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ABSTRACT: Doped halide pervoskites as highly efficient light emitters have recently
fascinated the research community, while the influence of halogen atoms X (X = Cl, Br, I)

Y I

on the hybrid energy levels and photoluminescence properties remains a challenge. Here, [

the role of X compositions in the two-dimensional hybrid perovskite BA,PbX, (BA =

Halogen Atoms

C,HyNH;) on the doped Mn®* emission is identified, wherein Mn®* reveals a strong Mn-3d

luminescence dependence on the nature of the halogen, and optimum Mn** emission with
a record quantum yield of 60.1% has been achieved in BA,PbBr,. Density functional
theory calculations show that BA,PbBr, holds low Br vacancy concentration and unique o
coupled states of the Mn-3d level and Pb-6p level at the conduction band minimum, " oo
leading to efficient energy transfer from the host to Mn**. Our work sheds new light on

the methods to realize strong exciton—dopant exchange coupling for achieving high-

efficiency dopant luminescence.

ybrid metal halide pervoskites, as a family of emerging

semiconductor optoelectronic materials, have received
significant attention in recent years due to their impressive
structural diversity and the emerging applications in the fields
of solar cells, photodetectors, lasers, and Iight-emitting.l_9
Doping of an impurity into metal halide pervoskites was found
to be an effective approach to tuning the optoelectronic
properties via the exciton—dopant exchange coupling, and the
rational incorporation of impurity can favorably modulate the
electronic and optical properties of the doped metal
halides."”"" Until now, several examples of the amusing optical
properties associated with these doped materials have been
reported, and improvement of the performance can be
realized.'””"> The most commonly used impurity dopants to
date are Mn**, Cu®*, Cd**, and Bi**,'"'*%* and Mn?* is one of
the most attractive candidates, widely known for its long-
lifetime Mn d—d orange emission. In recent years, Mn?* ions
have been doped not only in ABX; perovskite nanocrystals but
also in double perovskites, two-dimensional (2D) pervoskites,
and other low-dimensional metal halides.'”''"?*** 1t is
noteworthy that Mn>*-doped 2D layered pervoskites usually
show enhanced energy transfer efliciency from the strongly
bound excitons of the hosts to the d electrons of Mn** ions,
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resulting in intense emission due to the *T, to °A,

.. 10,1626
transition.

However, it is undeniable that there are
many factors affecting the luminescence efliciency of the doped
ions, such as structure type, morphology, and ligand
character.'>'#'%'”?7?% Up to now, the influence of halogen
types and contents on the luminescence of either the exciton
or dopant has rarely been investigated in 2D hybrid
pervoskites. To clarify this basic but very important issue, on
the one hand, the correlation of the energy levels of Mn?* ions,
electronic structures of the BA,PbX, (BA = C,;H,NHj,) hosts,
and the exciton—dopant exchange coupling effect and the
energy transfer process involved has been carefully considered
to realize the controlled emission. On the other hand, it is vital
for the design and preparation of high-efficiency metal halides
with dopant luminescence for solid-state lighting applications
because the hybrid metal halide materials have attracted great
attention due to their structural diversity and outstanding
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optoelectronic properties, which make them promising
candidates for light-emitting diodes (LEDs).

Herein, we introduce a family of Mn®*-doped 2D hybrid
pervoskites BA,PbX, (X = Cl, Br, I) offering unique insights
into the chemical mechanism of doping, as well as into the
fundamental relationship between the halogen contents and
the Mn** emission by density functional theory (DFT)
calculations. Specifically, by elucidating the role of halogens
on the X vacancy (Vy,, Vy,) defects and the electronic
structure of host, we develop a general theory to optimize high-
efficiency Mn®" emission in 2D hybrid pervoskites. It clearly
demonstrates that tuning of halogen contents is vital for
optimizing luminescent properties of dopants. Our realizable
cases could provide a new understanding of halogen atoms and
propose a feasible approach to achieving high-efficiency dopant
luminescence.

The target products were synthesized by a co-precipitation
method with different raw material ratios, as illustrated in
Figure Sla,b. The XRD patterns (Figure 1) indicate that all of
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Figure 1. XRD patterns of the end-member compounds BA,PbCl,,
BA,PbBr,, and BA,Pbl,. The corresponding standard patterns
obtained from the results of structural refinement can be used as
references.
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the BA,PbX, (X = Cl, Br, I) compounds are pure-phase by
comparison with the corresponding standard cards. According
to the structural refinement analysis in Figure S2, the
anisotropic model of the preferred orientation with second-
order spherical harmonics was used due to the severely
preferred orientation of microcrystals, and all peaks were
indexed by an orthorhombic cell (Pbca). It is noteworthy that
some amorphous glasses should be added to the samples to
eliminate the preferred orientation so as to obtain the
diffraction peaks of all crystal planes. Refinements gave low
R-factors (Table S1, Figure S2), and coordinates of atoms and
main bond lengths are listed in Tables S2—S5. Smaller cell
volumes of Mn**-doped BA,PbX, (X = Cl, I) in comparison
with cell volumes of hosts are usually in a good agreement with
smaller ion radius of Mn>* (0.67—0.83 A, CN = 6) than that of
Pb** (1.19 A, CN = 6), however, cell parameters, a and b of
Mn**-doped BA,PbBr, increases and ¢ value decreases leading
to the nearly unchanged cell volume (Table S1). As shown in
Figure 2a, the BA,PbX, (X = Cl, Br, I) compounds prefer to
grow along the (001) direction, and the alternating stacking of
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Figure 2. (a) Crystal structure of 2D perovskite BA,PbX, (X = Cl, Br,
I) viewed along the (001) direction. (b) Local structures of Pb/MnX,4
(X = Cl, Br, I) with different bond lengths and two equivalent
positions X1 and X2 of the halogen atoms.

organic chain molecules and inorganic PbX4 polyhedra, which
are linked together by hydrogen bonds, induces the formation
of a 2D layered perovskite structure.'”* Figure 2b highlights
the coordination environment of the Pb/MnXg polyhedra with
different bond lengths. The average bond lengths of Pb/Mn—X
(Cl, Br, I) increase with the gradual substitution of I by Br or
Br by Cl, implying that the crystal field intensity of
luminescence center Mn”** is adjustable through halogen
exchange. The layered structure is also related to the
morphological features of BA,PbX, (X = Cl, Br, I), and the
scanning electron microscopy (SEM) images in Figure S3
demonstrate the layered structure-like particle shape. Energy-
dispersive X-ray spectroscopy (EDS) was used to confirm the
elemental composition and uniformity of BA,PbX, (X = Cl, Br,
I) (see details in the Supporting Information, Figure S3).

It is well-known that halogen exchange affects the local
environment of the luminescence center and thus is anticipated
to realize the regulation of Mn emission. Therefore, a series of
metal halides with different halogen ratios are synthesized.
Figure 3a gives the XRD patterns of the 2D BA,PbX, (X = C],
Br, I) samples with different halogen contents, and the
diffraction peaks (0OL) possess preferred orientation, which
further clarifies the feature of the layered structure. The
obvious shift of diffraction peak positions also fully
demonstrates successful halogen exchange. Meanwhile, diffuse
reflectance spectra of these BA,PbX, (X = Cl, Br, I) samples
were measured (Figure 3b). Interestingly, the band gaps
gradually decrease as Cl is substituted by Br and further by L
Because the band structures of the hosts have a great influence
on the luminescence of dopants, it is possible for us to tune the
Mn*" emission by simple halogen exchange. On the basis of
that, the luminescent properties of Mn**-doped BA,PbX, were
investigated in detail, as discussed below.

Figure 3c first demonstrates the intrinsic emissions of 2D
BA,PbX, (X = Cl, Br, I) hosts with different halogen contents.
The band-edge emission of free excitons (FEs) is red-shifted
when Cl is substituted by Br and I, which is consistent with the
variation of the band gaps. For the compounds with halogen
hybridizations, not only the band-edge emission of FEs but
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Figure 3. (a) Powder XRD patterns with different halogen contents of BA,PbX, (X = Cl, Br, I) compounds and attribution of diffraction peaks on
the (00L) crystal plane. (b) UV—vis diffuse reflectance spectra with different halogen contents of BA,PbX,, and corresponding band gaps calculated
from the Tauc plot in the inset. (c) Normalized emission spectra of BA,PbX, (X = Cl, Br, I) with different halogen contents. The dotted lines
indicate the emission peak of FE, while the sign of STE stands for the emission of STE. (d) Normalized excitation and emission spectra of Mn**-

doped samples BA,Pb,sMn,,X, with different halogen contents.

Table 1. Formation Energies of Vy at Different Positions (X1, X2) and Mn?' in the BA,PbX,, (X = Cl, Br, I) Systems with Vy,"

Formation Energy (eV)

BA,PbCI, BA,PbBr, BA,PbI,
Ven Ven Vi Vi Vi Vi
1.75§ 1.377 1.842 1.513 1.499 1.322
Mn(1) Mn(2) Mn(1) Mn(2) Mn(1) Mn(2)
0.278 0.375 0.374 0.395 0.455 0.598

“Mn (1) and Mn (2) represent the doped Mn near and far from Vy,, respectively.

also the broad emissions of self-trapping excitons (STEs) with
larger Stokes shifts caused by structural distortion can be
observed.””*' However, the broad emission of STEs can only
be detected in the host of Cl,, unlike the band-edge emission
of FEs exhibited in hosts of Br, and I, Furthermore, the
luminescence intensities of BA,PbCl, and BA,Pbl, systems are
significantly lower than that of BA,PbBr,, and their
corresponding photoluminescence quantum yields are 1.56,
1.97, and 9.4%, respectively. The dominant emissions of STEs
in BA,PbCl, and I-containing hybrid systems strongly imply
the existence of defects. In BA,PbX,, the most abundant
defects are well-verified to be halogen vacancies. Thus, we
suppose that the Cl and I vacancy defects are more prone to be
formed than Br vacancy defects, which decreases the
luminescent efficiencies of the BA,PbX, (X = Cl and I) due
to the enhancement of nonradiative transition probability. To
further clarify the existence of Cl and I vacancies, we
performed DFT calculations to obtain the formation energies
of Vy at different positions (X1, X2) in the BA,PbX, (X = C,
Br, I) systems. As shown in Figure 2b, the Pb atom is located
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in the center of the octahedron, and all positions are
equivalent. Halogens have two equivalent positions, X1 and
X2. Therefore, two kinds of vacancy defects, Vy; and Vy, (X =
Cl, Br, I), were constructed, in which Vy, represents vacancies
at the X1 position (X1—Pb—X1) and Vy, represents vacancies
at the X2 position (—Pb—X2—Pb—) in the octahedral PbXg.
Considering the relative positions of Mn®" impurities and
halogen vacancies, Mn** doping is carried out at two locations.
One is close to the halogen vacancies, and another is far from
the halogen vacancies. It is well-known that formation energies
can be used to judge the difficulty level of forming defects,
including vacancy and impurity defects, and also to evaluate
the stability of the system after formin% defects. The formation
energy of Vy is given by formula 1 as™>*’

E; = E(Vy) — E(pure) + uy(X = Cl, Br, I) (1)
where E(X vacancy) is the total energy of the system that
contains vacancy defects. E(pure) is the total energy of the
intrinsic system, and uy(X = Cl, Br, I) represents chemical
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Figure 4. Decay curves of (a) BA,Pb,sMn,,X, (X = Cl, Br) and (d) BA,Pb,gMn,,X, (X = Br, I) of emission at 610 nm under 365 nm excitation.
The inset in (a) gives the lifetimes in the range of 0.64—1.96 ms, and the inset in (b) shows the lifetimes in the range of 0.15—0.64 ms. (c) PPLQYs
of BA,PbysMn,,X, (X = Cl, Br, I) under 365 nm excitation. BA,Pb,sMn,,Br, exhibits the highest PLQY of 60.1%. (d) Photographs of
BA,PbysMn,,X, (X = Cl, Br, I) under 365 nm UV lamp, demonstrating different emission colors.

potentials of each atom of halogen group elements in the
ground state.

As shown in Table 1, the formation energies of Br vacancies
are higher than those of Cland I (1.842 > 1.755 > 1.499; 1.513
> 1.377 > 1.322) in the three systems, indicating that the Br
vacancy defects are relatively difficult to form, which is
consistent with the observed luminescence in Figure 3c.
Besides, the halogen vacancies at the Vy, position are more
likely to form in the process of synthesis due to the lower
formation energy of Vy, than that of Vy,. Then, the formation
potential of Mn*" doping was calculated by the following
formula considering the existence of Vi, 2%

Ef = E(Mn—Vy,) — E(Vy,) + upy, — 1y, (2)
where E(Mn—Vy,) is the total energy of the system that
contains both vacancy and dopant defects. E(Vy,) is the total
energy of the system containing Vy, defects, and up, and uy,
represent the chemical potentials of Pb and Mn in the ground
state, respectively. The results (Table 1) show that Mn ions are
more easily doped near Vy,, and thus, the following calculation
will be based on this model.

As results of structural refinements in Figure S2, the Mn*
occupies the position of Pb** with six-coordination. The
normalized excitation and emission spectra of BA,Pb,sMn,,X,
with different halogen contents are shown in Figure 3d. Under
ultraviolet (UV) light excitation at 365 nm, the Mn**-doped
samples exhibit broad bands consisting of a dominant peak at
~600 nm, arising from the *T,—°A, transition of Mn?*, and the
typical narrow band emissions of the hosts. However, the
broad-band emission of Mn?* can hardly be observed in
BA,Pbl,, but only the narrow-band emission peaks at ~538 nm
for FEs. The emission position of Mn*" shifts slightly due to
the change of the crystal field environment with the exchange
of halogen ions. It is well-known that the luminescence of
Mn?* originates from the efficient energy transfer from excitons
to Mn®" ions, similar to the case of Mn?'-doped 3D
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perovskites®* > and low-dimensional metal halides.”**’ As

confirmed above, the variety of halogens not only regulate the
formation of vacancy defects but also adjust the electronic
structure of hosts, which makes it possible to achieve the highly
efficient luminescence of Mn>* in metal halides by tuning the
halogen content.

The decay curves of 610 nm emission are shown in Figure
4a,)b, which are well fitted by a double-exponential decay
process with I = A; exp(—t/1,) + A, exp(—t/7,).”” The average
lifetimes, as shown in the insets, can be obtained by using the
calculation formula 7 = (A7, + A,7,%)/(A7, + A,1,), ranging
from 0.15 to 1.96 ms, which further proves that the broad-band
emission can be attributed to the *T,—°A, transition of Mn?*.
The lifetimes of Mn®" decrease gradually as the Cl atoms are
substituted by Br and I. It is noteworthy that the decay curve of
Mn®" in BA,PbBr, tends to become a single-exponential
function, which can infer that there are fewer defects in this
system to hinder the radiation transition of Mn®', which is
consistent with the above result on the calculated formation
energies of Vy. Thus, highly efficient Mn®" emission is
obtained in BA,PbBr,, with the highest and record photo-
luminescence quantum yields (PLQY of 60.1%) in the 2D
systems. As shown in Figure 4c, PLQYs of BA,PbysMn,,X, (X
= Cl, Br, I) under 365 nm excitation show a trend of increasing
first and then decreasing when the Cl atoms are substituted by
Br and L. Moreover, the variation of emission intensity of Mn*"
can also be visualized from the photographs under a 365 nm
UV lamp (Figure 4d), which clearly show the bright yellow
luminescence of Mn** in BA,PbBr,.

In addition, the role of halogens on electronic structure is
further discussed by using DFT calculations. As shown in
Figure S4, the band gaps of BA,PbX, (X = Cl, Br, I) without
considering defects of vacancies and impurities are 3.13, 2.55,
and 2.22 eV, respectively, which is basically in agreement with
the experimental results (Figure 3b). It can be shown that the
valence band maximum (VBM) of the intrinsic system consists
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of the p orbitals of halogens and a few 6p orbitals of Pb, and
the conduction band minimum (CBM) consists mainly of the
Pb-6p orbitals and minorly of halogen p orbitals. According to
Figure SS, the energy levels of vacancy defects appear just
below the CBM in all three systems, and the halogens p
orbitals and the Pb-6p orbitals are hybridized at the CBM.
When Mn** is doped in the systems containing halogen
vacancies, the charge density differences of the systems (Figure
Sa—c) reveal that when Mn”* enters the center of the crystal

Mn Mn

Br - Vacancy | - Vacancy

Figure S. Charge density difference of systems with a halogen vacancy
(Vx,) and impurity Mn**: (a) BA,PbCl,; (b) BA,PbBr,; (c) BA,PbI,.
The yellow (light blue) region indicates the charge accumulation
(depletion), and the isosurface level is 0.05 electron/Bohr’.

lattice to replace Pb?**, the extra electrons caused by vacancies
of halogen are captured and the Pb/Mn—X bond is formed by
charge transfer of the dopant with surrounding halogens, which
makes the doped Mn** tend to exchange energy with the host.

Notably, the hybrid coupling of the Mn-3d orbitals with the
Pb-6p orbitals and halogen p orbitals can be seen from the
band structure. An enlarged view of the CBM and DOS of the
systems with halogen vacancy (Vy,) and impurity Mn**, shown
in Figure 6, further confirms that Mn®** contributes to the
composition of conduction bands in the systems. This meets
the basic requirement of efficient energy transfer from the host
to the dopant. Moreover, Mn®" produces obvious impurity
levels in the forbidden bands of the hosts. These impurity
levels are located below the CBM and near the VBM in

BA,PbCl,, while they distribute dispersedly within the
forbidden band of BA,Pbl,. Notably, the impurity levels only
appear above the valence band in BA,PbBr,.

These great differences that Mn*" ions bring to the band
structure of the three systems cause the different energy
transfer processes, as shown in Figure 7. In process (1), the
excited electrons jump from the valence band to the
conduction band, accompanied by the emergence of holes in
the valence band. For the system of BA,PbCl, (Figure 7a), the
excited electrons can relax to the Mn-3d level below the CBM,
causing some energy loss, as in process (2). The free electrons
at the Mn-3d level can be captured in traps produced by the
thermally emptied Vp, (process 3), while others can directly
recombine with holes at the Mn-3d level near the VBM
(process 4) to realize *T;|—%A, transition of Mn**. Although
the captured electrons at the Vi, level can be re-released to
the conduction band (process 5) due to thermal excitation, it is
inevitable that some electrons will not be able to transit back to
the Mn-3d level due to energy transfer or thermal motion, thus
reducing the luminescence efficiency.

For the BA,PbBr, system (Figure 7b), the Mn-3d level and
the Pb-6p level of the host are hybridized at the CBM, and the
Mn-3d level at the CBM can easily obtain a large number of
excited electrons. Therefore, free electrons can transit directly
from the excited state of the Mn-3d level to the ground state of
the Mn-3d level, so as to achieve efficient luminesce of Mn?".
Moreover, the energy loss caused by the trap level can be
suppressed due to the low concentration of Br vacancy. High-
efficiency Mn** emission reveals that BA,Pb,sMn,,Br, has
promising potential for solid-state lighting. However, for the
BA,Pbl, system with V, (Figure 7c), the Mn-3d levels are
distributed dispersedly in both conduction and forbidden
bands. There are a large number of impurity levels in the
forbidden band. When the free electrons relax from the CBM
to the Mn-3d levels, the energy can be easily released by lattice
vibration because of the small energy difference of the local
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Figure 7. Proposed schematic models on the exciton—dopant exchange coupling with the halogen vacancy (Vy,) and impurity Mn** in different

systems: (a) BA,PbCl,; (b) BA,PbBr,; (c) BA,PbL,

energy levels, thus causing numerous nonradiative transitions.
Therefore, the Mn>* emission is undetectable.

In summary, we investigated the layered halide perovskites
BA,PbX, to highlight the role of the halogens on the Mn?*
emission, and tunable emission could be achieved by designing
appropriate halogen contents. The nature of the halogen has
been verified to be a critical factor parameter to tune the Vy,
defects and the electronic structures of the BA,PbX, hosts,
which will greatly influence the properties of the dopants.
BA,PbBr, has low Br vacancy concentration and coupled
orbitals of Mn-3d and Pb-6p, which enable efficient energy
transfer between the host and Mn ions, leading to highly
efficient Mn** luminescence. The tuning of halogen contents is
of high importance for optimizing luminescent properties, and
our realizable cases could provide a new understanding of the
exciton—dopant exchange mechanism in metal halides and
inspire the search of high-efficiency dopant luminescence by
fine tailoring of the host property.
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