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ABSTRACT: Electronic doping is a promising approach to
modulating the optoelectronic properties of semiconductors,
but its effect on optoelectronic behaviors of halide perovskites
remains controversial. Here, we comprehensively investigate
the impact of Pb substitution in n-type CsPbIBr2 perovskite by
utilizing monovalent Ag, divalent Zn, and trivalent Sb. Our
findings reveal that the trap densities in doped CsPbIBr2 films
are in the order of Ag < Zn < Sb. Compared with the pristine
CsPbIBr2, the Ag-doped perovskite features a significantly
reduced phase separation; however, the Sb doping accelerates
halide segregation, and Zn exerts a negligible influence. The p-
doping effect from monovalent Ag can shift the Fermi level of
CsPbIBr2 toward the intrinsic midgap, which helps prevent the formation of ionic defects and reduce the migration of halide
ions in the perovskite lattice. Through combing the density functional theory simulation, this study discloses the correlation
between valence-controlled metal doping and phase segregation, providing a guideline for judiciously doping mixed-halide
perovskites for optoelectronic applications.

Phase segregation in mixed halide perovskites was first
reported by Hoke et al. in 2015, where the
homogeneous mixed-halide perovskite film with uni-

form bandgap could segregate to small-bandgap I-rich domains
and large-bandgap Br-rich domains under continuous light
illumination.1 It was observed that I-rich domains aggregate in
grain boundaries due to halide ion movement, which results in
a red-shift of photoluminescence (PL) emission.2−7 Up to
date, many strategies have been adopted to suppress the phase
segregation, such as controlling the crystal grain size,2,8,9

managing defect density,10−14 and engineering the composi-
tion of mixed halide perovskite films.15−17 Meanwhile,
electronic doping has been extensively employed to modulate
the optoelectronic properties of semiconductors via directly
modulating the majority carrier property (p-type, intrinsic, or
n-type) and carrier density;18 however, its effect in halide
perovskites remains controversial, and the associated influence
on phase segregation behaviors is still unclear.19

Very recently, all-inorganic mixed halide perovskites
CsPbI3−xBrx have emerged as promising candidates for both
single-junction and tandem solar cell applications owing to
their excellent thermal endurance compared with organic−

inorganic hybrid halide perovskites.20−25 Among the family of
inorganic CsPbI3−xBrx perovskites, CsPbIBr2 is attracting
increasing attention for top cells in tandem devices due to its
desirable bandgap of 2.0 eV and superior air stability.26−28 To
further optimize the performance of CsPbIBr2, intentional
metal doping can be a powerful strategy since it can modify the
optoelectronic properties, thereby affecting the charge
recombination and transportation in optoelectronic devi-
ces.22,29−34 However, metal doping with different valence
states in CsPbIBr2 perovskite has not been systematically
investigated so far, and its impact on halide phase segregation
is unknown, which can critically influence the optoelectronic
device performance and photostability.
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Here, we systematically investigated the effect of extrinsic
metal doping on optoelectronic properties, phase segregation
behaviors, and solar cell photostability based on CsPbIBr2
perovskites. The substitution of the Pb site by valence-
controlled metals (i.e., Ag, Zn, and Sb) was found to lead to
different doping types and optoelectronic properties. In
contrast to the divalent Zn, which leads to intrinsic doping
and phase segregation behavior that is comparable to the
undoped counterpart, the trivalent Sb produces n-type doping,
increases trap states, and accelerates phase segregation. Most
importantly, the p-type doping by monovalent Ag can
successively shift the Fermi level of CsPbIBr2 toward the
middle of the bandgap, thereby suppressing the formation of
defect trap states and diminishing unfavorable phase
segregation. Photovoltaic cells were further fabricated based
on CsPbIBr2 perovskite films with different doping types,
which confirmed that the effect of metal doping significantly
impacts the power conversion efficiency and photostability.

Corroborated by density functional theory (DFT) simulations,
this study unveils the impact of intentional metal doping on
the optical properties of mixed halide perovskite and provides
valuable insights into the development of advanced optoelec-
tronic applications.

Figure 1a shows the atomic coordinates of Cs, Pb, I, and Br
elements in the cubic perovskite phase of CsPbIBr2 with the
Pm3̅m space group. The structure shows a 6-fold coordination
octahedron and the divalent cation Pb2+ surrounded by four
Br− and two I− anions and the Cs+ cation between them. Since
Pb atoms donate 2 electrons to anions, it leads to the
formation of a 2+ valence state. To intentionally control the
valence states in doping, three kinds of metal ions, including
Ag+, Zn2+, and Sb3+ were added to CsPbIBr2 precursor
solutions to substitute Pb2+ cation, which is supposed to tune
the doping type (p-type doping, intrinsic doping, and n-type
doping) and density of electrical carriers. The film deposition
details are given in the experimental section.

Figure 1. (a) Schematic diagram of cubic CsPbIBr2 with atomic coordination of Cs, Pb, Br and I elements; the proposed substitution of Pb2+
cation by valence-controlled Ag+, Zn2+ and Sb3+ cations. (b) Top-view SEM images of the pristine, AgI-, ZnI2- and SbI3-doped CsPbIBr2
perovskite films (Scale bar: 100 nm). EDX mapping of (c) Cs, (d) Pb, (e) I and (f) Br elements for the pristine CsPbIBr2 film, as well as
mapping of (g) Ag, (h) Zn, and (i) Sb elements for the doped CsPbIBr2 films (area scale: 5 × 5 um).

Figure 2. (a and b) XRD patterns, (c) calculated bandgaps, (d) steady-state PL and (e) TRPL decay of pristine, AgI-, ZnI2- and SbI3-doped
CsPbIBr2 films, (f) energy level of pristine, AgI-, ZnI2- and SbI3-doped CsPbIBr2 films.
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The structure and properties of the four types of films were
thoroughly characterized and compared. The surface morphol-
ogy of perovskite films is known to be closely correlated with
PL behaviors and photovoltaic performance.35 As shown in
Figure 1b, the scanning electron microscopy (SEM) images
indicate that all perovskite films are densely covered with very
similar sizes of crystalline grains, suggesting that compositional
modulation does not lead to a noticeable difference in the
surface morphology. To examine the element distribution,
energy dispersive X-ray (EDX) mapping was conducted on
four types of films. As shown in Figure 1c−i, all elements,
including Cs, Pb, I, and Br in the pristine film and doped
elements (Ag, Zn, and Sb) in the corresponding films, are
distributed evenly on the surface of halide perovskites,
indicating that the physical properties, including the phase
segregation behaviors discussed below, are not location
dependent.27,36 Additionally, X-ray photoemission spectrosco-
py (XPS) measurements were carried out on these films after
surface etching of 20 s to determine their atomic ratios. Figure
S1a exhibits the whole spectra of four types of films, and Figure
S1b−h demonstrate the Cs, Pb, I, Br, Ag 3d, Zn 3p, and Sb 3d
spectra, respectively. It is shown that atomic ratios of Ag, Zn,
and Sb are 0.91%, 0.90%, and 0.92%, respectively, which are
very close to their nominal doping concentration of 1% in
precursor solutions.

X-ray diffraction (XRD) measurements were performed on
all perovskite films to characterize their crystal structures.
Doped elements can modulate the lattice distance due to the
partial substitution of Pb atoms by the others with different
atomic radii compared with the Pb. As illustrated in Figure 2a,
the main XRD peaks located at 15.06° and 30.08° can be
attributed to the [100] and [200] planes of the cubic (α)
phase of perovskite CsPbIBr2, indicating that the phase and
preferential growth direction in all CsPbIBr2 films remained
the same.27 Notably, impurity peaks are not observed in all
doped films, indicating that all CsPbIBr2 samples with doped
metal atoms were pure-phase perovskites with cubic structures.
Additionally, it is observed that all peaks in the doped films
shift to larger angles (see Figure 2b), suggesting the occurrence
of lattice shrinking since the cation radii of all doped metal
elements are smaller than that of Pb2+ (cation radii: Pb:120
pm, Ag:115 pm, Zn:74 pm, and Sb:76 pm).37 The XRD results
imply that impurity elements were successfully doped into
CsPbIBr2 perovskite structures. Furthermore, the peak
intensities in all films are similar, implying that the crystallinity
is not changed by doping. The XRD patterns were further
analyzed using the Debye−Scherrer equation to determine the
average grain sizes38 The obtained average grain sizes are 200.3
nm for the pristine film, 192.8 nm for the AgI-CsPbIBr2 film,
208.5 nm for the ZnI2−CsPbIBr2 film, and 193.1 nm for the
SbI3−CsPbIBr2 film, which are in good accordance with the
SEM observation. The ultraviolet−visible (UV−vis) absorp-
tion spectra of four samples are shown in Figure 2c. One can
see that the doped CsPbIBr2 films exhibited slight changes in
the absorption edge and the bandgaps can be calculated from
the Tauc plots. The pristine film has a bandgap of 2.05 eV; Ag-
doped film showed a slightly enlarged bandgap of 2.08 eV, Zn-
doped film demonstrated a very similar bandgap of 2.04 eV,
and Sb-doped film delivered a small bandgap of 2.03 eV. All
above bandgaps are in good agreement with the reported ones.
The shifted bandgaps of-doped perovskite films indicate that
metal atoms have been successfully induced into lattices, which

modified the interactions with the ions in the metal-halide
networks.39,40

Subsequently, steady-state PL measurements were carried
out on four kinds of perovskite films, as shown in Figure 2d.
Since defect trap states in perovskite films can cause
nonradiative recombination, a stronger PL intensity generally
indicates a lower defect density. The AgI-CsPbIBr2 film owns
the highest PL intensity, which is followed by the ZnI2-doped
film, the pristine film, and the SbI3-doped film, suggesting that
the trap density gradually increases in this order. Additionally,
PL peak in AgI-doped, ZnI2, and SbI3 films demonstrated
noticeable blue-shift, very slight red-shift, and noticeable red-
shift, respectively, compared to that in the pristine film. To
further verify the effect of trap density, carrier dynamics of
perovskite films were studied by time-resolved PL (TRPL)
decay (Figure 2e). The extracted carrier lifetimes, τ1
representing nonradiative recombination and τ2 representing
intrinsic radiative recombination, are given in Table 1 using a

biexponential decay function fitting. The lifetime τ1 in AgI-
doped film is prolonged and in ZnI2-doped film is nearly the
same, while that in the SbI3−CsPbIBr2 film is reduced
compared with the pristine film, indicating that the defect
density is suppressed after AgI, similar in ZnI2 doping, and
increased after SbI3 introduction. This trend is in accordance
with the steady-state PL results.

To further confirm the impact of doping on the defect
characteristics, space-charge limited current (SCLC) measure-
ments were performed on four types of films using a structure
of ITO/SnO2/perovskite/PCBM/Ag. As shown in Figure S2,
the trap-filled limit voltage (VTFL) is 0.54 V for the Ag-doped
film, 0.85 V for the pristine film, 0.87 V for the Zn-doped film,
and 1.03 V for the Sb-doped film. The number of electron trap
density (ntrap) can be calculated according to n V

eLtrap
2

0
TFL

2= ,
where L is the perovskite film thickness (100 nm); ε is the
dielectric constant of CsPbIBr2 (≈8); ε0 is the vacuum
permittivity; e represents the elementary charge.27 The
calculated trap densities are 7.52 × 1016, 4.78 × 1016, 7.70 ×
1016, and 9.12 × 1016 cm−3 for the pristine, Ag, Zn, and Sb-
doped films, respectively. We should note that the exact defect
densities estimated from the SCLC measurements may not be
accurate due to ion migration and other factors, but it is
reliable to reveal the relative trend among the films.41,42

Therefore, the trap density is reduced in Ag-doped film, similar
in the pristine and the Zn-doped films, and increased in Sb-
doped film. This trend is in good agreement with the PL
results.

Ultraviolet-photoelectron spectroscopy (UPS) measure-
ments were carried out on four types of films after the surface
etching of 20 s to examine the energy levels. Figure S3a and
S3b show the UPS spectra of perovskites in the cutoff and
valence band edge regions, respectively. The Fermi level (EF)
can be determined using EF = 21.22 − Ecutoff, while the valence
band maximum (VBM) can be calculated by VBM = 21.22 −
(Ecutoff − Eonset). To eliminate the errors associated with UPS
measurement, 3 spots on the same films for each film were

Table 1. Lifetimes of Four Types of Halide Perovskite Films

lifetime pristine AgI ZnI2 SbI3

τ1 1.4 1.8 1.2 0.9
τ2 8.9 9.7 8.8 7.3
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tested, which demonstrated the same trends in all spots for
each sample as shown in Table S1. Then, by combining the
bandgap of all films as shown in Figure S3c, the conduction
band minimum (CBM) can be obtained. Figure 2f summarizes
the obtained energy levels for four different perovskite films
based on measurements on spot 1, which shows the impact of
metal doping on the electronic band structure. The intrinsic
material (pristine CsPbIBr2) is n type due to the halide
vacancy defects with low formation energy, which results in
that Pb atoms would release free electrons producing n-type
characteristics.14 The pristine and Zn-doped films demonstrate
very similar band structure including CBM, VBM and Fermi
level as well as n-type characteristics, while the Sb-doped film
exhibits the downshift of CBM and VBM as well as enhanced
n-type features and Ag-doped film delivers the upshift of CBM
and VBM as well as an intrinsic physical property, which are
consistent with the reported results.33 Therefore, we can
conclude that metal doping plays the deterministic role in
altering the physical properties of the perovskite CsPbIBr2
films, and we further hypothesize that it may modify the phase
segregation behaviors under continuous illumination, which
will be discussed later.

To investigate the effect of electronic properties on phase
segregation, time-dependent PL was performed on four types
of perovskite films. Under continuous illumination conditions,
CsPbBrI2 films with uniform bandgap can lead to the
formation of I-rich domains and Br-rich domains due to the
ion movement, and photogenerated holes and electrons would
inject into small-bandgap I-rich domains, resulting in red-
shifted PL emission. As shown in Figure 3a−d, the intrinsic PL
peaks of four films are initially located between 580 and 600
nm. Then, the PL properties of all perovskite films were
recorded with the duration of 0, 20, 40, and 60 s under the
illumination of a 532 nm laser with an intensity of 10 mW/
cm2. The PL spectra were normalized to compare their
features, in which two wavelength ranges of PL emission,
namely 550−630 nm (intrinsic PL, named as I-PL) and 665−
750 nm (phase-segregation induced PL emission, named as S-
PL), were monitored simultaneously. Figure 3a presents the

PL evolution of pristine film, where the I-rich PL peak emerges
at 20 s and its intensity continuously increases with time. On
the other hand, Figure 3b shows that phase-segregated PL
peaks (>665 nm) of AgI-doped film were substantially
suppressed compared with that of the pristine film, evidencing
that halide segregation was mitigated. In contrast, the PL
characteristics of both ZnI2 and SbI3-doped CsPbIBr2 films
demonstrated faster phase segregation into I-rich domains
(Figure 3c,d), and the intensity of I-rich emission is higher
than that in pristine and AgI-doped films. These results point
out that the phase segregation behavior is accelerated with the
presence of Zn and Sb atoms. In addition, fluorescence
imaging was performed on four types of films to visualize the
phase segregation process under continuous illumination. As
shown in Figure 3e−h corresponding to pristine, AgI-, ZnI2-,
and SbI3-doped films, respectively, it is clear that phase
segregation is significantly suppressed in the AgI-doped film
since the PL located at the range of 665−750 nm was not
detected at the time of 5 ad 10 s, while the I-rich PL emission
quickly emerges across the other three films under the same
illumination condition. These results are consistent with the
PL emission spectra shown in Figure 3a−d.

The overall phase segregation behaviors of pristine, AgI-,
ZnI2-, and SbI3-doped CsPbIBr2 films were monitored under
continuous illumination, and the results are summarized in
Figure S4. The intensity of saturated I-rich PL emission (fully
segregated) is denoted as Isat, while Iexp represents the I-rich PL
intensity at certain monitored times. One can see that the AgI-
CsPbIBr2 film exhibits the lowest emission intensity from
segregated I-rich domains, confirming its high photostability
against light-induced phase segregation. On the other hand, the
ZnI2-doped specimen reveals comparable segregation proper-
ties to the pristine CsPbIBr2, while the SbI3-doped film rapidly
segregates and reaches Isat, implying unchanged and inferior
photostability, respectively.

To further investigate the effect of Ag doping concentration
on PL properties, four Ag-doped CsPbIBr2 films with the
molar concentrations of 0.1%, 0.5%, 1.0%, and 2.0% in
precursor solutions were deposited. Figure 4a−d show the

Figure 3. PL spectra results for (a) the pristine CsPbIBr2 film, (b) the AgI-doped film, (c) ZnI2-doped film, and (d) SbI3-doped film. PL
mapping of (e) pristine CsPbIBr2 film, (f) the AgI-doped film, (g) ZnI2-doped film, and (h) SbI3-doped film in the wavelength ranges of
550−630 nm (original phase, I-PL) and 665−750 nm (segregated phase, S-PL), image size: 5 × 5 μm.
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normalized PL spectra of CsPbIBr2 films under continuous
light illumination with the duration time of 0, 10, and 20 s. It is
clear that S-PL intensity was suppressed with the doping
concentration increasing from 0.1% to 1.0%, while it slightly
increased when the doping concentration increased to 2.0%.
The corresponding PL mapping spectra further validated these
trends. As shown in Figure 4e−h, increased S-PL mapping
intensity was observed under the continuous light illumination
at the time of 0, 5, and 10 s in the samples of 0.1%, 0.5%, and
2.0% Ag doping. In contrast, the S-PL mapping intensity in the

1.0% Ag-doped sample remained nearly the same. This result
indicates that the Ag-doped samples with low doping
concentrations of 0.1% and 0.5% still have notable densities
of defects despite the beneficial doping effect, while at the
highest Ag doping concentration of 2.0%, the excessive
substitutions at the metal cation sites might create some
degree of lattice defects.43 The concentration-dependent result
indicates that the 1.0% Ag-doped film has the optimal doping
level and the best photostability among the four types of Ag-
doped films.

Figure 4. PL spectra for (a) the 0.1% AgI-doped film, (b) the 0.5% AgI-doped film, (c) 1.0% AgI-doped film, and (d) 2.0% AgI-doped film.
PL mapping of (e) the 0.1% AgI-doped film, (f) the 0.5% AgI-doped film, (g) the 1.0% AgI-doped film, and (h) 2.0% AgI-doped film in the
wavelength ranges of 550−630 nm (original phase, I-PL) and 665−750 nm (segregated phase, S-PL), image size: 5 × 5 μm.

Figure 5. (a) J−V curves (b) EQE curves of pristine, AgI-, ZnI2-, and SbI3-doped CsPbIBr2 solar cells. Detailed (c) Voc, (d) Jsc, (e) FF, and (f)
PCE performance over time for pristine, AgI-, ZnI2- and SbI3-doped CsPbIBr2 solar cells under continuous solar irradiation.
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Based on the above results, four types of halide perovskite
films including the pristine films (without metal element
doping) and the films with the 1.0% doping concentration of
Ag, Zn, and Sb elements were prepared and used to further
investigate the effect of valence-controlled doping on solar cell
performance under continuous light illumination. The device
architecture is ITO/SnO2/perovskite/Spiro/Au in four types
of solar cells, and Figure S5 shows the cross-sectional SEM
image of the Ag-doped CsPbIBr2 solar cell. Figure 5a illustrates
the current density−voltage (J−V) curves for four types of
solar cells. AgI-CsPbIBr2 solar cell features the best photo-
voltaic performance, which can be attributed to the lowest trap
density as discussed above. With AgI doping, the photovoltaic
power conversion efficiency (PCE) is significantly improved
from 9.0% of the pristine sample to 10.1%, unambiguously
demonstrating the benefit of AgI doping. However, Zn- and
Sb-doped solar cells delivered inferior performances with PCEs
of 8.4%% and 7.6%, respectively. All parameters were improved
after Ag doping, and they remained almost the same after Zn
doping and decreased after Sb doping. The statistics of device
performance of four types of solar cells are given in Table S2
(21 devices for each type of solar cell), showing that the
average device parameters are consistent with the trends
demonstrated in Figure 5a. Figure 5b shows the external
quantum efficiency (EQE) of four types of solar cells, and the
integrated current density (Jsc) from EQE test is 10.1, 10.6, 9.5,
and 9.2 mA/cm2 for pristine, Ag-, Zn-, and Sb-doped solar
cells, respectively, well matched with their corresponding J−V
results.

The photostability of four types of solar cells was monitored
under continuous solar illumination (AM 1.5G, 100 mW/cm2)
and their detailed photovoltaic parameters, including open
voltage (Voc), Jsc, fill factor (FF), and PCE, are presented in

Figure 5c−f. Overall, the AgI-CsPbIBr2 solar cell reveals the
smallest decrease over time in all parameters. For example, the
AgI-CsPbIBr2 cell demonstrates 10.9% decay in PCE perform-
ance (from 10.1% to 9.0%) after 120 s of illumination,
outperforming the pristine cell with 21.1% of PCE degradation
(from 9.0% to 7.6%); and the decrease is 22.6% for the Zn-
doped solar cell (8.4% to 7.4%) and 32.2% for the Sb-doped
cells (7.6% to 5.1%). Apparently, Ag-doped solar cells
demonstrated the best photostability. Since light-induced
phase segregation is usually reversible, four kinds of solar
cells were put in a drybox at dark for 3 h and their photovoltaic
performances were tested again. As shown in Figure S6, the J−
V characteristics and PCEs of four types of solar cells almost
recovered to their initial levels, which demonstrated that the
decreased performances in Figure 5b−f result from phase
separation but not from the material degradation.

The improved photostability of AgI-CsPbIBr2 solar cell
demonstrated here can be explained by their charge transport
characteristics. In this comparative study, the substitution of
Pb by the valence-regulated doping elements resulted in
distinct carrier properties, that is, the monovalent Ag, divalent
Zn, and trivalent Sb led to p-type, intrinsic type, and n-type
doping effects, respectively. With monovalent Ag p-doping, the
Fermi level of CsPbIBr2 is pulled down to the middle of the
bandgap, and the perovskite features more intrinsic carrier
properties than the pristine n-type sample. The intrinsic carrier
characteristics in perovskite can help prevent the formation of
defect trap states, leading to a reduced defect density, in line
with the TRPL result discussed above. Furthermore, a deeper
Fermi level in perovskite film tends to produce a larger band-
bending, which is the driving force for hole extraction from the
perovskite layer.3 As a result of the reduced defect density and
the improved hole collection efficiency, the AgI-CsPbIBr2 solar

Figure 6. First-principles calculations based on density functional theory (DFT). (a) Sketch of the 40-atom supercell employed in the DFT
calculations. (b) Density of electronic states (eDOS) of pristine CsPbIBr2 and doped CsPbIBr2 estimated with the DFT screened hybrid
exchange-correlation potential HSE06;44 the Fermi energy level has been shifted to zero in all the cases. (c) Estimation of chemical
potentials for the Pb and Br/I species in CsPbIBr2. Native defect equilibrium of CsPbIBr2 calculated with DFT methods under (d) Br/I poor
synthesis conditions, (e) Br/I medium synthesis conditions, and (f) Br/I rich synthesis conditions; the dashed vertical line in (e) and (f)
represents the Fermi energy level pined by the charge neutrality condition.
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cell exhibits the best PCE of 10.1% among all studied devices.
Additionally, after doping Ag atoms, the photostability of
CsPbIBr2 is remarkably improved against light-induced phase
segregation because both the reduced trap density and intrinsic
carrier environment help restrain unfavorable halide ion
migration in the mixed halide perovskite. On the other hand,
the divalent Zn, with equal valence to the Pb atom, provides a
relatively intrinsic doping effect in the perovskite, which results
in comparable phase segregation properties between ZnI2-
doped CsPbIBr2 and pristine CsPbIBr2. For trivalent Sb atoms,
the extra electron can reinforce the n-type property of
CsPbIBr2, which not only promotes the formation of defect
trap states but also accelerates light-induced phase segregation
due to enhanced halide migration under high n-type doping
conditions. Therefore, judicious doping with favorable proper-
ties in halide perovskites can notably boost the device
performance and photostability.

First-principles calculations based on density functional
theory (DFT) were carried out to theoretically investigate the
electronic properties of pristine and doped CsPbIBr2 perov-
skites as well as the equilibrium of native defects in bulk
CsPbIBr2 (Figure 6).45 The calculated energy bandgaps are in
good agreement with the experimental measurements. In
particular, we obtained 2.1, 2.0, 2.0, and 1.9 eV for pristine
CsPbIBr2 and Ag-, Zn-, Sb-doped CsPbIBr2, respectively. The
Pb-substitution-driven Fermi level shifts found in our DFT
calculations qualitatively agree with the experimental results,
namely, Ag-doping moves EF toward the valence band (p-
type), Sb-doping toward the conduction band (n-type) and
Zn-doping produces negligible effect. There is a quantitative
difference, however, between our DFT bandgap calculations
and UPS measurements (i.e., a constant shift of roughly 0.5
eV) that we may ascribe to some composition differences
between the simulated and real systems. In particular, the DFT
bandgap results have been obtained for systems that are
perfectly stoichiometric (i.e., do not contain point defects, in
contrast to the real samples) and present doping concen-
trations of 12.5% (which are larger than the experimental ones,

due to obvious computational limitations on the number of
atoms that can be accurately simulated).

To theoretically investigate how the changes in electronic
structure may affect the equilibrium of native defects (i.e., Pb,
I, and Br vacancies and Br interstitials) and optoelectronic
performance of bulk CsPbIBr2 at static state, we performed a
series of DFT simulations considering different possible
chemical potentials rendering I/Br poor, I/Br medium and
I/Br rich synthesis conditions. For a defect to act as a
nonradiative recombination center, a necessary condition is the
existence of charge-state levels in the bandgap.46 According to
our DFT defect equilibrium calculations (Figure 6d−f), only I
and Br vacancies (V_I and V_Br) can act as nonradiative
recombination centers in CsPbIBr2 since both types of defects
present (+|0) charge-state levels within the material bandgap.
It is found that under the I/Br poor synthesis condition, no
charge neutrality condition can be established; thus, the system
becomes highly unstable against decomposition. Therefore, I/
Br poor synthesis conditions, in contrast to I/Br medium and
rich conditions, should be strongly avoided in practice.
Meanwhile, under I/Br medium and rich conditions, the
charge neutrality condition can be satisfied, and the pining of
the Fermi level occurs near the middle and bottom of the
bandgap, respectively (Figure 6e,f). Given these results, one
can understand the beneficial effect of Ag-doping: the EF shift
induced by such a Pb-substitution brings the Fermi level closer
to its optimal pining position, which confers stability to
CsPbIBr2. Conversely, Sb-doping moves the Fermi energy level
away from its optimal location, thus unbalancing the system
and weakening the stability. Furthermore, the formation energy
of the two possible nonradiative defects, V_I and V_Br, is
relatively high under I/Br medium and rich conditions, which
implies that they should not be abundant in the samples. On
the other hand, the formation energy of Br interstitials (Bri) is
always quite low, thus suggesting that this type of defect may
be invariably abundant. This may accelerate light-induced
halide segregation in all-inorganic halide perovskites, which
was reported in previous works.47,48 Nevertheless, Bri cannot

Figure 7. (a) Halide demixing enthalpy (ΔHdemixPb ) landscape, showing the distributions of ΔHdemixPb for CsPbIBr2 and ΔHdemixPb/X for
Cs(Pb0.875X0.125)IBr2 with X = Ag+, Zn2+ and Sb3+. (b) Distribution of the electronic band gap energies calculated for 1000 300 K-MD
trajectory frames at PBE level of theory for Cs(Pb0.875X0.125)IBr2. All distributions have been smoothed with a kernel-density-estimate.
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act as nonradiative recombination centers and consequently
cannot detrimentally affect the optoelectronic properties of
CsPbIBr2. Therefore, in this work, we consider that I and Br
vacancies (V_I and V_Br) act as nonradiative recombination
centers in CsPbIBr2 since both types of defects present (+|0)
charge-state levels within the material bandgap. This
theoretical insight is in line with the improved optoelectronic
performance observed for Ag-doped CsPbIBr2.

However, the thermodynamic and electronic properties of
the defects alone may not be sufficient to fully explain the light-
induced halide segregation behaviors in the doped CsPbIBr2
systems. At the most fundamental level, the tendency of phase
segregation should be dependent on the chemical bonding
strengths, which in our case, can be modeled with the demixing
enthalpy. For pristine CsPbIBr2, this is defined for the chemical
reaction of

CsPbIBr
1
3

CsPbI
2
3

CsPbBr2 3 3+

as

H E E E
1
3

CsPbI
2
3

CsPbBr CsPbIBrdemix
Pb

3 3 2= [ ] + [ ] [ ]

Similarly, for the doped system, the corresponding chemical
reaction and demixing enthalpy are defined as
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Here, E represents the total energy obtained from the DFT
calculation. To obtain statistically significant results, a total of
26 configurations of CsPbIBr2 and 570 configurations of
Cs(Pb0.875X0.125)I3 across three different dopants have been
sampled using the same random solid solution sampling
approach as in our previous work.49Figure 7a shows the
distributions of demixing energies for all systems considered.

The result in Figure 7a demonstrates that the Sb3+-doped
CsPbIBr2 is most prone to phase segregation, while the
behaviors for Ag+- and Zn2+-doped samples are reversed. Most
strikingly, halide demixing is found to be preferred in all three
doped CsPbIBr2 systems compared to the pristine CsPbIBr2.
This shows that the experimentally observed phase segregation
behaviors cannot be fully explained with the strengths of
chemical bonds at the static state. More specifically, light-
induced phase segregation is a manifestation of the (dynamic)
electron−phonon coupling effect in the solid state, in which
systems with stronger electron−phonon coupling are more
likely to incur phase segregation under light illuminations.2 To
illustrate this effect, we selected the most stable structure of
Cs(Pb0.875X0.125)I3 for each X dopant as acquired from the
DFT calculation, and we performed further ab initio molecular
dynamic (MD) calculations at 300 K. Subsequently, we
extracted 1000 frames from each MD trajectory and calculated

their associated electronic band gap energies at the PBE level
of theory.

When atoms undergo thermal vibrations, the electronic
orbital overlaps between neighboring atoms will change
correspondingly, which results in changes in the band gap
energies. A large (small) change in the orbital overlaps induced
by the thermal vibrations will transfer to a large (small) change
in the band gap energies, thus reflecting strong (weak)
electron−phonon coupling strengths in the system. Computa-
tionally, this information can be obtained by examining the
distribution of band gap energies that are sampled across the
MD trajectory. As shown in Figure 7b, the electron−phonon
coupling strengths, which are qualitatively proportional to the
width of the band gap distributions, decrease in the order of
Sb3+ > Zn2+ > Ag+. This follows nicely the halide segregation
behaviors in these three samples observed experimentally,
indicating they are significantly affected by the modifications in
the electron−phonon coupling strengths as induced by three
dopants with different valencies.

In summary, we used a suite of complementary experimental
and theoretical tools to investigate the effect of valence-
regulated metal doping on the phase segregation and the
photovoltaic performance of mixed-halide perovskites. The
structure and morphology of the perovskite films were not
affected much by the metal doping, while the steady-state PL
and TRPL measurements revealed that the trap densities in
doped films are in the order of Ag < Zn < Sb. Additionally, the
phase segregation properties of doped perovskite films under
light illumination feature the same order, proving the
superiority of Ag atomic doping to improve phase stability of
mixed-halide perovskite film with reduced trap states. The Ag-
doped CsPbIBr2 solar cell possesses the best photovoltaic
performance among all studied cells with the highest PCE of
10.1% and reinforced stability against photodegradation. The
DFT simulations shed light on how valence-controlled metal
doping shifts the Fermi level and affects the trap density of
CsPbIBr2 perovskites, as well as the modification in the
electron−phonon coupling strengths that differentiate the
halide segregation behaviors in the three doped materials.
Overall, the study revealed that appropriate p-doping in n-type
perovskites could deepen the Fermi level to the midgap and
produce an unambiguously positive effect to suppress the
defect states and promote the photostability, which provides
insights into the development of high-quality mixed-halide
perovskite in optoelectronic applications.
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