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ABSTRACT: Cs2AgBiBr6 is a potential lead-free double perovskite
candidate for optoelectronic applications; however, its large and
indirect band gap imposes limitations. Here, single crystals of
Cs2AgBiBr6 are doped with Cu2+ cations to increase the absorption
range from the visible region up to 0.5 eV in the near-infrared
region. Inductively coupled plasma spectroscopy confirms the
presence of 1.9% of copper in the Cs2AgBiBr6 structure. Structural
and optical changes caused by Cu doping were studied by Raman
spectroscopy combined with X-ray diffraction, heat capacity
measurements, and low-temperature photoluminescence spectros-
copy. Along with the 1.9 eV emission typical of the pristine
Cs2AgBiBr6 single crystals, we report a novel low-energy emission at
0.9 eV related to deep defects. In the doped crystals, these peaks are
quenched, and a new emission band at 1.3 eV is visible. This new
emission band appears only above 120 K, showing that thermal energy is necessary to trigger the copper-related emission.

In recent years, metal halide perovskites (MHPs) have been
positioned in the spotlight due to their impressive light-

harvesting ability and power conversion performance in
photovoltaic devices.1−4 The most promising MHPs are Pb-
based, presenting high absorption coefficients in the visible
region, exceptional tolerance to defects, and low-cost and easy
manufacturing processes.5,6 On the other hand, Pb is toxic to
the environment and human health, and the use of the water-
soluble Pb2+ facilitates fast contamination.7,8 Although there
are several strategies to mitigate Pb toxicity, including
encapsulation and recycling, current regulations may inhibit
the commercialization of Pb-based perovskites.9 Hence,
replacing Pb with less toxic metals that preserve the remarkable
photophysical properties would constitute a highly desirable
advance of this field.
Lead-free double perovskites (LFDPs) have emerged as

promising candidates because of the possibility of tuning their
band gap and their higher stability in ambient conditions.10

LFDPs are described by the general formula A2B′B″X6, where
A and B′ are monovalent cations, B″ is a trivalent cation, and X
is a halide. A well-studied prototypical example is the silver and
bismuth-based perovskite Cs2AgBiBr6, which presents great
ambient stability, has a relatively easy synthesis route, and
consists of cheap and abundant elements.11−13 Several studies
have investigated the photophysical pathways after the
excitation of Cs2AgBiBr6 single crystals and thin films. It has
become clear that a fast picosecond relaxation occurs toward

the conduction band edge, followed by up to a microsecond-
long long-lived state.14−16 The photoluminescence (PL) of
Cs2AgBiBr6 typically shows a broad emission band with a large
Stokes shift centered at 1.9 eV. While this PL band was initially
attributed to recombination across the indirect band gap,
recent studies have shown that the origin of this band is related
to defects.14,15,17,18 Hence, it has become clear that defects play
an important role in this prototypical double perovskite.
However, most studies have concentrated on the visible
spectral range, showing only a part of the physical reality of this
material. Besides the pronounced effect of defects, the large
and indirect band gap of this composition hinders its potential
as an efficient light-harvesting material. To overcome these
drawbacks, several doping and alloying strategies have been
reported. Slavney et al. introduced thallium (Tl) to the
structure of Cs2AgBiBr6, demonstrating that Tl substitutes Bi3+

at low concentrations of Tl3+ and substitutes Ag+ at high
concentrations of Tl+. The substitutions generated doping
energy levels within the band gap, causing a shift of the indirect
band gap from 1.95 to 1.4 eV and a shift of the direct band gap
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from 2.21 to 1.57 eV.19 Doping of Cs2AgBiBr6 with copper
(Cu+ and Cu2+) ions was reported to replace Ag+ and, in the
case of divalent copper, create an additional Ag+ vacancy defect
to maintain charge neutrality.20 It was shown that the Cu
doping generated deep-level defect states at 1.3 eV from the
band edge that changed the color of the crystals and enhanced
the near-infrared response.20 While this strategy was shown to
effectively modify the absorption onset of Cs2AgBiBr6, very
little is known on the impact of the Cu substitution on the
structural properties and photophysics of this compound.
In this work, we dope Cs2AgBiBr6 single crystals with

different Cu2+ concentrations and study their fundamental
structural and optical properties in detail. At room temper-
ature, we reveal that the copper doping shifts the Raman
modes without altering the crystal structure. The pristine
Cs2AgBiBr6 shows a PL peak at 1.9 eV together with a
previously unreported peak at 0.9 eV, which we believe
originates from deep defect levels. The Cu doping introduces
additional defect levels that strongly modify the emission of the
system, giving rise to a previously unreported emission band at
around 1.3 eV. This new emission only appears above 120 K,
showing that thermal energy is necessary to trigger this copper-
related emission. We also provide evidence that the
introduction of copper inhibits a structural phase transition
at cryogenic temperatures. The understanding of this kind of
doping is fundamental to have more insight into the promise of
double perovskites for optoelectronic applications.
Cs2AgBiBr6 single crystals were synthesized using a modified

hydrothermal method described in the literature.16 The doping
of Cs2AgBiBr6 single crystals with copper was achieved by the
addition of copper(II) chloride (CuCl2) to the reaction
solution of the pristine (P) Cs2AgBiBr6, which will hereafter be
referred to as D1−D5 for increasing Cu concentrations. Table
S1 of the Supporting Information (SI) shows the concen-
trations of CuCl2 used in the reaction solutions. The
synthesized crystals are shown in Figure 1a, where the color
gradually changes from red to black as the Cu concentration
increases. To confirm the presence of copper in the crystals, we
performed inductively coupled plasma optical emission
spectroscopy (ICP-OES) on all the synthesized crystals, and
the content of Cu (mol %) is presented in Table S1. We note
that this Cu content includes both monovalent and divalent
ions. The concentration of copper in the D1 and D2 crystals
was below the detection limit of the ICP-OES equipment, but
the presence of copper was confirmed for the D3, D4, and D5
crystals and reached 1.9% for D5. The structures of the crystals
were analyzed by powder X-ray diffraction (PXRD), and the
patterns are compared in Figure 1b. The PXRD pattern of
sample P is consistent with the reported cubic structure.16,21

The PXRD patterns of the crystals with different copper
contents exhibit similar peak positions, suggesting that copper
doping does not alter the crystal structure.
Raman spectra of the P and D1−D5 crystals were collected

at room temperature to investigate changes of the vibrational
modes by the introduction of copper (Figure 1c). Cs2AgBiBr6
presents three distinct Raman modes, which are related to (1)
the motion of Cs atoms with the scissoring of Br atoms around
Ag atoms (T2g ∼ 76 cm−1), (2) the asymmetric stretching of
Br atoms around Bi atoms in the octahedron (E1g ∼ 135
cm−1), and (3) the symmetric stretching of Br atoms around
Ag and Bi atoms in the octahedron (A1g ∼ 179 cm−1).17,22

Doping with copper shifts the E1g and A1g modes to lower
energies and the T2g mode to higher energies. Steele et al.

proposed that the Cs2AgBiBr6 structure presents bonding
distortions and strain because the calculated Ag−Br bond
length of 3.11 Å differs significantly from the experimentally
measured bond length of 2.828 Å.22 On the other hand, the
calculated bond length of Cu−Br is 2.69 Å. As copper is
expected to substitute Ag+ and create additional Ag+ vacancies
in the structure, the shifts of E1g and A1g might originate from a
reduced bonding strain in the crystal structure.20 Additionally,
structural defects, such as Ag vacancies, caused by the
introduction of copper could slightly shift the Cs scissoring.
In conjunction with the shifts, the Raman peaks broadened

Figure 1. (a) Synthesized crystals identified as P (pristine) and D
(doped) at different Cu concentrations with an approximately 400 μm
size on average, (b) powder XRD data, and (c) normalized Raman
data measured at room temperature for P and D1−D5 crystals.
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with increasing copper concentration from approximately 11 to
18 cm−1, suggesting increased disorder caused by copper-
induced defects in the crystal.23

First, we will discuss the optical properties of the pristine
material such that we obtain a benchmark for discussing the
effect of copper doping. The diffuse reflectance Kubelka−
Munk transformation and the PL of the pristine Cs2AgBiBr6
are shown in Figure 2a. The absorption onset at around 2.1 eV

is in line with recently reported values of the indirect band
gap.16,21,24 The PL of the pristine Cs2AgBiBr6 at room
temperature is dominated by a broad PL peak centered
around 1.9 eV, a commonly reported feature in this
material.16,24 There is a growing consensus that this peak
originates from defect levels in the band gap as opposed to IT
earlier attribution to recombination across the indirect band
gap.14,15,17 Strikingly, a so-far unreported second emission
band was observed at around 0.9 eV. At room temperature, a
linear dependence of the PL intensity as a function of the
excitation fluence was observed for both the 1.9 and 0.9 eV
peaks, suggesting a similar recombination mechanism for both
emission bands (Figure S1a). At 4.4 K, the high-energy peak

shows a sublinear dependence of the PL on the excitation
power, which confirms that this emission is dominated by
transitions from defects in the band gap as the trap states
saturate (Figure S1b).25 The detection of this low-energy
emission is a fingerprint of the trap states deep within the band
gap and could explain the poor performance of Cs2AgBiBr6
solar cells. Although the exact chemical nature of these defects
remains to be investigated, DFT calculations have suggested
that Ag vacancies and AgBi antisites have low formation
energies with deep energy levels.26 A proposed schematic of
the relevant recombination processes is shown in Figure 2b.
The diffuse reflectance Kubelka−Munk transformations of

the Cu-doped LFDPs are shown in Figure 3a. The crystals with
a high copper content show two additional broad absorption
bands centered at around 1.7 and 1.2 eV, which is in
agreement with the color change of the crystals. It is important
to underline that a precise identification of the energy of the
lowest-energy peak is difficult in our measurements because of
the large influence of environmental absorption at this
wavelength. The reduction of the absorption near 0.65 and
0.85 eV is related to water absorption, see the Supporting
Information for further details. In traditional doping of
semiconductors, shallow energy states close to the band
edges form to increase the charge transport at room
temperature. In contrast, we observed the formation of deep
energy states, which act more as traps than as doping states. As
discussed above, the doping mechanism of Cu naturally creates
additional Ag+ vacancy defects. The high absorption ranging
from 0.5 to 2 eV shows that the copper doping introduces
absorption bands within the band gap that originate from a
large number of electronic transitions most likely due to the
Cu level and the induced defects (vide infra), although our
measurements cannot distinguish which of the two is
dominant.27,28 We highlight that the absorption band at the
low energy extends to a much lower energy than reported
previously, potentially caused by the higher concentration of
Cu in our material.20

The PL spectra of the crystals at room temperature
focusing on the visible part of the spectrumare presented in
Figure 3b (see Figure S2 for spectra covering the near-infrared
region). On increasing the copper content in the crystal, the
1.9 eV PL peak is severely quenched. In parallel, the 0.9 eV
peak, as discussed in Figures 2a and S2, is also quenched.
Interestingly, while these peaks are fully quenched, an as yet
unreported PL peak centered at around 1.3 eV appears (see
also Figures S2 and S3a). The emission at 1.3 eV is expected to
originate from the Cu-related energy band. This suggests that
the introduction of Cu-related defect levels in the band gap
inhibits efficient relaxation to the deep defect levels present in
the pristine material. We note that the discrepancy in the peak
maximum in Figures 3b and S2 in the energy range around 1.2
eV stems from the difficulty of spectral correction at the limit
of the sensitivity of our setups.
To understand the observed optical properties, both steady-

state PL and time-resolved PL (TRPL) were measured at 4.4 K
and are presented in Figure 3c and d, respectively. All crystals
show a single PL band at approximately 1.99 eV. The PL decay
lifetimes of this peak are around 40 μs, with faster lifetimes
down to 28 μs for increasing the copper concentrations, as
shown in Figure S3b. The faster decay for D4 and D5 indicates
a pronounced PL quenching effect for high copper
concentrations due to an increased defect density that
increases the nonradiative recombination. Interestingly, the

Figure 2. (a) Normalized photoluminescence and Kubelka−Munk-
transformed diffuse reflectance spectra of pristine Cs2AgBiBr6 crystals
and (b) schematic of the radiative recombination pathways associated
with the defects in Cs2AgBiBr6.
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1.3 eV PL band of D1−D5 observed at room temperature, as
discussed in Figure 3b, disappears at cryogenic temperatures.
To understand this observation, we discuss the two extremes of
this set of materials, P and D5, in greater detail.
Figure 4a presents the integrated PL intensity of the 1.9 and

1.3 eV peaks at increasing temperatures, where the lines are a
guide to the eye. From 4.4 to 70 K, the PL peak intensities of P
and D5 follow a similar trend where they both increase. This
trend, termed negative thermal quenching, can be associated
either with a lower-energy state that is nonradiative or with the
presence of an energy barrier between electronic states. In our
case, this could be either a lower-lying defect level or thermal
energy being required for the charge carriers to hop to the
defect levels.15 Evidence of the trapping of charge carriers at
lower energy states is provided by the fast component of the
time-resolved decay of the 1.9 eV peak at low temperatures
(Figure S4), which is absent for higher temperatures.29 Above
70 K, the 1.9 eV peak of the crystals starts to decrease in
intensity. For the D5 crystal, the 1.9 eV peak becomes rapidly
quenched above 100 K, whereas the 1.3 eV emission band
emerges above 120 K and continues to increase in intensity up
to 180 K. This negative thermal quenching might be associated

with an energy barrier for the charge carriers to relax from a
higher energy state to the 1.3 eV state; in other words, thermal
energy is used as a means to populate the radiative 1.3 eV state.
At higher temperatures, the positive thermal quenching
dominates the overall intensity, and the 1.3 eV peak again
decreases in intensity together with the 1.9 eV peak. Hence,
copper doping in the Cs2AgBiBr6 structure generates defect
levels that are related to two observations: (1) the PL
quenching of the 0.9 and 1.9 eV transitions and (2) the
transition at 1.3 eV that is thermally activated. In Figure 4b, we
propose a possible schematic of the mechanism responsible for
the observed PL transitions.
In the plot of PL peak positions against temperature (Figure

S5), both pristine and doped crystals present large shifts in the
PL peak position between 10 and 40 K that could indicate a
phase transition at these low temperatures.30 To verify this,
heat capacity measurements of the crystals were realized and
the results show peaks at ∼120 K for both samples that can be
attributed to the previously reported cubic-to-tetragonal phase
transition of Cs2AgBiBr6.

29 A small, but noticeable, anomaly
around 37 K was detected only for the pristine material (Figure
S6). To relate this anomaly with a possible structural

Figure 3. (a) Kubelka−Munk-transformed diffuse reflectance spectra, where the blue arrows indicate the regions affected by water absorption. (b)
Photoluminescence spectra at room temperature, (c) normalized steady-state spectra, and (d) time-resolved photoluminescence spectra of P and
D1−D5 crystals measured at 4.4 K.
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transition, we performed Raman spectroscopy at low temper-
atures. Additional peaks were observed at 78 and 174 cm−1 for
the pristine crystal below 50 K and imply a structural transition
(Figures S7a, S8a, and S8b). Unexpectedly, the Cu-doped
Cs2AgBiBr6 crystal shows no signature of such a transition in
either the the heat capacity data or the Raman data (Figures
S7b, S8c, and S8d). This suggests that the disorder introduced
by copper inhibits the structural transition. Further discussion
on the effect of copper doping in the Cs2AgBiBr6 structure at
low temperatures is presented in the SI.
To conclude, in this study we doped Cs2AgBiBr6 single

crystals with different concentrations of Cu2+ and analyzed
their fundamental structural and optical properties in detail.
The newly reported photoluminescence at of the pristine
Cs2AgBiBr6 0.9 eV highlights that defects dominate the optical
properties of this material. We demonstrate that copper doping
shifts the Raman modes without changing the crystal structure.
The copper doping introduces additional defect levels that
extend the absorption until 0.5 eV and greatly quench the PL,
where a so-far unreported emission band at around 1.3 eV
appears. This new emission band only luminesces above 120 K,
showing that thermal energy is necessary to trigger the copper-
related emission. Moreover, Raman and heat capacity data

measured until 4.4 K show evidence of a phase transition of
Cs2AgBiBr6 crystals at 37 K that is possibly suppressed by the
introduction of copper into the structure. The presented
results are important for comprehending the chemistry and
physics of double perovskite doping and contribute to the
fundamental understanding of this class of materials.
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Figure 4. (a) Integrated photoluminescence intensity plotted against
temperature for P and D5 crystals and (b) schematic of the radiative
recombination pathways associated with the defects in Cs2AgBiBr6
and the energy levels created by copper doping.
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