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ABSTRACT: Two-dimensional (2D) hybrid layered perovskites
(HLPs) have attracted extensive attention due to their excellent
optoelectronic properties. Herein, we successfully prepared high-
quality Mn-doped BDACdBr, (BDA = NH,(CH,),NH,, butylene
diammonium) HLP single crystals (SCs). The incorporation of
Mn** ions modulates the electronic band structure of BDACdBr,
perovskites and tailors the energy transfer process of excited states.
A near-unity photoluminescence (PL) quantum yield of 96% from

the Mn”" emission at 608 nm is achieved. Excitation wavelength- <5 st a0 o0 70 7% Srancsiat
dependent spectroscopic characterizations help to clarify the Wavelength (nm)
energy transfer mechanism of Mn-doped BDACdBr,, in which

competing PL from the 3Eg - lAlg transition of Cd** and the *“T,(G) — °A;(S) transition of Mn*" dopants is observed.
Temperature-dependent PL spectroscopic characterizations indicate that the efficient energy transfer from BDACdBr, perovskite
host to Mn** dopants requires thermal activation to overcome a potential barrier. This work provides new insight into the
photophysics and optical properties of 2D HLPs, especially the influence of Mn>* doping on competing energy transfer in hybrid
luminescent materials.
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1. INTRODUCTION

In recent years, two-dimensional (2D) halogenated layered
perovskites have attracted extensive attention due to their high
photoluminescence (PL) quantum yield (QY), high carrier
mobility, long exciton diffusion length, and outstanding
stability.' > This class of materials has been used in solar
cells,”™® light-emitting diodes (LEDs),””"> and photodetec-
tors,>™"° demonstrating excellent optoelectronic performance.
More recently, 2D hybrid layered perovskites (HLPs) with
covalently bonded metal monolayers have shown tunable
electronic and optical properties of interest for various
photonic applications.'®"” The assembly of organic cations
can not only expand the diversity of 2D layered perovskites but
also modulate the band structure and photophysical proper-
ties.'*~*” Therefore, in-depth understanding of the fundamen-
tal optoelectronic properties of 2D HLPs is highly desired.”"**

2D A,MX, HLPs (A: organic ammonium; M: divalent
metal; X: halogen) are composed of organic ammonium chain
cation A" monolayers altering with inorganic corner-sharing
metal halide octahedron [MX,]*~ backbone monolayers, where
the adjacent layers are weakly bound through a weak van der
Waals force.”””* Recently, HLPs with such a layered structure
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have shown excellent optical properties and device perform-
ance.'® BA,PbBr, (BA = C,H,;NH,, butylamine) is an example
of such HLPs with a large band gap of 3.0 eV. Due to its large
band gap, its application in the photovoltaic field is limited.
However, it shows great prospects in photodetector
applications. For example, the high-performance UV photo-
detector based on BA,PbBr, perovskite single crystals (SCs)
shows extremely low dark current and high stability of
multiple-cycle UV response.””*° Similarly, 2D BDACdBr,
(BDA = NH,(CH,),NH,, butylene diammonium) HLPs also
demonstrated prominent photoelectric detection perform-
ance.”” The photodetector based on 2D BDACdBr, perovskite
SC exhibits a stable UV—visible photoelectric response. More
recently, the optical performance of 2D BDACdBr, HLPs is
greatly improved through Pb*"/Sb*" doping with ns* electrons.
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Figure 1. (a) The simulated crystal structure of Mn-doped BDACdBr,, (b) PXRD patterns of Mn-doped BDACdBr, with different Mn>* feeding
concentrations, (c) digital photographs of 15%Mn-doped BDACdBr, bulk SC under room and UV light (4, = 365 nm).

The differences of the photophysical mechanism between
Pb**- and Sb**-doped BDACdBr, were revealed through
femtosecond transient absorption.”**” Likewise, as efficient
luminescent dopants, Mn>" ions are widely used to modulate
the optical and magnetic properties of doped semiconduc-
tors.”**® On this basis, Mn>* may be a potentially good
candidate for doping BDACdBr, HLP. However, the effect of
Mn** without the ns® electrons on the optical properties of
BDACdBr, still needs further research.

In this work, we successfully prepared highly luminescent
Mn-doped BDACdBr, perovskite SCs with the near-unity
PLQY of 96%. The incorporation of Mn®" ions tailors the
energy transfer processes and results in strong PL from the Mn
*T1(G) — ®A,(S) transition. A model is proposed to explain
competing energy transfer in Mn-doped BDACdBr,. Besides,
the LED application with excellent color stability indicates this
class of novel materials should be a promising candidate for
light-emitting devices. Our results provide new insights into
the influence of Mn** doping on energy transfer and related
optical properties of doped HLPs.

2. EXPERIMENTS

2.1. Materials. 1,4-Diaminobutane [NH,(CH,),NH,, 98%] was
purchased from Aladdin; cadmium acetate (Cd(CH;COO),, 99%),
manganese acetate (Mn(CH;COO),, 99%) and hydrobromic acid
(HBr, 48 wt %) were purchased from Macklin; ethanol (EtOH, 99%)
was purchased from Nanning Blue Sky Experimental Equipment Co.,
Ltd. All chemicals were used directly without further purification.

2.2. Synthesis of Mn-Doped BDACdBr, SCs. Mn-doped
BDACdBr, SCs were synthesized by a natural cooling thermal
solvent method (Scheme S1). 1.00 mmol of 1,4-butanediamine
(BDA), 1.00 mmol of [Cd(CH,COO), + Mn(CH;C0O0),] at a
designed feed ratio of x% = Mn/(Cd + Mn) X 100 = 0%, 1%, 3%, 5%,
10%, 15%, and 20%, and 3 mL of HBr were added into a 15 mL glass
vial in turn. And then, the mixture solution was heated and stirred at
100 °C and 300 rpm for 0.5 h until it became clear and transparent.
Small-size flake SCs precipitated while naturally cooling to room
temperature. Finally, the flake SCs were filtered, washed with ethanol,
and dried overnight at 60 °C.

2.3. Synthesis of Mn-Doped BDACdBr, Bulk SCs. High-quality
Mn-doped BDACdBr, bulk SCs were synthesized by a combination of
natural cooling thermal solvent and seed crystallization (Scheme S1).
A clear precursor solution was obtained by heating and stirring a

mixture of BDA/[Cd(CH,COO), + Mn(CH,COO),]/HBr = 1.00
mmol:1.00 mmol:3.00 mL at 100 °C and 300 rpm for 0.5 h. And then
the hot clear precursor solution was slowly cooled to 50 °C before a
small microcrystal was put in the solution as a seed. The solution with
a seed was kept at a constant temperature of 50 °C without any
disturbance. After 3 d, the seed crystal could grow into a high-quality
bulk SC. Finally, the bulk single crystal was filtered, washed with
ethanol, and dried overnight at 60 °C.

2.4. Characterizations. The crystal structure was characterized
by powder X-ray diffraction (PXRD, Bruker D8 Discover). The
morphology of samples was observed by scanning electron
microscopy (SEM, Hitachi SU8020). The molar concentrations of
Cd** and Mn** were detected by inductively coupled plasma atomic
emission spectrometry (ICP-AES, ICPE-9000, Shimadzu). Element
composition and distribution were collected by energy-dispersive
spectrometry (EDS, Oxford X-Max Aztec). The elemental composi-
tion and chemical state were identified by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250Xi). The
photoluminescence (PL) spectra, photoluminescence excitation
(PLE) spectra, PL decay profiles, PLQY, temperature-dependent PL
spectra, and temperature-dependent PL decay profiles were obtained
on an Edinburgh FLS-1000 spectrofluorometer and Horiba Jobin
Yvon Fluorolog-3 spectrometer. The absorption spectrum was
measured by the Lambda 750 ultraviolet—visible spectrophotometer.
The photoelectric properties of the as-fabricated LED device,
including the emission spectra, correlated color temperature
(CCT), and Commission Internationale de L’Eclairage (CIE)
chromaticity coordinate, were obtained on an ATA-1000 (Everfine)
optoelectronic analyzer.

3. RESULTS AND DISCUSSION

3.1. Structure of 2D Mn-Doped BDACdBr, HLPs. 2D
Mn-doped BDACdBr, HLP adopts the crystal space group of
monoclinic P2;/c. As shown in Figure la, angle-shared
inorganic metal octahedral [CdBrs]*~ backbone monolayers
stack with organic BDA monolayers, and the Mn®* ions that
are introduced partially substitute for Cd** ions by forming
[MnBrg]*™ octahedra in inorganic layers of BDACdBr,. Mn-
Doped BDACdBr, SCs are synthesized by a naturally cooling
thermal solvent (see Experimental Materials and Methods).
Figure 1b shows the PXRD patterns of 0—20%Mn-doped
BDACdBr,. The PXRD pattern of pristine BDACdBr, sample
matches well with the simulated pattern. The absence of
additional diffraction peaks confirms the high purity of
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Figure 2. (a) Digital photographs of 0—20%Mn-doped BDACdBr, SCs under visible and 365 nm UV light, (b) PLE (4, = 608 nm) and (c) PL
(Aex = 298 nm) spectra of 0—20%Mn-doped BDACdBr, samples, (d) the PL decay profiles of 1—20%Mn-doped BDACdBr, samples (4., = 298 nm,
Aem = 608 nm), (e) the fitting amplitudes of the fast and slow lifetimes in PL decay profiles of 1—20%Mn-doped BDACdBr, samples, (f) the fitting
values of fast and slow lifetimes in PL decay profiles of 1-20%Mn-doped BDACdBr, samples.

prepared samples. Upon incorporation of Mn?*, the diffraction
peak in the range of 9.4—9.6° shifts toward a higher angle, and
the maximum offset of 0.09° is reached at 20% Mn*'-feeding
concentration. Due to the smaller atomic radius of Mn®* ion
(~0.67 A) than that of Cd** ion (~0.95 A), the incorporation
of Mn®" ions results in lattice contraction and the PXRD
diffraction peaks moving toward a higher angle. Furthermore,
high-quality large Mn-doped BDACdBr, bulk SCs were
successfully synthesized through a combination of natural
cooling thermal solvent and seed crystallization. The SC with a
maximum length of ~15 mm shows a uniform bright orange
emission under UV light (Figure 1c), indicating homogeneous
distribution of Mn?* in BDACdBr,.

The EDS mapping of 15%Mn-doped BDACdBr, shows that
N, Cd, Mn, and Br elements are evenly distributed in the as-
synthesized microcrystal (Figure S1). From total spectrum
(Figure S2), the element ratio of N/(Cd+Mn)/Br of 15%Mn-
doped BDACdBr, is very close to the stoichiometric ratio of
2:1:4. Furthermore, the actual doping concentrations of all
Mn-doped samples were detected by ICP-AES. As shown in
Table S1, the actual doping concentration is lower than the
feeding concentration, especially for Mn*" feeding concen-
tration greater than 10%. Figure S3 shows XPS results of
pristine and 15%Mn-doped BDACdBr,,. In the survey spectra,
the shared peaks of N 1s, Cd 3d, and Br 3d in pristine and 15%
Mn-doped samples can be clearly observed, while Mn 2p
characteristic peaks can only be observed in the 15%Mn-doped
sample. Figure S4a—c shows the high-resolution XPS spectra
and peak fitting of N 1s, Cd 3s, and Br 3d in the pristine and
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15%Mn-doped samples. Mn?** doping slightly increases the
electron binding energy around N, Cd, and Br, indicating
stronger binding and more compact electron distribution.
From Figure S4d, the new peaks at 652.1 and 641.9 eV are
attributed to 2P, , and 2P, of Mn®* dopants.

3.2. Optical Properties of 2D Mn-Doped BDACdBr,
HLPs. Figure 2a shows digital photographs of 0—20%Mn-
doped BDACdBr, SCs under visible and 365 nm UV light. The
pristine BDACdBr, SC exhibits a faint emission, while the
introduction of Mn** ions results in a strong orange emission.
From the absorption spectra (Figure SS), the pristine
BDACAdBr, exhibits a weak flat absorption tail in the range
of 300—650 nm. Three bands that peaked at 316, 338, and 380
nm and a weak shoulder at 298 nm are observed in the PLE
spectra of the pristine BDACdBr, by monitoring the 625 nm
emission (Figure S6a). According to previous reports,zg’29 the
three bands at 316, 338, and 380 nm are assigned to the spin-
forbidden and parity-allowed lAlg - 3Eg triplet-to-singlet
transition absorptions of Cd**, while the weak shoulder at 298
nm derives from the absorption transition of the BDACdBr,
perovskite host. A weak broad emission band peak at 625 nm is
observed under 338 nm excitation (Figure S6b), which has an
average PL lifetime of ~4.67 us (Figure S7), consistent with
triplet °E, — 'A,, transition emission of cd» "

As for the 15%Mn-doped BDACdBr, sample, a series of new
absorption bands are observed in the 300—650 nm region,
attributed to transitions from the ground state °A;(S) to
excited states “E(D), [‘E (G),*A,(G)], *A,(G), *T,(G), and
“T,(G) of Mn*" ions (Figure S5).”*”*® From the PLE spectra
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(Figure 2b), a strong excitation band peak at 298 nm appears
after Mn?* incorporation and is labeled as band 1. With
increasing Mn®* feeding concentration, the intensity of band I
increases substantially and reaches the highest value at 15%
Mn*" feeding concentration (Figure S8). Based on similar
works,” the intensified band I induced by Mn*" incorporation
is attributed to the fact that the energy absorbed by the host is
transferred to Mn>" d-state for relaxation. In addition, the two
other excitation bands that peaked at 338 and 380 nm labeled
as bands II and III are assigned to the lAlg - 3Eg triplet
transition absorption of Cd**.***”*® The incorporation of
Mn?* ions also enhances the photoexcitation intensity of these
two bands, possibly related to the overlapping self-absorption
of Mn** ions.

With respect to the weak emission of a pristine sample, all
Mn?*-doped samples show an intense orange emission at 608
nm under 298 nm (band I) excitation (Figure 2c). This orange
emission has a narrower full width at half maxima (fwhm)
value (~0.28 eV) compared to the emission of a pristine
sample (~0.59 eV) (Figure S9), which is attributed to the
introduction of d-d transition emission from Mn>* dop-
ants."' ™" The pristine sample exhibits a low PLQY (<1%),
while the incorporation of Mn”' ions greatly improves the
emission efficiency, and a near-unity value (~96%) is achieved
for the 15%Mn-doped sample. However, the sample with
excessive Mn-feeding concentration (20%Mn) shows a low
PLQY (~60%) due to the effect of concentration quenching
(Figure S10).

Figure 2d shows the PL decay profiles monitored at 608 nm
emission for all Mn-doped BDACdBr, samples, and the fitting
parameters are summarized in Table S2. All the PL decay
profiles are composed of a fast microsecond decay component
and slow millisecond decay one. The slow millisecond
component originates from the spin-forbidden *T;(G) —
°A,(S) transition of Mn?",** while the fast microsecond
component should be attributed to the *E, — 'A,, transition
of Cd** (Figure §7).29% Interestingly, the fast microsecond
component is still retained in all PL decay profiles of Mn-
doped samples, indicating the introduction of Mn®" ions does
not completely quench the 3Eg - lAlg triplet emission of Cd**.
The fitting amplitudes and lifetimes of decay profiles of all Mn-
doped samples are shown in Figure 2e,f, respectively. As the
Mn* feeding concentration increases from 1% to 15%, an
increase in the amplitude of millisecond PL lifetime from Mn?*
is accompanied by a decrease in the amplitude of microsecond
PL lifetime from Cd**, suggesting the emission from Mn**
gradually becomes dominant. As the Mn** feeding concen-
tration reaches 15%, the PL lifetime and amplitude of Mn?*
emission achieve the highest values of 3.41 ms and 59.0%,
respectively. The average PL lifetime of 15%Mn-doped
BDACAdBr, is also 3.41 ms due to the large amplitude of
millisecond PL lifetime, indicating the emission from Mn®* has
a great contribution to the overall luminescence under
excitation of band I excitation. However, for higher Mn?
concentration (20%Mn), the lifetime and amplitude of Mn**
emission are reduced to 3.32 ms and 40.3%, respectively, which
is probably related to the self-absorption guenching resulting
from the formation of Mn**-Mn*" pairs.*""*

3.3. Excitation Wavelength-Dependent Spectro-
scopic Characterization and Mechanism of Energy
Transfer. To investigate the underlying emission mechanism
of Mn-doped BDACdBr,, emission wavelength-dependent
PLE spectra and excitation wavelength-dependent PL spectra

were measured. As shown in emission wavelength-dependent
PLE spectra (Figure 3a), the bands II and III fall more slowly
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Figure 3. (a) PLE spectra of 15%Mn-doped BDACdBr, with different
monitored emission wavelengths (4., = 608—708 nm). (b)
Normalized PL spectra with different excitation wavelengths (4., =
298—380 nm). (c) Deconvolution of PL bands. (d) PL decay profiles
and (e) the fitting amplitudes of the fast and slow PL lifetimes in PL
decay profiles of 15%Mn-doped BDACdBr, upon different excitation
wavelengths (4., = 298—380 nm, 4., = 608 nm), and the schematic
photophysical mechanism of (f) pristine and (g) Mn-doped
BDACABr,.

than band I as the monitored emission wavelength is changed
from 608 to 708 nm. The synchronous changes of bands II and
III indicate the same physical emission origin, while band I
derives from another excited state of the host. Consistent with
normalized excitation wavelength-dependent PL spectra
(Figure 3b), the PL band becomes wider and red-shifted
upon excitation wavelength changing from band I to III,
further indicating the existence of other emission centers
besides Mn*" in Mn-doped BDACdBr,.

To determine the contribution from the different emission
centers in PL of Mn-doped BDACdBr,, the emission spectra
were deconvoluted as shown in Figure 3c. The PL band
consists of two broad emissions that peaked at 595 and 625
nm, respectively. Moreover, the contribution from the
emission peak at 625 nm improves sharply upon excitation
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Figure 4. (a) The temperature-dependent PL spectra, (b) pseudocolor map, (c) temperature-dependent PL decay profiles, (d) fitting amplitudes of
the fast and slow PL lifetimes of Mn-doped BDACdBr,, (T = 100—360 K, 4., = 298 nm), and (e) Boltzmann analysis of the integrated PL intensity
above a function of thermal activation temperature (kzT) yields an activation energy AE, &~ 23.7 meV.

changing from band I to III. The emission peak at 625 nm
should derive from the Cd** 3Eg - lAlg transition,””*" while
another emission peak at 595 nm probably comes from the
Mn?* *T,(G) — °A,(S) transition. The PL decay spectra and
fitting parameters confirm the attributions of two emission
bands (Figure 3d, Table S3), in which both Mn*" and Cd** PL
lifetimes coexist throughout the whole relaxation process. The
evolution of PL is attributed to the variation of contributions
of Mn?* and Cd*" emissions (Figure 3c). Upon excitation at
band I, the millisecond PL lifetime has a larger amplitude
(~59.0%) (Figure 3e), indicating the recombination of
excitons via Mn** d-d transition dominants. The higher
proportion of Mn?* emission component results in PL with a
narrow fwhm and a blue-shifted peak position (Figure 3b).
However, upon longer excitation wavelengths at bands II and
III, the microsecond PL lifetime has a near-unity amplitude
(~99.2—99.6%) (Figure 3e), indicating that the PL of Mn-
doped BDACdBE, is mainly contributed from the Cd** 3E -
lAlg transition emission component, whose PL band becomes
wider and red-shifted (Figure 3b).

Based on the above discussion, a schematic illustration of the
photophysical mechanisms behind the optical properties of
pristine BDACdBr, is given in Figure 3f. Under excitation at
band I, electrons are excited from the valence band (VB) to the
conduction band (CB) of the BDACdBr, host. However, upon
excitation at bands II and III, electronic transition into the 3E
state of Cd** occurs. In the meantime, the electrons in the
excited state of the host can intersystem-cross (ISC) to the 3E
state of Cd*". Therefore, all excited states have the same
relaxation process (3Eg - 1Alg) back to the ground state. The
photophysical mechanism of Mn-doped BDACdBr, is shown
schematically in Figure 3g. Upon excitation at band I of the
host, energy transfer from the excited state of the host to Mn
dopants results in emission from the *“T;(G) — °A(S)
transition with a near-unity PLQY. However, when the
excitation wavelength is changed to bands II and III, the E
state of Cd*" is excited. The photoexcited energy mamly
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relaxes via the Cd 3Eg - 1Alg transition, similar to the pristine
sample PL.

3.4. PL Thermal Activation in Mn-doped BDACdBr,
HLPs. Figure 4ab shows the temperature-dependent PL
spectra and corresponding pseudocolor map in the range of
100—360 K. Unlike the behaviors of the temperature-
dependent PL of metal ions with ns® electron configuration
(such as Sb**),**° the main PL peak blue-shifts significantly,
and the PL intensity exhibits a volcano-like change with
increasing temperature. The detailed changes in the PL peak
position and intensity are clearly shown in Figure S11.
Throughout the heating process, the thermal expansion of
the lattice can reduce the crystal field intensity and result in an
increase in the *T;(G) — °A,(S) transition energy of Mn**
ions; thus, the emission peak blue-shifts.*”

The PL intensity increases in the range of 100—260 K and
decreases in the range of 260—360 K with increasing
temperature. To clarify the change of this anomalous PL
intensity, temperature-dependent PL decay curves are
collected in Figure 4c, and the detailed fitting parameters are
shown in Table S4. The low-temperature environment is more
conducive to the radiative recombination due to the weakening
of phonon scattering and fewer defects. Thus, the emission
from Cd** and Mn*" dopants have longer PL lifetimes of 16.13
us and 547 ms at 100 K, respectively (Figure S12). The
emission from Mn?* is the critical component of the PL of Mn-
doped BDACdBr, under excitation of band I (Figure 3c).
However, the amplitude of the Mn*" PL lifetime is only 2.5%
at 100 K (Figure 4d), which is responsible for the low PL
intensity at low temperature. Based on previous studies,””***’
the temperature dependence of the Mn>* PL arises from
vibronic activation of the radiative d-d transition. With
increasing temperature from 100 to 260 K, the sensitization
of the Mn** d-d transition is gradually thermally activated by
lattice vibration, so that an increase in emission intensity can
be observed. The thermal activation energy (E,) required for
transferring excitons from host to Mn’* dopants can be
estimated using a Boltzmann analysis of the integrated PL
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Figure S. (a) CIE chromaticity diagram of the LED lamp. Inset images are the photos of LED lamp off (left) and on (right), (b) PL spectra with
different driving voltages, (c) PL spectra with different driving currents, and (d) PL spectra and (e) XRD patterns of fresh and air-exposed for one

month samples.

intensity as a function of temperature (1/kgT) through the
following equation®’~>*

Ly(T) = Io'e_AE“/kBT (1)

where I,(T) is the integrated PL intensity at different
temperature (100—280 K) and kg is the Boltzmann constant.
The AE, of Mn-doped BDACdBr, is calculated to be ~23.7
meV at 260 K (Figure 4e), which is comparable with the
thermal energy of ~22.4 meV at 260 K (kgT). Such a small
potential barrier enables the efficient transfer of excitons to
Mn*" dopants and leads to maximum PL intensity. It is well-
known that high temperature usually results in PL quenching
due to thermal quenching. Therefore, further increasing the
temperature from 260 to 360 K will reduce the PL intensity.

3.5. Electronic Band Structure of Mn-Doped
BDACdBr,; HLPs. Based on the crystal structure of pristine
BDACdBr, (Figure S13a), we modeled the structure of Mn-
doped BDACdBr, by replacing Cd** with Mn>* equivalently
(Figure S13b). Comparing the bond lengths between triad
angle-shared [CdBr,]* -[CdBr,]*-[CdBrs]*” and [CdBr,]* -
[MnBrg]* -[CdBr¢]*~ octahedra (Figure S13c,d), Mn?*
incorporation results in a more compact inorganic metal
layer, which is mainly manifested in a shorter Mn—Br bond
that brings the [MnBrg]*~ octahedra closer to the [MnBrg]*"
octahedra.

First-principle calculations based on density functional
theory (DFT) are carried out to investigate the electronic
band structures of pristine and Mn-doped BDACdBr,. The
band structure of pristine BDACdBr, is consistent with that of
a recent report and exhibits an indirect band gap of about 2.83
eV (Figure S14a).”®” Due to the indirect band gap nature of
the pristine BDACdBr,, the PL process is dipole-forbidden.
From the density of states (DOS) of pristine BDACdBr,
(Figure S14b), the conduction band minimum (CBM) mainly
consists of the Cd-s and Br-p orbitals, while Br-p orbital is the
main component of the valence band maximum (VBM). The
incorporation of Mn>* introduces new localized Mn-d and Br-p
orbitals in the band gap (Figure Sl4c), which facilitates energy
transfer to the Mn>" orbital during the relaxation process from
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CBM to VBM. Besides, the VB of Mn-doped BDACdBr, is
relatively flat, leading to strong localization of the holes. The
DOS of Mn-doped BDACdBr, shows that the Mn-3d orbital
contributes little to the VB, but it hybridizes with Br-p and Cd-
s orbitals of the host elements in the CB (Figure S14d), which
enables the energy absorbed by the host to easily transfer to
Mn, thus allowing for radiative d-d transition.

3.6. LED Lamp and Stability of Mn-Doped BDACdBr,
HLPs. The LED based on 15%Mn-doped BDACdBr, powder
shows excellent color stability and emits stable bright orange
light under different driving voltages and currents. The color
coordinates of emission based on CIE 1931 is (0.4658,0.3784)
with a correlated color temperature (CCT) of 2366 K (Figure
Sa—c). These results show that Mn-doped BDACdBr, HLPs is
promising for solid-state lighting and backlight displays.

The fresh samples were ground into powder and completely
exposed to air with a humidity of about 50—70% for one
month. The PL intensity did not attenuate significantly and
remained above 80% of the initial value (Figure Sd). To
determine whether the sample decomposed, we compared the
PXRD pattern of the fresh sample with the sample exposed to
air for a month (Figure Se). Their PXRD patterns are almost
the same with no impurity diffraction peaks observed,
indicating good stability of the Mn-doped BDACdBr, HLPs
in air.

4. CONCLUSION

In summary, we have successfully prepared Mn-doped
BDACdBr, SCs with different doping concentrations (1—
20%). The incorporation of Mn>** ions modulates the
electronic band structure of BDACAdBr, and tailors the
relaxation energy of excited states, resulting in an orange
emission at 608 nm with near-unity PLQY of 96%. The
underlying energy transfer mechanisms in pristine and Mn-
doped BDACdBr, are determined through excitation wave-
length-dependent spectral studies. Competing energy transfer
processes between °E, — 'A, of Cd*" and *T,(G) — ®A,(S)
of Mn®* affect the overall emission process of Mn-doped
BDACdBr,. The solid-state lighting LED prepared using 15%
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Mn-doped BDACdBr, powder shows good luminous perform-
ance and color stability, indicating this class of novel materials
should be a promising candidate for light-emitting devices. Our
results provide new insight for the photophysics of 2D HLPs,
especially the influence of Mn*" dopant on energy transfer in
luminescent hybrid materials with potential application in
optoelectronics.
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