfer to a Pb2+ ion with a perturbed
coordination sphere can take place, as evident from the 455
nm emission band in Figure 7b. Energy transfer can also take
place to the CsPbBr3 inclusions, if present, as evident from the
540 nm emission band in Figure 6b. After exciting the AX-
band, next to the 405 and 455 nm emissions, the 610 nm
emission band can also be observed, as seen in Figure 9c.
IV.II. Defect-Related Emission. The 610 nm emission

band is mainly observed upon exiting the C/D-band at 250
nm, as evident from the intensities of the excitation bands
shown in Figures 6c and 7c. It is also possible to observe the

Figure 8. X-ray excited emission spectrum of Cs4PbBr6 without
CsPbBr3 inclusions recorded at 10 K.

Figure 9. Comparison of the A-band transitions of (a) Cs4PbBr6 with CsPbBr3 inclusions and (b) Cs4PbBr6 without CsPbBr3 inclusions. The two
excitation spectra shown for both forms of Cs4PbBr6 are recorded at 380 and 675 nm. The A-band transition of Pb2+ ions with an unperturbed
coordination sphere is labeled A and that of Pb2+ ions with a perturbed coordination sphere is labeled AX. (c) Emission spectra of Cs4PbBr6 without
CsPbBr3 inclusions excited in the A- and AX-bands.
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610 nm emission upon exciting the AX-band, excluding D-band
emission89−91 as potential explanation. The 610 nm emission
excitation via the A-band is weak, excitation via the AX-band is
significantly stronger as shown in Figure 6c. This all suggests
that the 610 nm emission originates from a defect in the
vicinity of a Pb2+ ion, resulting in a perturbation of the
coordination sphere of Pb2+ and the observation of the AX-
band. The 610 nm emission band cannot be excited directly.
The defect seems to first need to trap a mobile charge carrier
before it can become emissive. This can happen by exciting the
C/D-band, upon which mobile charge carriers are created, or
via excitation of a CsPbBr3 inclusion well above the bandgap,
at 370 nm (arrow 9 in Figure 2), or a Pb2+ ion with a perturbed
coordination sphere, illustrated by energy transfer pathways d,
h, and f in Figure 2, respectively. The excitation spectra of the
610 nm emission, Figures 6c and 7c, show that exciting the C/
D band is the dominant pathway to excite the defects.
IV.III. Inclusion-Related Emission. The emission peak,

linked to the CsPbBr3 inclusions, was located at 540 nm in the
Cs4PbBr6 single crystals used in this work. The green CsPbBr3
inclusion emission in nanocrystals however is typically
reported to be located from 515 to 524 nm.52 It has been
demonstrated by Chen et al. and Almeida et al., in Cs4PbBr6
nanocrystals with CsPbBr3 inclusions, that the emission
wavelength of the CsPbBr3 emission can be tuned by altering
the synthesis and effectively changing the size of the CsPbBr3
inclusions.45,92 The 540 nm emission wavelength observed in
this work matches with the emission wavelength observed for
bulk CsPbBr3.

3 This suggests that during the synthesis process
from the melt CsPbBr3 domains are formed large enough to
not be influenced by confinement effects and show bulk
properties. When Cs4PbBr6 with CsPbBr3 inclusions is excited
at wavelengths longer than 350 nm it is possible to directly
excite the CsPbBr3 inclusions, as demonstrated in Figure 6d.
The inclusions can also be excited by an energy transfer
process from either the A-band, C/D-band, or a Pb2+ ion with
a perturbed coordination sphere, illustrated by energy transfer
pathways b, e, and g in Figure 2, respectively.
IV.IV. Excitation and Emission Mechanism. Based on

the results and discussion, a vacuum referred binding energy
diagram can be constructed to explain the observed emission
processes. The resulting diagram is shown in Figure 2. Based
on computational methods presented by Kang et al.68 and
information from He et al.93 we tentatively placed the valence
band (VB) top of Cs4PbBr6 at −7 eV and that of CsPbBr3 1 eV
higher. The optical bandgap of Cs4PbBr6, which equals the A-
band transition energy, is 3.9 eV. This value has been
determined experimentally.29,94 The bottom of the conduction
band (CB) of Cs4PbBr6 is determined by adding the optical
bandgap to the VRBE of the top of the VB. The CB-bottom of
CsPbBr3 is determined by adding the emission energy to the
VRBE of its VB-top; due to the small Stokes shift of CsPbBr3,
it can be assumed that the emission energy is approximately
equal to the optical bandgap. It is estimated that the error
margins in placing the top of the VB are approximately ±0.3
eV; essential is that the VB-top and CB-bottom of CsPbBr3 fall
both well inside the bandgap of Cs4PbBr6. The C/D-band
transition energy is defined as the mobility bandgap, where
mobile charge carriers are created upon excitation. The
position of the A- and C/D-band transitions is determined
based on the excitation spectra shown in Figures 6b and 7b.

The diagram consists of two sections: on the left, the
processes taking place in Cs4PbBr6. On the right, the additional

processes are taking place due to the presence of CsPbBr3
inclusions. The position of the AX-band transitions, labeled
XPb2+ are determined using Figures 6c and 7c. The exact
position of the defect-related energy levels, labeled Xdef in the
diagram, is uncertain. The spacing between the levels is based
of the emission wavelength of the defect-related emission.

After exciting the A-band (arrow 1), three processes can take
place: A-band emission (arrow 2), or energy transfer
(pathways a and b) resulting in emission from a XPb2+ ion
(arrow 3) or CsPbBr3 inclusion (arrow 4). After exciting the
C/D-band (arrow 5), three different processes can take place:
A-band emission (arrow 2), or energy and/or charge carrier
transfer (pathways d and e), resulting in emission from a defect
(arrow 6) or CsPbBr3 inclusions (arrow 4). It is also possible
to excite a XPb2+ ion (arrow 7) after which three processes can
take place: AX-band emission (arrow 3) or energy transfer
(pathways f and g) resulting in emission from a defect (arrow
6) or CsPbBr3 inclusions (arrow 4). The CsPbBr3 inclusions
can also be excited directly (arrows 8 and 9) after which two
processes can take place: emission from the inclusion (arrow
4) or energy transfer (pathway h) if excited well above the
bandgap (arrow 9), resulting in emission from a defect (arrow
6).
IV.V. X-ray Versus Optical Excitation. Under X-ray

excitation, as shown in Figure 3a, the 610 nm emission band is
40.6 times more intense compared with the A-band emission.
Upon exciting the C/D-band the intensity of the 610 nm
emission is only 2.5 times stronger compared to the A-band
emission. Moreover, it is completely absent upon exciting the
A-band. The observed intensity difference can be explained
based on the difference between X-ray excitation and optical
excitation. Upon X-ray excitation, all energy of the incident X-
ray is transferred to a primary electron. This hot electron
creates secondary excitations via electron−electron interac-
tions along its ionization track. This results in the formation of
spatially separated electrons and holes. The electrons, due to
their larger mobility, will diffuse further away from the initial
ionization track compared to the holes.95−98 The separated
electrons and holes first need to approach each other before
emission can take place. Upon optically exciting the C/D-band
transition, the formed electrons and holes stay in closer
proximity; emission can take place immediately. This happens
on a shorter time scale compared to the recombination of the
spatially separated electrons and holes formed upon X-ray
excitation. The latter thus have more time to move through the
crystal lattice and find a defect, thus leading to a more intense
610 nm emission band upon X-ray excitation.

V. CONCLUSIONS
In this work, the zero-dimensional cesium lead halide
compound Cs4PbBr6 has been studied as a function of
temperature under both X-ray and UV−vis excitation.
Cs4PbBr6 is studied with and without CsPbBr3 inclusions.
Upon X-ray excitation, most of the scintillation light is present
in the 610 nm emission band for both forms of Cs4PbBr6. This
is ascribed to the formation of spatially separated charge
carriers reaching lattice defects. The pulsed X-ray excited decay
curves show multiple decay components, the longest being
approximately 800 ns. Upon exciting the C/D-band at 250 nm,
the 610 nm emission band was also found which has not been
reported before. The excitation spectrum of the 610 nm
emission band contains an excitation band, labeled AX, which is
ascribed to Pb2+ ions with a perturbed coordination sphere. It
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is suggested that the 610 nm emission originates from defects
in the vicinity of Pb2+ ions, leading to the contraction of the
coordination sphere. The 540 nm emission, based on the X-ray
diffraction patterns and absorption spectra, is assigned to the
presence of CsPbBr3 inclusions. It is thus shown exper-
imentally that both CsPbBr3 inclusions and defects play a role
in the photoluminescence behavior of Cs4PbBr6. All exper-
imental results could be combined to formulate a general
mechanism for the emission behavior of Cs4PbBr6.
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