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ABSTRACT: Doping is able to create novel optoelectronic properties of halide
perovskites, and the involved mechanism of efficient emission is still a challenge. Herein
Mn** substitution into 2D layered perovskites (CgH,N,)PbBr, was investigated,
demonstrating broad-band orange-red emission originating from the *T, — °A,
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O rganic—inorganic halide perovskites are currently receiv-
ing plenty of attention owing to their attractive physical
properties and potential for optoelectronics devices."”” Rational
doping can provide a unique path to endow them with
additional optical properties and unexpected functionalities in
targeted compounds.”* To date, the substitution of different
metal ions into halide perovskites, such as Na*, Cu®*, Mn*',
Cd?*, Sr**, Zn?*, or rare earth ions for the Pb*" cation has been
realized to tailor their properties.’~'% In particular, doping of
the Mn?* cation not only generates new optical properties but
also endows original materials with additional properties,
including improved physical and chemical stabilities, enhanced
photoluminescence quantum yields (PLQYs), passivated grain
boundaries, and reduced defect state densities.'"”'* Moreover,
the optoelectronics devices constructed with doped perovskites
exhibit prominent performance.”*~'> As a result, the doping
of Mn** into multifarious halide perovskites has been widely
studied, including 0D, 2D, 3D, and double perovskites.lé_20
It is of interest to note that Mn>*-doped 2D halide
perovskites have potential for light-emitting diode applications
due to their enhanced chemical stability and characteristic
strongly bound exciton, which benefit an increase in the
dopant—carrier exchange interactions for efficient energy
transfer.”' >° Kundu et al. first reported Mn**-doped 2D
layered perovskites (C,H,NH;),PbBr, by simple mechanical
grinding and thermal annealing, and the materials demon-
strated enhanced the energy transfer efficiency from the
strongly bound excitons to the Mn*" d states, leading to the
broad-band Mn?* emission with the highest PLQY of 37%."®
They also found significant energy transfer between host
microparticles and Mn?* that results in Mn** emission with a
PLQY of 36%.”” However, most reported Mn**-doped 2D
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layered perovskites have relatively low PLQYs within the range
of 10—40%, except for several limited individuals.”*™>* It must
be pointed out that the PLQYs of doped halide perovskites
were related to many factors, such as structure types, particle
sizes, compositions, ligand types, and so on.””*”***> As an
example, our group recently investigated the effect of halogen
compositions on the photoluminescence of Mn**-doped
BA,PbX, (BA = C,H,NH;, X = Cl, Br, I) 2D perovskites,
which has provided new insight into the chemical mechanism
of Mn?* doping on the emission.’® In addition to the facts
previously mentioned, the involved energy transfer mechanism
from the host to dopants is also important for effecting the
PLQYs of doped perovskites. However, the energy transfer
mechanism related to Mn** dopant amounts and different
coupled states in 2D hybrid perovskites has rarely been
studied, and thus it is essential to investigate the dopant
emission, especially the energy transfer mechanism in Mn*'-
doped 2D halide perovskites.

Here 2D halide perovskite (CgH,,N,)PbBr, was designed
and demonstrated broad-band emission with a PLQY of 6.6%,
comprising a narrow free exciton (FE) peak located at 418 nm
and a broad-band self-trap exciton (STE) emission from 450 to
750 nm, centered at 540 nm. More importantly, Mn**-doped
(CgH,oN,)PbBr, showed a strong orange-red emission peaking
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at 610 nm originating from the *T; — °A; transition of the
Mn*" ion with the highest PLQY of up to 60.8%. It is found
from the structure and chemical composition analysis that the
actual Mn*" doping content is as low as 0.476%, and even the
nominal adding amount reaches 0.8 as the ratio of Mn**/Pb**.
The Mn”" emission is related to the efficient trapping of
excitons by the defect level induced by dopants; moreover, the
small activation energy (~6.72 meV) between the Mn®* d state
and the trap state can also take effect. This work will provide
new ideas on how tuning the doping state and the amount of
Mn?* activators in the halide perovskites enables us to control
the efficient energy transfer and photoluminescence.

The single-crystal products of (CgH,,N,)PbBr, were grown
in a sealed stainless-steel Parr autoclave by the programmed
temperature lowering method (see details in the Supporting
Information (SI)). White single crystals of (CgH,,N,)PbBr, of
relatively large size (~0.8 cm) were obtained, as shown in the
photograph (Figure 1a). The crystal structure of (CgH,oN,)-
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Figure 1. (a) Optical photograph of (CgH,(N,)PbBr, crystals under
365 nm UV irradiation. (b) Simulated and experimental powder X-ray
diffraction pattern of (CgH,,N,)PbBr,. (c) Crystal structure diagram
of 2D layered (CgH,oN,)PbBr, (yellow, lead atoms; reddish brown,
bromine atoms; red, nitrogen atoms; green, carbon atoms; gray,
hydrogen atoms; blue polyhedron, PbBr, octahedron).

PbBr, was analyzed by the single-crystal X-ray diffraction
(SCXRD) technique, revealing an orthorhombic structure with
space group Pnma, which is consistent with a previous report.””
The experimental powder X-ray diffraction (PXRD) patterns
match fairly well with the calculated data based on the single-
crystal structure of (CgH,oN,)PbBr, (Figure 1b). The
crystallographic information file (CIF) of (CgH,oN,)PbBr, is
given in the Supporting Information. The main crystallo-
graphic data, fractional atomic coordinates, and isotropic or
equivalent isotropic displacement parameters are shown in
Tables S1 and S2, respectively. (CgH,oN,)PbBr, appears as a
typical layered 2D structure. As shown in Figure Ic, the Pb**
ion is coordinated by six Br™ ions, which are connected to each
other by nodes forming a 2D layer, to form a PbBry
octahedron. The Pb—Br distances lie in the range of
2.9710(34) to 3.0198(4) A (Table S3). The [PbBrs]*"
octahedron propagates in the ac plane with channels along
the b axis held by organic cations [CgH,,N,]** (Figure 1c). In
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general, the distortion degree of the inorganic part is
determined by the PbBrg octahedron and the state between
the adjacent PbBrg octahedrons. Herein the distortion
parameter (Ad) is calculated based on the following equation

2
]
6 d (1)
where d defines the average Pb—Br bond length and d, denotes
the distances of six individual Pb—Br bonds. The average Pb—
Br distance in (CgH,(N,)PbBr, is determined to be 3.0029 A.
Finally, Ad is calculated to be 1.124 X 107% indicating that the
PbBrg octahedron is distorted. The calculated Pb—Br—Pb
angle at 147.647° in the ac plane presents a large deviation
because it strongly deviates from the planar geometry at the
ideal 180° (Figure S1). Such structural character indicates that
(CgH,oN,)PbBr, will have potential as a broad-band emitter.
(CgHyoN,)PbBr, powders were prepared according to the
procedure described in the experimental section and possessed
the same characteristics as the single-crystal counterparts. The
absorption and emission spectra of the (CgH,,N,)PbBr,
powder were measured and are demonstrated in Figure 2.
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Figure 2. Room-temperature absorption and emission spectra excited
by 365 nm UV irradiation of (CgH,,N,)PbBr, sample.

The absorption spectrum shows a typical excitonic band
featured at 385 nm, giving the characteristic absorption peak of
layered perovskites.”” Under the excitation at 365 nm,
(CgHyoN,)PbBr, gives a broad-band emission, including a
narrow peak located at 418 nm and a broad band from 450 to
750 nm, centered at 540 nm. We attribute the dominated
narrow band at 418 nm to the FE emission, whereas the weak
broad-band emission peaking at 540 nm is considered to be the
STE emission. As also confirmed by the distortion calculation,
the STE emission is related to the strong electron—phonon
coupling in the deformable lattice.”® Moreover, the relation-
ship between the power density and the emission intensity of
the lower-energy broad band further verified that the STEs are
the origin of broad band (Figure S2). As is known to all, the
Stokes shift of STEs is dependent on the extent of the
distortion of the inorganic halide polyhedron. The large Stokes
shift of 0.83 eV for (CgH,oN,)PbBr, is, in return, verified by
the distortion of the PbBrg polyhedra, as previously
discussed.”

Mn**-doped 2D perovskites with various doping concen-
trations are determined as HPB-x, where x = 0, 1, 2, 3, 4, S,
and 6, corresponding to the nominal Mn>* contents of 0, 0.05,
0.1, 0.2, 0.4, 0.6, and 0.8, respectively, as the Mn?>*/Pb** ratios.
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Figure 3. (a) Dependence of unit-cell volumes of (CgH,(N,)PbBr,:Mn** on nominal Mn>" concentrations. The actual concentrations are also
marked accordingly. (b) Room-temperature X-band EPR spectra of (CgH,,N,)PbBr,;:Mn”* with different Mn** concentrations corresponding to

HPB-1, HPB-3, HPB-S, and HPB-6 samples.
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Figure 4. Room-temperature photoluminescence excitation and emission spectra of different (CgH,,N,)PbBr,:Mn>* samples with the monitoring
wavelength for the (a) excitation (A, = 610 nm) and (b) emission (1 = 365 nm). (c) Optical photographs of (CgH,oN,)PbBr,;:Mn>* samples
under UV irradiation. Time-resolved PL decay curves of (d) FE emission and (e) Mn?* emission under 365 nm irradiation.

XRD patterns of Mn**-doped (CgH,,N,)PbBr, powders are
shown in Figure S3. The diffraction patterns of (CgH,,N,)-
PbBr,:Mn*" match well with the pure (CgH,,N,)PbBr, phase,
and there are no other impurities with increasing Mn?*
content. In addition, one can observe that there is little
variation for the diffraction peak positions when the nominal
added Mn?>* content increased. Rietveld refinement of this
series of samples is described in Figure S4, and the variation of
cell parameters is given in Table S4. On the basis of the
detailed structural analysis, the cell volumes of Mn**-doped
samples just decrease a little with the increase in Mn** dopant
concentration (Figure 3a). To further prove that Mn>* dopants
have been successfully incorporated into the (CgH,oN,)PbBr,
host, the X-band electron paramagnetic resonance (EPR)
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spectra of Mn?*-doped samples were measured and are shown
in Figure 3b. The EPR spectra of Mn?" ions in the
(CgH,N,)PbBr, host contain several lines stemming from
the electron and nuclear spin states (S = 5/2, I = 5/2).
Therefore, zero field splitting (ZFS) and hyperfine interactions
appear due to the point symmetry of Mn**. As shown in Figure
3b, the hyperfine coupling splitting for HPB-1, HPB-3, HPB-5,
and HPB-6 samples is observed. The average splitting energy
of ~96.4 G is similar to that found in L,PbX,:Mn** (X = CI,
Br, I) ,*° which indicated that the Mn?* ion was present in the
+2 oxidation state and occupied the octahedral coordination
environment of the Pb** ion with a homogeneous distribution.
It further implied the weak Mn**—Mn?* exchange interaction;
therefore, a strong Mn>' emission was observed with high

https://dx.doi.org/10.1021/acs.jpclett.0c00593
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Table 1. Nominal and Actual Mn** Doping Contents and PLQYs in Some Selected Mn**-Doped 2D Halide Perovskites

nominal Mn** doping contents actual Mn®* contents by ICP  actual Mn®* contents by EDS
Mn?**-doped samples (Mn?*/Pb*") ?%) (atomic %) (atomic %) PLQY/100% (%) ref
Mn?**:(But),PbBr, S 1.1 0.25 37 18
Mn**:(BA/OA),PbBr, 10 1.1 1.74 36 27
Mn**:Cs,PbCl,1, 100 1.7 16 28
Mn?*:(L),PbBr, 100 42 61 29
Mn**:(BA),PbBr, 1000 1.08 26 30
Mn**:(C¢H,4N,0,),PbBr, 10 12.54 31
Mn**:(C,H,NHj,),PbCl, 20 0.18 27.9 33
Mn**:(BA),PbBr, 20 60.1 36
Mn**:EA,PbBr, 40 5 78 44
Mn**:(CgH,,N,)PbBr, 80 0.476 60.8 this
work

PLQYs; the details will be discussed later. When the nominal
Mn** doping concentration reaches 0.8 (HPB-6) as the ratio of
Mn**/Pb*, the EPR spectra exhibit a broadening line because
of the heterogeneous distribution of Mn*" caused by the
Mn**—Mn** dipolar and exchange interaction. In consid-
eration of the ratio of Pb**/Mn*" in doped samples, the actual
Mn** contents were surveyed using the inductively coupled
plasma optical emission spectroscopy (ICP-OES) technique,
which showed that the actual Mn®" contents are only 0.006,
0.019, 0.051, 0.385, and 0.476 at % for HPB-x (x = 1, 3, 4, S,
6) samples, respectively (Table SS). This result indicated that a
trace of Mn®* can be effectively doped into the (CgH,oN,)-
PbBr, host compared with the nominal content, which is
consistent with the minor variation of cell volume shown in
Figure 3a.

The photoluminescence excitation (PLE) spectra of Mn**-
doped (CgH,oN,)PbBr, samples with different Mn?* contents
are described in Figure 4a. All of them present a similar sharp
exciton characteristic peaking at 396 nm, which stems from the
host excitonic absorption. Interestingly, additional character-
istic peaks of 435 nm appeared in Mn”**-doped samples, also
presenting a positive correlation with the concentration of
Mn** ion. This indicates that an absorption peak does not
originate exclusively from the host in doped systems, and a
midgap state synchronously appears depending on the Mn?*
doping. The much lower intensity of midgap states suggests
that the energy of Mn*" emission is primarily ascribed to the
host absorption. The absorption spectra of the Mn**-doped
samples also act as powerful evidence to prove the existence of
intermediate trap states due to an additional broad band peak
compared with undoped sample (Figure SS).

A broad-band orange-red emission with a peak at 610 nm is
found for Mn**-doped (CgH,(N,)PbBr, samples, which is
ascribed to the *T;—°A, transition of Mn** (Figure 4b). The
emission intensities of STEs and FE peaks gradually decreased
depending on increasing Mn®" concentrations. When the
actual Mn®* dopant concentration was 0.476 at % (HPB-6),
the STEs and FE emission almost completely disappeared.
Comparatively, the Mn*" emission kept increasing. Figure 4c
shows the photographs of Mn**-doped (CgH,,N,)PbBr,
samples with different Mn®** contents under UV irradiation,
and we can observe the appearance of orange-red emission and
the significant enhancement of Mn*" emission with increased
Mn®* concentrations. In general, energy transfer from FE
excited states to Mn?* d states usually occurs in several
hundreds of picoseconds,*”*' whereas the lattice captures FEs
to form STEs on the picosecond time scale in 2D halide
perovskites.*” Therefore, the facts regarding the relatively
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slower energy transfer time from FE excited states to Mn** d
states and the faster formation of STE emission indicate that
the doping of Mn** makes no obvious difference for the STEs.
However, the observed strong Mn?* emission in this system
suggests that the midgap states have been introduced
synchronously upon Mn”** doping. In general, dopants lead
to the formation of defect states, which, in turn, tra§p the
excitons on the several tens of picoseconds time scale.*” As a
result of exciton trapping, the midgap states, also called trap
states, become more competitive than the appearance of STEs.

Because there exist the coupled states comprising Mn*" d
states, self-trapped excited states, and FE excited states in
(CgH,oN,)PbBr,:Mn?*, the time-resolved luminescence was
measured to analyze the excited-state dynamics. The decay
curves monitored at two different emission peaks at 418 and
610 nm for FE emissions and Mn** emission are described in
Figure 4c,d, respectively. All emission decay curves monitored
at 418 nm demonstrate a similar double-exponential fit, and
the average lifetime values decrease from 4.64 to 0.74 ns
depending on the increasing Mn** nominal concentration from
0 to 0.8. More importantly, one can find this significant decline
to demonstrate the efficient exciton trapping by defect states.”*
Therefore, more energy can be transferred to the Mn?* ion,
leading to efficient Mn®* emission. The luminescence decay
curves of STEs are described in Figure S6, which are attributed
to the dominated self-trapped excited states and the FE excited
states.* The lifetime value of STE emission for (CgH,oN,)-
PbBr, is determined to be 11.71 ns. Because the higher doping
concentration leads to a high density of defect states and helps
the nonradiative relaxation process, the lifetime values of STEs
gradually decreased with increasing Mn®* concentration.* In
addition, the higher doping concentrations lead to the efficient
exciton trapping by defects, also resulting in efficient Mn*"
emission. The decay curves of Mn** emission at 610 nm are
illustrated in Figure 4d. The as-measured lifetimes for the
emissions of different HPB-x (x = 1, 2, 3, 4, S, 6) samples were
calculated to be nearly identical at ~0.77 ms, suggesting a
typical *T; — SA, transition of Mn®*, as reported in other
Mn?*-doped halide perovskites.'® The nearly identical lifetimes
of different Mn**-doped samples indicated that there are weak
Mn**—Mn** dipolar and exchange interactions, which can be
negligible.

The PLQYs of HPB-0, HPB-1, HPB-2, HPB-3, HPB-4,
HPB-S5, and HPB-6 are measured to be 6.6, 7.74, 11.19, 13.60,
28.51, 56.00, and 60.80%, respectively (Figure S7). We
compared the nominal and actual Mn** doping contents and
PLQYs in some selected Mn**-doped 2D metal halide
perovskites (Table 1). On the basis of the data shown in
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Figure 5. Temperature-dependent emission spectra of (a) (CgH,oN,)PbBr, and (b) (CgH,(N,)PbBr,:Mn** samples. (c) Schematic diagram of the
luminescence mechanism of (CgH,oN,)PbBr, and (CgH,,N,)PbBr;:Mn?*. (d) Boltzmann analysis of the integral intensities of Mn>* emission in

(CgHyN,)PbBr,:0.476 at % Mn>* (HPB-6).

Table 1, to achieve higher PLQYs, more Mn** precursor
(nominal composition defined by Mn**/Pb?* ratio) is required,
especially for Mn?**-doped (BA),PbBr,. When the Pb*"/Mn**
ratio increases to 1:10, the PLQY of (BA),PbBr,:Mn”* reaches
only 26%. In our work, upon doping 80% Mn*" precursor into
(CgH,oN,)PbBr,, the PLQY can reach 60.8%. As previously
mentioned, the chemical compositions measured by the ICP-
OES method demonstrated that the actual Mn** content is
only 0.476 at%, which is the smallest Mn>* concentration in
Table 1 for achieving a high PLQY of 60.8%. Moreover, the
EPR spectra of corresponding samples exhibit homogeneous
hyperfine coupling splitting, implying the weak Mn**—Mn**
exchange interaction. This is because the strong Mn**—Mn*"
exchange interaction will provide an extra pathway for
nonradiative energy transfer and result in concentration
quenching, which is consistent with the observed photo-
luminescence phenomenon. At first, when the actual Mn**
concentration increased from 0.006 to 0.385 at %, the PLQY of
the corresponding samples dramatically increased to 56%
because the existence of Mn*" provides an efficient radiative
recombination pathway from the *T; excitation state to the °A,
ground state. With further increased Mn>* concentration up to
0.476 at %, the corresponding PLQY slowly increased to 60.8%
due to the nonradiative energy transfer caused by the increased
Mn**~Mn?>* dipolar and exchange interactions, which is
conformed by the observed by EPR spectra and the nearly
identical lifetimes. As a further consideration, the observed
weak Mn*'—Mn*" dipolar and exchange interactions in this
work are ascribed to the large Mn**—Mn”* distance caused by
the large organic molecule, with the interlayer distance of the
inorganic layer up to 12.22 A, and thus efficient Mn®* emission
was realized in low-Mn”**-concentration-doped (CgH,oN,)-
PbBr,. As a result, compared with other Mn**-doped hybrid
perovskites, Mn**-doped (CgH,(N,)PbBr, shows a greater
advantage in highly efficient photoluminescence for further
applications.
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Therefore, the involved mechanism of efficient Mn?**
emission here is a challenge and deserves to be studied. As
is well known, there is an obvious difference in excited state
dynamics between the Mn**-doped 3D and 2D halide
perovskites. For the former, the energy transfer from the FE
excited states to the Mn®** d states is due to a two-step
sensitization process, in which intermediate trap states assist
this energy transfer process.*”*’ Furthermore, Mn>* emission
can capture the energy entirely from nonradiative trap states
instead of from band states.*® For the latter, Mn?* emission
usually stems from the energy transfer from the FE excited
states to the Mn?* d states.'” Recently, Luo et al. also found
that efficient energy transfer from the FE excited states to Mn?*
d states is assisted by intermediate trap states in Mn**-doped
2D (EA),PbBr, with STE emission.** This is because the STEs
belong to a kind of indirect transient state without a ground
energy level, which will prevent the electron exchange in
Dexter energy transfer,">" and thus one cannot find the
energy transfer from self-trapped excited states to Mn** d
states. In our case, we observed that the energy of Mn?* is not
completely provided by the FE, and the energy transfer from
FE excited states to Mn?* d states happens due to intermediate
trap states. Thus to further investigate the photoluminescence
mechanism of the present Mn**-doped (CgH,,N,)PbBr,
system, we comparatively studied the temperature-dependent
PL spectra of (CgH,oN,)PbBr, and (CgHyN,)PbBr,:Mn**
(Figure Sa,b). At low temperature, two emission peaks deriving
from FE and STEs are found for both of them. With increasing
temperature, the FE and STE emissions decrease, whereas the
d—d transition of the Mn?' ion for the doped samples is
gradually enhanced. Therefore, the schematic energy level
diagram is described in Figure Sc, demonstrating the coupled
FE, STE, trap, and Mn*" d states in the (CgHyoN,)PbBr,:Mn**
system. Under excitation by UV light at low temperature, FEs
are generated and trapped by the self-trapped excited states.
Along with increasing temperature, the detrapping of excitons
is thermally activated, which causes increasing FE emission and
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decreasing STEs emission. The increased FE emission leads to
the efficient trapping of excitons, as previously discussed; then,
the energy transfer rate of the trap states to Mn®** d states
increases with the enhancement of the Mn?* emission. In
addition, there is a competition between the FE recombination
and the energy transfer from FE excited states to Mn®* d states.
With increasing Mn?* concentrations, on the one hand, the
higher doping concentration results in the efficient trapping of
excitons by defects, resulting in efficient Mn>" emission. On
the other hand, the existence of Mn** provides an efficient
radiative recombination pathway from *T excitation state to
the A, ground state, leading to increased Mn** emission.
Therefore, PLQYs demonstrate a tendency to increase with
increasing Mn** concentration. It is worth noting that with the
temperature increase from 250 to 300 K, the gradual decrease
in the Mn®* emission demonstrates the thermally activated
excitation mechanism of dopants. In this case, one can
calculate the activation energy AE_ based on the Boltzmann
analysis shown in Figure Sd. Thus the calculated AE. is
determined to be 6.72 meV, which is much smaller than that in
CsPbCl; nanocrystals (~314 meV).*® This small potential
barrier is also the reason for realizing efficient energy transfer
from FE excited states to Mn** d states at room temperature.

In summary, we designed and prepared the novel Mn>'-
doped 2D halide perovskite (CgH,(N,)PbBr,, and a strong
orange-red emission peaking at 610 nm was observed
originating from the *T; — ®A, transition of Mn**. The actual
Mn** doping content is determined to be 0.476 at % with a
high PLQY of up to 60.8%. The excited state dynamics and
photoluminescence mechanism herein involved the interaction
and energy transfer in coupled states, including Mn?* d states,
FE excited states, self-trapped excited states, and trap states.
The efficient trapping of excitons by defects and the small
activation energy (~6.72 meV) promote the energy transfer
between the trap states and the Mn** d states, suggesting the
highly efficient orange-red emission in Mn*-doped 2D halide
perovskite. Moreover, Mn?*—Mn”* dipolar and exchange
interactions make a small difference in the photoluminescence
properties. This work provides new ideas on how under-
standing the doping amount and energy states of Mn>"
activators in the halide perovskites enables us to control the
efficient energy transfer and photoluminescence for light-
emitting diode applications.
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