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Substantial Improvement of Operating Stability by
Strengthening Metal-Halogen Bonds in Halide Perovskites

Xi Chen, Zhiguo Sun, Bo Cai, Xiaoming Li, Shihua Zhang, Di Fu, Yousheng Zou,

Zhiyong Fan, and Haibo Zeng*

Solution-processed lead halide perovskites (LHPs) hold great promise for low-
cost high-performance solar cells and light-emitting devices, but they also
suffer from a serious operating instability problem due to the ionic migration
and lattice decomposition driven by strong electric fields. Here, considerably
suppressed ionic migration and enhanced lattice stability in LHPs with partial
substitution of Pb with 3d transition metal (TM: Mn and Ni) are reported. It

is experimentally shown that the energy barrier for ionic migration in CsPbBr;
can be increased fourfold by Mn and Ni substitution, even with a small
doping level (<4%). However, post-TM Zn and non-TM Bi incorporations are
less efficient in suppressing ionic migration. The theoretical results reveal
that Ni and Mn ions with partially filled 3d orbitals can passivate the active
lone-pair electron of surrounding Pb-Br octahedrons via a coordination effect
and reduce the Pb 6s-Br 4p antibonding states, resulting in long-range lattice
stabilization and suppressed ionic migration. The Ni incorporation strategy in
mixed-halogen CsPbBr sl 5 is further demonstrated, for which the field-driven
halogen segregation is significantly mitigated and the associated emission
color variation is reduced sixfold. This study paves the way for improving the
operating stability in LHP-based optoelectronic and electronic devices.

due to the fact that the major defects in
LHP lattices, that is, the atomic vacancies,
are in shallow energy levels in bands.?
Unfortunately, the presence of abundant
atomic vacancies in turn facilitates vacancy-
mediated ionic migration under electrical
loads and/or optical illumination, which
has tremendous impacts on the intrinsic
optoelectronic and electronic properties of
LHPs. It has been shown that field-driven
ionic migration can induce ionic segrega-
tion and lead to the formation of vacancy-
rich and halogen-rich domains, which
decomposes the LHP lattices, alters the
bandgap, blocks the charge carrier extrac-
tion, and consequently degrades the device
performance, usually on a timescale of sec-
onds to hours.-8 Additionally, ionic migra-
tion has been shown to be a major cause
of the current-voltage hysteresis in LHP-
based solar cells,P1 which imposes chal-
lenges on stabilizing the power conversion

1. Introduction

The superiority of lead halide perovskite (LHP) semiconductors,
which emerged in recent years, over conventional silicon and
gallium arsenide crystals for optoelectronic applications such
as solar cell and light emitting diode devices lies in their low-
temperature solution processability and high defect tolerance."
The former enables low-cost and scalable device fabrication, but
it usually introduces dense lattice defects. The latter ensures effi-
cient photon-electron interconversion despite the dense defects,
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efficiency. Therefore, despite the fact that

the efficiency of LHP-based solar cells and
light emitting devices has now achieved impressive values above
20%,12 the demand for rapid commercialization has come
into conflict with the operating instability caused by field-driven
ionic migration.

Methods such as reducing the structural dimension-
ality™! inserting ion-transport-blocking layers %1 passivating
nanocrystal/film surfaces,”® and enlarging grain sizel'” have
been sought to suppress the ionic migration and improve the
operating stability in solution-processed LHPs. Nonetheless,
there is still a strong requirement to further enhance the stability
of LHPs for commercial use. Another well-demonstrated method
is composition engineering. It has been shown that entirely
or partially replacing polar monovalent cations in LHPs (e.g.,
CH;NH;*" in CH3NH;3Pbl;) with less polar or nonpolar mono-
valent cations (e.g., HC(NH,)," or Cs*) can increase the energy
barrier of ionic migration and weaken the current-voltage hys-
teresis because of the reduced vacancy-dipole interaction.?0-24
Recently, the doping of the PD site with Mn, Ni, Zn, Cd, Co, or Sr
was found to improve the power conversion efficiency, the photo-
luminescence quantum yield (PLQY), and the stability of solution-
processed LHPs,2*] demonstrating that Pb site engineering
is an attractive way to fabricate high-performance LHP devices.
However, in those studies, the stability improvement induced
by the PD site doping was mainly limited to the phase transition
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or ambient degradation. The effect of the Pb site doping on the
field-driven ionic migration has been less studied. Moreover, the
mechanisms for the improvements have commonly been attrib-
uted to the optimization of lattice ordering, the relaxation of
lattice strain, or the reduction of defect states due to the exotic
ion incorporation. The influence on the chemical bonding/
antibonding states of the Pb-halogen bonds, which are directly
linked to the lattice stability and the ionic migration kinetics,
is largely unknown. Addressing these issues will improve the
existing understanding of doping-related stability enhancement
and provide a perspective for further optimizing the operating
durability in LHP-based optoelectronic and electronic devices.

In this research, with a combination of experiments and first-
principles calculations, we demonstrate that the partial substitu-
tion of Pb with a 3d transition metal (TM) whose 3d orbital is
partially filled can significantly tune the ionic migration kinetics
and enhance the lattice stability of LHPs with respect to external
stress. The experimental results show a fourfold increase of the
ionic migration barrier in Ni- or Mn-doped CsPbBr; and a sixfold
reduction of the field-driven emission color variation in Ni-incor-
porated mixed-halide CsPbBr; 5I; 5 because of greatly suppressed
halogen segregation. However, postTM Zn with fully-filled
3d orbital and non-TM Bi incorporations are less efficient in sup-
pressing the ionic migration. The doping-induced modulation of
the electronic structures is investigated using first-principles cal-
culations to analyze the covalent bonding and antibonding states
in the metal-halogen bonds. The theoretical calculation results
suggest that the coupling between the partially-filled 3d orbital
and the Pb 6s-Br 4p antibonding states is key to the stabilization
of the whole lattice and thus the suppressed ionic migration.

2. Results and Discussion

2.1. Doping Characterization

We synthesize metal ion-incorporated CsPbBr; quantum dots
via a solution-processed hot-injection method. The samples are
abbreviated as CsPb;,_,M,Br;, where M represents TM Mn and
Ni, post-TM Zn, and non-TM Bi, and x is the real molar ratio
of the metal ion relative to Pb (x = 0 represents pure CsPbBr3).
Inductively coupled plasma mass spectroscopy is used to quan-
tify the x values (Table S1, Supporting Information). To confirm
the successful incorporation of the dopants into the CsPbBr;
lattice, we investigate the structural and optical properties of
CsPb;_,Ni,Br; quantum dots as an example. Figure 1a,b shows
the low-magnification and high-resolution transmission elec-
tron microscopy (TEM) images of CsPb,_,Ni,Br; quantum dots
with x = 0 and 0.0275. The quantum dots show a typical square
morphology with a mean edge length of 12.39 nm for x = 0 and
12.15 nm for x = 0.0275, suggesting that the Ni incorporation
has less influence on the size of the quantum dots. Clear lat-
tice fringes are observed from the high-resolution TEM images,
indicating that our samples are well crystallized. The fringe
spacing determined by using fast Fourier transform patterns is
found to be =0.29 nm for both samples, which are assigned to
the (200) plane. Figure 1c shows the powder X-ray diffraction
(XRD) patterns of the CsPb,_,Ni,Br; quantum dots. All of the
samples can be indexed as cubic-phase CsPbBr;. A close look
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at the XRD patterns near 26 = 30° reveals that the Bragg angle
0 shifts to higher values with increasing x, suggesting that the
lattice has contracted. Since Ni** ion has a smaller Shannon
radius than Pb?* (0.69 A versus 1.19 A), the lattice contraction is
evidence of the successful incorporation of Ni into the Pb sites.
The elemental mappings obtained with energy-dispersive X-ray
spectroscopy also suggest the presence of Ni in the CsPbBr;
lattice (Figure S1, Supporting Information). This is further cor-
roborated by the X-ray absorption fine structure (XAFS) spectra
measurements shown in Figure 1d, since XAFS is a powerful
technique for examining the coordination environment of the
absorbing atoms.%! The Ni K-edge absorption spectrum of the
CsPby_,Ni,Br; with x = 0.0275 shows a similar rising edge to
that of the referenced NiO, indicating that the Ni dopants have
+2 valence, as expected. Moreover, in contrast to the referenced
elementary Ni foil, the Ni K-edge absorption spectrum of the
Ni-incorporated CsPbBr; is more akin to that of the referenced
NiO. Both spectra show very weak pre-edge features, similar
white line absorptions, and identical white line resonance
peaks (=8348.6 eV). These characteristics indicate that the coor-
dination environment of Ni in CsPbBr; is similar to that in
NiO,1?>¥ that is, the Ni in CsPbBr; is octahedrally coordinated,
or rather, in the Pb?* sites.

The effects of Ni incorporation on the photoluminescence
(PL) properties of the CsPb;_,Ni,Br; quantum dots are shown
in Figure le. We observe a slight blue-shift of the bandgap with
the increasing x, consistent with previously reported results due
to small ion doping-induced lattice contraction.’-3038] Figure 1f
shows the PLQY of CsPb,_,Ni,Br; quantum dots, which sug-
gests that the PLQY is maintained at around =82% regardless
of the x values. Both the PL and PLQY results demonstrate that
the Ni incorporation has no detrimental effects on the optical
performances of the CsPbBr;. The successful incorporation of
Mn and Zn into the CsPbBrj lattice is also confirmed by the
powder XRD and the optical measurements (Figure S2, Sup-
porting Information).

2.2. Substantial Suppression of lonic Migration

We measure the transport properties of CsPb,_,M,Br; as a func-
tion of temperature (T) to extract the ionic migration activation
energy (E,;). We employ a lateral structure device that is com-
posed of two Cr/Au electrodes with a distance of 20 um cov-
ered by CsPb,_,M,Br; quantum dots, as sketched in Figure S3,
Supporting Information. An external electric field with a mag-
nitude of 15 V is applied between the two electrodes to initiate
the ionic migration, and the electric current is detected under
dark conditions. The measurement is carried out in a vacuum
environment of =2 X 1072 Pa to rule out degradation pathways
induced by oxygen and moisture in air. We assume that only
ionic and electronic currents (I and I.) exist and that the ionic
transport and the electronic transport in the CsPbBr; are gov-
erned by a vacancy mechanismB®#! and a thermally activated
polaron hopping mechanism,**2 respectively. In this regard,
according to the principle of a parallel circuit, the expression
for the detected total electric current (I,) is given by

Lo =L +1. @
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Figure 1. Structure and optical properties of CsPb; Ni,Br; quantum dots. Low-magnification and high-resolution TEM images of CsPb;_Ni,Br;:
a) x =0 and b) x = 0.0275. c) Powder XRD patterns of CsPb;_,NiBr;. d) Ni K-edge XAFS spectra of Ni foil, NiO, and CsPb,_NiBr; with x = 0.0275.
e) PL spectra. f) PLQY of CsPb;_,NiBr;.

where [; and I, can be determined with the standard Arrhenius = A, ( E,. )

model: e T &P kT (3)
I = A _Ey 5 where A; and A, are the pre-exponential factors, E, . is the acti-
P ksT @ Jation energy for electronic polaron hopping, and kg is the
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Figure 2. Electronic and ionic migration energy barriers. (a,b,c, and d) show the I, T versus 1/kgT curves measured from lateral CsPbBr; devices with
Ni, Mn, Zn, and Bi doping, respectively. The solid lines represent the fitting curves using Equation (4). (e) and (f) display the fitting results for E,; and
E, as a function of x. Error bars represent the standard errors estimated by measuring three lateral devices for each sample.

Boltzmann constant. With combination and transformation, we

obtain
E E,;
+ A; -
kBT) EXP( kBT)

It is evident that the E,; and E, . values can be extracted by
fitting the I,y T versus 1/kgT curves using Equation (4).

Figure 2a—d plots the I;,,T versus 1/kgT curves measured
in the CsPby_,Ni,Br;, CsPb,_,Mn,Br;, CsPb,_,Zn,Br;, and
CsPb,_,Bi,Br; devices, respectively. Two distinct regions are
observed in these curves. In the 1/kgT > 55 eV~ (T < 210 K)
regime, the [, T increases very slowly with the decreasing

ItotalT = Ae exp(_ (4)
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1/kgT, indicating that in this region, the I, is dominated
by the electronic transport due to suppressed ionic migra-
tion at low T. In the 1/kgT < 55 eV~ (T > 210 K) regime, the
Lo T exhibits a sharp increase with the decreasing 1/kgT,
reflecting a significant contribution of the ionic transport
to I because of thermally activated ionic migration. All
the curves can be well fitted using Equation (4). The fitting
results for E,; are shown in Figure 2e. The E,; is 0.117 eV
in the undoped CsPbBr;, and it increases to 0.443 eV with
x = 0.0321 Ni incorporation and to 0.439 eV with x = 0.0079
Mn incorporation. The E,; enhancement indicates that the
ionic migration is greatly suppressed by the TM incorpora-
tion. However, such remarkable enhancement of E,; is not

© 2022 Wiley-VCH GmbH
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observed in Zn and Bi doping. The E,; for Zn doping shows
a slight increase to 0.175 eV at x = 0.0363. The E,; for Bi
doping initially increases to 0.201 eV at x = 0.0098, and then
decreases to 0.182 eV at x = 0.0252. Nonetheless, the E, ; vari-
ation in the Zn and Bi doping cases is within the margin of
error when compared with the undoped case. Therefore, we
are of the view that the Zn and Bi doping are less efficient in
suppressing ionic migration. The fitting results for E,, are
shown in Figure 2f. It is found that the E, . increases with Ni
doping and decreases with Zn doping, and it passes through
a peak for Mn and Bi doping.

The E,; values for Ni and Mn incorporation is comparable
to previously reported ones with Cs-site doping.[?®l It is worth
noting that even if the Mn has a much smaller doping con-
centration than the Ni, the Mn incorporation can enhance
the E,; to the value close to that with the Ni incorporation,
indicating that the Mn possesses a much higher efficiency in
suppressing ionic migration. Using different Mn precursors
or adopting a halide exchange-driven cation exchange method
may help to optimize the Mn doping level, ¥l which may fur-
ther enhance the E, ;.

2.3. Metal-Halogen Bonding Modulation Mechanism

To clarify the underlying mechanisms for the suppressed
ionic migration due to TM incorporation, we perform a first-
principles density functional theory (DFT) calculation study.
We focus on halogen vacancy-mediated ionic migration along
the octahedron edges because halogen vacancy is the dominant
defect in solution-processed LHPs.2* Figure 3a shows the top
view of the (001) plane of a 3 x 3 x 3 cubic CsPbBr; supercell
that contains one Ni%*' ion, corresponding to a doping level of
3.7%. Three crystallography nonequivalent Br vacancies (Vp,),
which are marked as P1, P2, and P3, are created to model the
vacancy migration progress. The calculated energy profile for
the Vg, hopping between P1, P2, and P3, including the energies
at the ground state (E,, relative to P1) and at the transition state
(Eys), is sketched in Figure 3b. The pure CsPbBr; has equal Eq
regardless of the Vj, position, since the three Vj, positions in
this case are completely equivalent in crystallography and thus
in energy. The E,; defined as the difference between E, and
E,, is determined to be 0.26 eV in the pure CsPbBr;. When Ni
is introduced, however, the E, and Ei values become highly

bos
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Figure 3. lonic migration modeling. a) Top view of the (001) plane in a 3 x 3 x 3 cubic-phase CsPbBr; supercell used for the DFT calculations. The Ni?*

ion is located at the center of the supercell. To model the ionic migration process, Vg, is created at three kinds of positions with different distances to
the Ni?* ion, that is, P1, P2, and P3. b) Ni incorporation effect on the energy profiles for Vg, located at the ground state (i.e., at P1, P2, and P3) and the
transition state (TS). c) lllustration of the repelling effect of Ni on the moving V;,. Compared with the pure CsPbBr; case, the repelling effect reduces
the ionic migration channels and lengthens the migration path.
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dependent on the Vg, position. The Eg values at P2 and P3 are
0.09 and 0.261 eV higher than that at P1, respectively. The E,;
values for the Vj, hopping from P1 to P2 and from P2 to P3 are
0.318 and 0.408 eV, respectively, both of which are higher than
the value in pure CsPbBr;. The elevated E, with the enhanced
E,; suggests that the Vi, hopping toward the Ni?* ion is for-
bidden in energy. This behavior may give rise to a repulsion
effect on the migrating Vjy,, as depicted in Figure 3c, which
reduces the Vj, migration channels and increases the Vy,
migration length, explaining the E,; enhancement in the above
experiments.

To deeper understand the enhanced E,;, we analyze the
incorporation effect on the electronic structures and the chem-
ical bonds in CsPbBr;. Figure 4a shows the metal ion incorpo-
rated CsPbBr; supercell with 3x 3 x 3 k-mesh used for study.
Note that the Cs is not shown for simplification reason. The
supercell contains three crystallography nonequivalent Pb-Br
octahedrons denpending on their distance to the metal ion
dopant, which are highlighted in the figure. The crystallog-
raphy nonequivalent Pb—Br bonds in the three octahedrons
are also indicated. For chemical bonding investigation, we
use the LOBSTER program to calculate the projected crystal
orbital Hamilton population (pCOHP).* As a representa-
tive, Figure 4b shows the local density of states (DOSs) and the
corresponding —pCOHP for the pure Pb—Br and Ni—Br; bonds
and the Pb;—Br;, Pb;—Br,, and Pb;—Br; bonds in the Pb;-Br
octahedron. It is seen that both the valence band and conduc-
tion band edges are antibonding, as indicated by the negative
—pCOHP values. The integrated -pCOHP (IpCOHP) below the
Fermi level and the corresponding bond length are shown in
Figure 4c. The more negative the IpPCOHP value, the fewer the
antibonding states, and the stronger the bond strength. It is
seen that the Mn and Ni doping are more effective in reducing
the antibonding states than the Zn and Bi doping. The Ni-Br;,
Mn-Br;, and Pby,;-Br (except Pb;—Br;) bonds are all stronger
than the pure Pb—Br bond, whereas the Zn-Br;, Bi-Br;, and
most of Pb;,;—Br bonds are weaker than the pure Pb—Br
bond. We take the Ni-incorporated Pb;-Br octahedron for
detailed discussions. The Ni—Br; bond has the shortest bond
length (2.66 A) and the highest bond strength (-3.91 eV) among
the chemical bonds investigated, and it is 0.59 eV stronger than
the pure Pb—Br bond (~3.32 eV) with a bond length of 2.999 A.
The Pb;—Br, bond is slightly shorter than the pure Pb—Br bond
(2.97 A versus 2.999 A), and it is 0.18 eV stronger than the pure
Pb—Br bond. The Pb;—Br; and Pb;—Br; bonds are longer than
the pure Pb—Br bond, which are 3.249 and 3.045 A, respec-
tively. Unexpectedly, the Pb,—Br; bond strength shows only a
slight decrease to —3.23 eV, and the Pb;—Br, bond strength pre-
sents an anomalous increase to —3.41 eV. Moreover, the bond
strength is observed to increase in the sequence of Pby-Br;, Pb,-
Br,, and Ni-Brs, that is, the closer the Vy, moves to the Ni, the
more the energy required for the Vp, migration to break the
chemical bonds, explicitly explaining the increased Eys and E,;
as shown in Figure 3b.

The pCOHP results clearly indicate that the Ni and Mn incor-
poration can cause a long-range lattice stabilization by reducing
the antibonding states in the surrounding chemical bonds. To
explore the fundamental mechanism, we investigate the pro-
jected DOSs in metal ion-incorporated Pb;-Br octahedron. It is
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seen in Figure 5a that in pure Pb—Br bond, the antibonding
states at valence band edge are formed by the coupling between
fully-filled Pb 6s orbital containing one lone-pair electron and
Br 4p orbital. It is well known that the formation of such anti-
bonding states is key to many of the appealing properties of
halide perovskites such as defect tolerance, but it also weakens
chemical bonds and leads to lattice instability.”! For Mn- and
Ni-doped cases, the projected DOSs shown in Figure 5b,c reveal
that there is hybridization between the Ni and Mn 3d, Pb 6s, and
Br 4p orbitals. Namely, the Mn and Ni 3d orbitals are coupling
with the Pb 6s-Br 4p antibonding states. Such a coupling facili-
tates transfer of the lone-pair electron in the Pb-Br octahedrons
to the partially-filled Mn and Ni 3d orbitals via coordination
effect and passivates the active antibonding states, leading to
the enhancement of the bond strength as reported in Figure 4c.
However, as shown in Figure 5d, no coupling between the Zn
3d orbital and the Pb 6s-Br 4p antibonding states is observed in
the Zn doping case, because the Zn 3d orbital is fully filled and
locates far away from the valence band edges. Bi** ion has elec-
tronic structure [Xe]4f*5d%6s? and possesses one 6s? lone-pair
electron, same as the Pb?" ion. It is seen in Figure Se that the
Bi 6s? lone-pair electron has strong antibonding coupling with
the Br 4p orbital. As a result, the Bi doping increases the anti-
bonding states instead of reducing them, as evidenced by the
increased IpCOHP values shown in Figure 4c. These projected
DOSs results explain why the Mn and Ni doping are efficient
in suppressing ionic migration while the Zn and Bi doping are
not, as observed in Figure 2e.

2.4. Substantial Suppression of Emission Color Variation

Mixed-halogen LHPs are attractive for applications in electro-
luminescence devices because of the easy tuning of the optical
bandgap by altering the halogen composition. However, mixed-
halogen LHPs usually encounter halogen segregation problems
due to field-driven ionic migration,*># which leads to bandgap
shifts and thus color instability issues. We next investigate the
potential of the TM incorporation strategy in addressing these
issues. We take Ni-incorporated CsPbBry;l;5 quantum dots
(CsPby_,Ni,Br;sl;s) as a study example. The device structure
and the measurement scheme are the same as those depicted
in Figure S2, Supporting Information. A constant electric field
with a magnitude of 10 V is applied between the electrodes
throughout the measurement, and the PL spectra excited by
a 405-nm laser are recorded every 2 min at room tempera-
ture. The laser is immediately turned-off once each PL spec-
trum recording is finished (the duration of the PL recording
is less than 10 s). Figure 6a shows the evolution of the repre-
sentative PL spectra over time in pure CsPbBr;sl;5 (x = 0). At
first, the PL spectrum shows only one peak at =587 nm (peak
1). Peak 1 is red-shifted to 610 nm as the measurement time
increases to 4 min, accompanied by a significantly broadened
spectrum width. As the measurement time further increases,
two additional peaks, one at =521 nm (peak 2) and the other at
=667 nm (peak 3), appear successively, and the spectrum width
broadening becomes more and more pronounced. The loca-
tions of peak 2 and peak 3 are very close to the emission of
pure CsPbBr; and CsPbI;, respectively (Figure le and ref. [47]).
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Figure 4. Chemical bonding analyses. a) The metal ion-incoprated 3 x 3 x 3 CsPbBr; supercell for the pCOHP calculations. Cs is not shown in the
supercell. Three crystallography nonequivalent Pb-Br octahedrons are highlighted. The crystallography nonequivalent Br ions in the three octahedrons
are marked as Br, (n=1, 2, 3,4, 5, and 6). b) Local DOSs and corresponding —-pCOHP for Pb—Br bond in pure CsPbBr; and Ni—Br;, Pb;—Brs, Pb;—Br,,
Pb,—Br; bonds in Ni-incorporated Pb;-Br octahedron. c¢) IpCOHP and bond length for the chemical bonds as marked in (a).

Therefore, the appearance of peak 2 and peak 3 confirms an
intense field-driven halogen segregation, which decomposes
the CsPbBry51; 5 film into Brrich and I-rich regimes.

When Ni is introduced, as shown in Figure 6b,c, both the
PL peak splitting and the spectrum width broadening can be
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greatly suppressed. For example, in the case of x = 0.0289, peak
1, which is initially located at 602 nm, is slightly red-shifted to
610 nm with the measurement time increasing to 4 min. Addi-
tionally, only one weak additional peak at 515 nm (peak 2),
which corresponds to the Brrich regime, appears during the
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Figure 5. Electronic structure analyses. (a,b,c,d, and e) show the projected DOSs for pure Pb—Br bond and Mn-, Ni-, Zn-, and Bi-incorporated Pb;-Br
octahedron, respectively. The gray pattern in (a) indicates the energy range of the antibonding states.

whole measurement. These results indicate that the field-driven
halogen segregation is inhibited by the Ni incorporation.

The Ni incorporation-induced lattice stabilization can also
be seen in the change of the PL intensity with the measure-
ment time. Figure 6d shows the intensities of peak 1, peak
2, and peak 3 (normalized to 0 min) as a function of meas-
urement time. It is seen that the intensity of peak 1 in pure
CsPDbBr; 51; 5 dramatically increases by nearly two times in the
beginning and then decays exponentially to the initial value of
58% after 300 min. The PL enhancement at the very beginning
of the measurement can be associated with the field-driven
I” ion redistribution that reduces the density of the electronic
trap states.¥] The subsequent long-time decay is attributed to
the serious halogen segregation that creates mass non-radi-
ative recombination centers. The intensity of peak 3 in pure
CsPbBry51; 5 also shows dramatical change with measurement
time. It increases 13 times in the beginning, followed by a
long-time exponential decay. When Ni is introduced, in sharp
contrast, the PL intensity variation with the measurement time
becomes much more moderate due to suppressed halogen seg-
regation. Initial sharp PL enhancement is absent. The intensity
of peak 1 for x = 0.0157 and 0.0289 stays at 51% and 75% of the
initial value at the measurement time of 300 min, respectively.
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The Ni incorporation also greatly decelerates the increase of the
intensity of peak 2 over time.

Figure 6e plots the Commission Internationale de I'Eclairage
(CIE) 1931 chromaticity diagram determined by the measured
PL spectra. It is clear that the chromaticity coordinates in the
Ni-incorporated samples are much less variational than those in
pure CsPbBr;;];s. To quantify the Ni incorporation effect on the
emission color stability, we calculate the integrated areas encircled
by the chromaticity coordinate trajectory. The emission color vari-
abilities for x = 0, 0.0157, and 0.0289 are estimated to be 24%, 4%,
and 4% of the standard red, green, and blue (SRGB) color space,
respectively, showing a sixfold reduction with the Ni incorporation.
These results demonstrate that the Ni incorporation is an effective
strategy for suppressing the field-driven halogen segregation and
improving the operating stability in mixed-halogen LHPs.

3. Conclusion

We have reported significant ionic migration suppression and
lattice stabilization in solution-processed LHP quantum dots by
incorporating Ni and Mn into the Pb sites. We obtain a fourfold
increase of the ionic migration energy barrier in CsPbBr; and
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Figure 6. Suppression of emission color variation in Ni-doped CsPbBry sl; 5. Evolution of representative PL spectra with measurement time from 0 to
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a sixfold reduction of the field-driven emission color variation
in CsPbBry;]; 5 due to greatly suppressed halogen segregation,
making such a TM incorporation strategy useful for developing
operationally stable LHP-based optoelectronic and electronic
devices. We have also reported low efficiency of post-TM Zn
and non-TM Bi incorporation in ionic migration suppression.
The theoretical calculations highlight the important role of the
coupling between partially-filled 3d orbital and Pb 6s-Br 4p
antibonding states for efficient ionic migration suppression.
The coupling can passivate the active Pb 6s? lone-pair electron
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and enhance the chemical bond strength in surrounding Pb-Br
octahedrons, leading to long-range lattice stabilization and thus
inoic migration suppression. The results also help to improve
the understanding of the previously observed doping-enhanced
environmental and operational stability in LHPs.

4. Experimental Section

Materials: Lead iodide (Pbl, 99.9%), Lead bromide (PbBr,,
99.99%), Bismuth bromide (BiBr;, 99.9%), Manganese acetylacetonate
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[Mn(acac),, 97%], Nickel acetylacetonate [Ni(acac),, 96%], Zinc
acetylacetonate [Zn(acac),, 98%], and T-octadecene (ODE, 90%)
were purchased from Macklin. Cs,CO; (99.99%), Oleylamine (OAm,
90%), oleic acid (OA, 85%), and ethyl acetate (99%) were purchased
from Aladdin. Hexane (99.0%), Acetone (99.5%), Toluene (99.5%)
was purchased from Sinopharm Chemical Reagent Corp., China. All
materials were used without further purification.

Preparation of Cs-Oleate Precursor: 0.36 g Cs,CO3, 1.5 mL OA, and
15 mL ODE were loaded into a 100 mL three-neck flask, and the mixed
solution was heated up to 120 °C after the conventional degassing and
purging procedures. Thereafter, the mixture was heated to 150 °C until
the solid was completely dissolved. Then, the mixture was cooled to
110 °C for further use.

Synthesis of Metal lon-Incorporated LHPs via Hot-Injection: The metal
jon-incorporated CsPbBr; quantum dots were synthesized according
to hot-injection published by Kovalenko et al.*/l Here Ni-incorporated
CsPbBr; was taken for illustration. 0.2 g PbBr,, Ni(acac), at a designated
Ni/Pb molar ratio from 0 to 2, 15 mL ODE, 1.5 mL OA, and 1.5 mL
OAm were loaded into a three-neck flask and dried under vacuum for
1 h at 120 °C. Then, the temperature was raised to 170 °C and 1.5 mL
and the Cs-oleate precursor solution was injected quickly. After reacting
for 5 s, the resulting mixture was cooled rapidly by immersing the flask
in ice. The as-prepared quantum dots were purified based on repeated
precipitation/redissolution with hexane/acetone and finally redispersed
in hexane/toluene.

For the synthesis of Ni-doped CsPbBry 5|, s quantum dots, 0.1 g PbBr,,
0.1256 g Pbl,, 15 mL ODE, 1.5 mL OA, 1.5 mL OAm, and Ni(acac), at
a designated Ni/Pb molar ratio from 0 to 2 were added into a 100 mL
three-necked flask for reaction. The other synthesis steps were similar
to that of CsPbBr; described above, except that ethyl acetate instead of
acetone was used for purification.

Structural and Optical Characterizations: XRD patterns were obtained
by Bruker-AXS D8 Advance diffractometer with Cu Ko radiation
(A = 1.5418 A). PL spectra were recorded using a spectrophotometer
(QE65 Pro, Ocean Optics). Absolute PLQY was measured via an
integrating sphere (C11347-11, Hamamatsu Photonics). The x values
in CsPb;_,TM,Br; quantum dots were determined with an inductively
coupled plasma mass spectrometry (iCAP TQ, Thermo Scientific).
TEM images and elemental mapping were obtained by FEI Tecnai G20
equipped with energy dispersive spectrometer. The operating voltage
was 200 keV. The Ni K-edge XAFS was collected at the beamline TW1B
of Beijing Synchrotron Radiation Facility in a fluorescence mode. The
electrical measurements were performed by using a semiconductor
analyzer (Keysight B1500A).

Device Fabrication and Measurement: Cr (10 nm)/Au (50 nm)
electrodes with a distance of 20 um were made on quartz substrates by
photolithography and magnetron sputtering. The devices were fabricated
by depositing the LHP quantum dots onto the Cr/Au electrodes via
spin-coating, followed by annealing at 50 °C for 2 min in a vacuum
drying oven to improve the contact between the quantum dots and
the electrodes. The obtained devices were placed in a helium-cooling
Janis cryostat (Model CCS-400H/204N) with a vacuum of =2 x 1072 Pa.
Semiconductor analyzer (Keysight B1500A) was used for voltage source
and electrical current measurement. The electrical current was detected
within 0.1 s after the voltage was applied. The voltage was immediately
turned off after finishing the electrical current detection.

Computational Details: The first-principles DFT calculations were
performed using the Vienna ab initio simulation package (VASP).[*0
The projector-augmented wave (PAW) method was used for describing
the core-valence interaction.’! The generalized gradient approximation
of Perdew—Burke—Ernzerhof (GGA-PBE) was employed. A 3 x 3 x 3
cubic-phase CsPbBr; supercell containing 135 atoms was used for the
jonic migration and electronic structure calculations.’2 A kinetic energy
cutoff of 350 eV was set on a grid of 3 x 3 x 3 k-points. The lattice
was relaxed until the force on each atom was <0.01 eV A-\. A climbing
image nudged elastic band (CI-NEB) method was used for finding the
transition states and the minimum energy paths.5¥l Spin-orbit coupling
was not included in the calculations.
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