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ABSTRACT: Butylammonium lead bromide [(BA),PbBr,] has an atomically thin two-
dimensional (2D) quantum well structure. So if Mn** ions are doped into such crystals, then
one would expect efficient energy transfer from the strongly confined excitons to the dopants.
Perhaps, the energy transfer happens to yield Mn>* emission with a peak at 2.05 eV (605 nm). But
significant excitonic emission is also observed, suggesting that the energy transfer process is not
that efficient. Is there a spatial separation between Mn>* ions and excitons reducing the energy
transfer efficiency? To address this question, here, we study single crystals of Mn*'-doped
(BA),PbBr,. The excitons located in the edge and interior of layers of (BA),PbBr, show different
excitonic emissions. This difference allows us to separately probe the interaction of edge excitons and interior excitons with the Mn?*
ions, using temperature-dependent (7—300 K) photoluminescence (PL) spectroscopy and spatially resolved PL. We find that the
edge excitons mainly sensitize the Mn’* ions because Mn*" doping is preferred near the layer edges. Both the poor doping
concentration (0.6% Mn*") and edge doping lead to a large spatial separation between the interior excitons and dopant centers,
reducing the energy transfer efficiency. These new insights will be helpful for the better design and application of luminescent Mn**-
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doped 2D layered hybrid perovskites.

B INTRODUCTION

Incorporation of Mn®* as dopants into the lattice of quantum-
confined semiconductors like ZnSe, CdSe, and CsPbX; (X =
Cl, Br) nanocrystals leads to interesting optical, optoelectronic,
and magneto-optic properties. "' Energy transfer from the
host exciton to the dopant, leading to Mn”>* d-electron
emission, is one of the most studied properties in such samples.
The increased overlap of the host exciton (or charge carriers)
and the dopant in quantum-confined semiconductors signifi-
cantly enhances the energy/charge transfer efficiency.'”"”
Therefore, it is natural to dope Mn** in two-dimensional
(2D) layered organic—inorganic hybrid lead halide perovskites
like butylammonium lead bromide [(BA),PbBr,], with a
quantum well structure.*”'® The excitons are confined within
the atomically thin Pb—Br inorganic layers. Consequently, one
would expect a very efficient energy transfer from the host
excitons to the dopants in Mn**-doped (BA),PbBr, But
photoluminescence (PL) shows peaks originated from both
the host excitons and the Mn?" ions, suggesting an inefficient
energy transfer process. Why so?

To address this question, we look into the relationship
between the host’s structure and the dopant’s local structure. A
single hybrid layer in (BA),PbBr, is shown in Figure la. Such
layers stack together (Figure 1b) through van der Waals
interactions forming the extended layered crystal.'’ ™' In a
typical Pb—Br inorganic layer, Mn®" dopants can have two
sites, namely, edge and interior, as denoted by red- and yellow-
colored spheres, respectively, in Figure 1a. In the extended van
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der Waals solid, each of such inorganic layers provides the edge
(red) and interior (yellow) doping sites for Mn>" ions (see
Figure 1b). It is expected to have breakages in the layers.
Therefore, edge-doping sites are available deep inside the
crystal as well. If Mn>* ions are preferentially doped in the edge
sites, then it might increase the spatial separation between the
host excitons and dopant ions, reducing the energy transfer
efficiency.

To elucidate the nature of doping, i.e., edge versus interior
site doping, and the corresponding exciton—dopant inter-
actions, we prepared single crystals of Mn**-doped
(BA),PbBr,'® and studied temperature-dependent (7—300
K) PL spectroscopy and spatially resolved PL. Importantly, the
PL of single crystals can distinguish between the interior and
edge excitons,” as shown by e"—h* pairs shown with yellow
and red backgrounds, respectively, in Figure 1b. Therefore,
single crystals are used here to distinguish the energy transfer
processes from the interior and edge excitons to the dopant
centers. Our results suggest that the dopant concentration is
small (0.6%), along with preferential edge doping. Con-
sequently, edge excitons predominantly sensitize the Mn**
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Figure 1. Schematic representation of the 2D layered hybrid perovskite structure of Mn?**-doped (BA),PbBr,. (a) One hybrid layer where the
inorganic layer has two kinds of doping sites, edge and interior sites denoted by red- and yellow-colored spheres, respectively. (b) Infinite numbers
(for simplicity, only three layers are shown here) of hybrid layers stack/assemble, forming an extended van der Waals solid. Each layer of the
extended solid has both edge and interior sites. Some of the layers are expected to be broken, generating the edge sites deep inside the crystal as
well. The excitons (e"—h* pair) located near the interior and edge sites are presented by yellow and red backgrounds, respectively.

ions, leading to Mn** d-electron emission with a peak at 2.05
eV (605 nm). The interior excitons, though highly quantum-
confined, are spatially separated from Mn** ions, leading to
inefficient energy transfer. Furthermore, low-temperature PL
shows that energy transfer is a thermally activated process.

B METHODS

Synthesis of Butylammonium Bromide. Butylammo-
nium bromide solution was prepared by mixing 468 uL of
butylamine with 3 mL of hydrobromic acid (48% w/w
aqueous) in an ice bath after minor modifications of the
reported method.'”

Synthesis of Mn?*-Doped (BA),PbBr, Single Crystals.
Both the doped and undoped samples were prepared after
minor modifications of the reported'® acid precipitation
method. The only difference between the synthesis of undoped
and doped samples is the addition of Mn** precursor in the
synthesis of the doped sample. For a typical synthesis of Mn**-
doped (BA),PbBr,, PbO (558 mg, 2.5 mmol) and MnBr,
(2147.48 mg, 10 mmol) were added in 3.5 mL of 48% w/w
aqueous hydrobromic acid. The mixture was then heated at 80
°C to obtain a clear solution. Thereafter, a solution of 5 mmol
of butylammonium bromide in 2.5 mL of 48% hydrobromic
acid (48% w/w aqueous) was added to the above solution and
heated at 100 °C for 10 min. The reaction temperature was
then slowly (~10 °C/h) decreased to room temperature to
grow flake-like single crystals with lateral sizes of about 6 mm
and thicknesses of around 0.2 mm.

Characterization. Single-crystal X-ray diffraction (XRD)
data were recorded using a Bruker Smart Apex Duo
diffractometer equipped with Mo Ka radiation (4 = 0.71073
A). The Bruker saint software package was used for integration

by the narrow frame algorithm. Powder XRD data were
recorded using a Bruker D8 Advance X-ray diffractometer
equipped with Cu Ka radiation (1.54 A). Field emission
scanning electron microscopy (FESEM) measurements were
done using a Zeiss Ultra Plus FESEM instrument. Inductively
coupled plasma—optical emission spectroscopy (ICP-OES)
measurements were performed using an ARCOS M/s
apparatus (Spectro, Germany).

Optical Properties. All of the spectra were recorded from
single crystals. A Shimadzu UV-3600 Plus UV-vis—NIR
spectrophotometer was used to measure UV—visible diffuse
reflectance spectra. The reflectance data were then converted
to absorbance spectra following the Kubelka—Munk trans-
formation.”® Steady-state PL spectra and time-resolved PL
decays were measured using an FLS 980 spectrometer
(Edinburgh Instruments). To measure PL decays for excitonic
emissions, 340 and 405 nm lasers were used as the excitation
source, whereas, the decay of Mn** PL was measured after
excitation with a microsecond flash lamp. The PL decay for
exciton and Mn”* emissions was fitted by biexponential and
monoexponential decay equations, respectively. For biexpo-
nential decay, the average lifetimes were calculated by
r = ZAiTiZ
av Z At
Low-temperature PL data were collected using the same setup
(FLS 980, Edinburgh Instruments), after connecting it with a
closed-cycle He-cryostat (Advanced Research Systems) and a
Lakeshore temperature controller. Single crystals were glued
on sapphire with a silver paste and mounted on the gold-
coated sample holder.

Spatially Resolved PL Microscopy and Spectroscopy.
PL imaging and spatially resolved spectroscopic measurements

, where A; is the weighted average of lifetime 7;.
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were carried out using a home-built spectrally resolved laser
epifluorescence microscopic setup, details of which can be
found elsewhere.”* In brief, the crystals were placed on a
freshly cleaned coverslip and excited using a 405 nm laser
(LaserGlow, LRD-040SPFR) via an oil immersive objective
lens (Nikon TIRF 1.49NA 60X oil). The emission from
samples was collected using the same objective lens, passed
through appropriate dichroic and band-pass filters, and imaged
using an sCMOS camera (Hamamatsu Orca flash4 V3). For
spatially resolved PL spectroscopy, the emitted light was
passed through a slit and a transmission grating (70 g/mm)
placed before the sCMOS detector, which allowed us to obtain
spectrally resolved images of a vertical strip along each crystal.
All PL microscopy data were analyzed using Image] and Origin
7.5.

B RESULTS AND DISCUSSION

Doping Efficacy, Structure, and Morphology. Mn**-
doped (BA),PbBr, single crystals were synthesized by
following the acid precipitation method reported earlier."”
Elemental analysis by ICP-OES finds out that only 0.6% Mn**
(with respect to Pb**) is present in the product, in spite of
using a very high (400%) concentration of the Mn>* precursor
in the reaction mixture. The poor doping affinity of Mn?* into
the lattice of (BA),PbBr, might be attributed to the
significantly smaller ionic size of Mn>" (0.83 A) in octahedral
coordination compared to that of Pb** (1.19 A).>
Consequently, a large compressive strain develops upon
Mn?*" doping. It is relatively easier for the edge sites to release
such strain by structural reorganization; however, this process
costs much more energy for the interior sites in this 2D crystal.
The growth rate is slow for single crystals, and the lattice strain
can be released by the ejection of the dopants toward the layer
edges during the growth process. Therefore, relatively more
doping density of Mn’" is expected at the edge site of
(BA),PbBr, compared to the interior sites. In general, doping
might become more difficult in the single crystals of
structurally low-dimensional hybrid perovskites.

Single-crystal XRD data for both undoped and doped
samples were measured at 298 K. Refined structural parameters
are shown in Table S1 of the Supporting Information (SI). The
structures obtained from single-crystal XRD data of undoped
and Mn**-doped samples are shown in Figures 2a and Sla,
respectively. Both crystals possess an orthorhombic structure
with the Pbca space group, similar to the earlier report' of

Figure 2. (a) Layered crystal structure of undoped (BA),PbBr,
obtained from single-crystal XRD data. (b) FESEM image of a part
of a (BA),PbBr, crystal showing the layered morphology.

21111

undoped (BA),PbBr,. Further, we find that the lattice
parameters are nominally affected upon doping, consistent
with the small (0.6%) Mn*" doping obtained from ICP-OES
data. The powder XRD patterns of both the undoped and
doped samples are compared in Figure S2 in the SI. Both
samples show similar (00!) planes in accordance with the
periodic arrangement of hybrid layers in the crystal. The
spacing between the two inorganic layers is estimated as 13.81
A, which agrees with the single-crystal XRD data of
(BA),PbBr,. The FESEM images of undoped (Figure 2b)
and doped (Figure S1b in the SI) samples show the layered
morphology, which is attributed to their layered crystal
structure.

Room-Temperature PL Probing Interaction of Edge
and Interior Excitons with Mn?* Dopants. The optical
absorption and emission spectra of both samples are shown in
Figures S3 and 3a, respectively. The undoped sample shows
two absorption and emission features, which are attributed to
excitonic transitions.””*° Based on the prior literature, we
assign the lower energy emission peak at 2.84 eV (437 nm) to
edge excitons, while the higher energy transition at 3.01 eV
(412 nm) is designated to interior excitons. Following Mn**
doping, the excitonic transition energies (spectral peak
positions) do not change; however, a new emission peak
appears at 2.05 eV (605 nm), which is attributed to the spin-
forbidden 4T1g - 6A1g d—d transition of Mn?* ions. We do not
observe the corresponding feature in the absorption spectra,
likely owing to the spin-forbidden nature of the d—d transition.
Therefore, it is reasonable to conclude that the Mn®" ions get
excited to 4Tlg via transferring the excitonic energy from the
host,"* and consequently, a lower energy-sensitized emission
occurs from the dopant ions. We note that the subscript “g” is
added in 4Tlg and 6Alg because the Mn** ions have octahedral
coordination in a centrosymmetric crystal (space group Pbca).

Subsequently, we collected PL excitation (PLE) spectra on
the crystals to address whether both the edge and interior
excitons have the same propensity to sensitize the Mn>*
dopants. The PLE spectra measured for the Mn>* emission
at 2.03 eV and for the edge exciton emission at 2.79 eV are
found to be very similar (Figure 3b). This suggests that the
excitation mechanism for both emissions is likely to be
analogous, i.e., originate from the same source. The edge
excitons are first created by light absorption, a proportion of
which emit at 2.85 eV, while the remaining ones nonradiatively
transfer excitation energy to the dopants, thereby leading to
the characteristic Mn>* emission with a peak at 2.05 eV.
Importantly, the PLE spectra corresponding to the interior
exciton emission (3.01 eV) are somewhat different from those
of edge excitons and Mn** emission. For example, at 3.32 eV,
both Mn®" and edge exciton emissions have a broad feature;
however, the interior exciton emission has a clear trough, as
shown using a vertical line in Figure 3b. The PLE spectra
suggest that although the major pathway of energy transfer to
the Mn®" dopant is from the edge excitons, some of the interior
excitons can also transfer excitation energy to the Mn®"
dopants.

To better understand the modes of excitation energy transfer
from the host to Mn’" ions, time-resolved PL decay was
recorded of both excitonic emissions for the doped as well as
undoped samples. It is evident from the PL decay data (Figure
3¢,d) that both excitonic emissions decay faster following Mn**
doping. Interestingly, compared to interior exciton emission
(Figure 3d), doping impacts the radiative decay of edge
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Figure 3. (a) Photoluminescence (PL) data of undoped and Mn**-doped (BA),PbBr, single crystals. (b) PL excitation (PLE) spectra of undoped
and Mn>*-doped (BA),PbBr, single crystals at three different emission energies corresponding to interior exciton (3.01 eV), edge exciton (2.79
eV), and Mn** (2.03 eV) emissions. PL and PLE intensities in (a) and (b) are shifted vertically for a clear presentation. Time-resolved PL decay of
(c) edge exciton and (d) interior exciton for undoped and Mn**-doped (BA),PbBr, single crystals. IRF refers to instrument response function.

exciton emission more severely (Figure 3c). The biexponential
fits to the PL decay profiles reveal that for the undoped sample,
the edge excitons (at 2.85 eV) have an average lifetime of 5.1
ns (Figure 3c), with a fast component of 1.3 ns (70%
contribution) and a slow component of 6.0 ns (30%). Identical
analyses on the Mn**-doped samples show that the average
lifetime of the edge excitons drastically reduces to 2.7 ns with
faster and slower lifetimes of 1.1 ns (86%) and 4.8 ns (14%),
respectively. The faster lifetime typically has contributions
from nonradiative decay processes. Our observation that the
contribution of the faster lifetime increases significantly in the
Mn?**-doped samples is consistent with additional energy
transfer pathways from the edge excitons to the Mn*" ions.
We find that the interior excitons (A.,@3.04 eV) in the
undoped sample decay with an average PL lifetime of 5.6 ns
(Figure 3d), with fast and slow lifetime components of 2.8 ns
(86%) and 10.4 ns (14%), respectively. Further, the average
lifetime for these excitons in the doped samples decrease
slightly to 3.7 ns, with corresponding fast and slow
components of 2.0 ns (93%) and 9.0 ns (7%), respectively.
This decrease in PL lifetime after Mn®* doping can be
rationalized either by direct sensitization of Mn®* dopants from
interior excitons or via increased nonradiative energy transfer
from the interior to edge excitons upon Mn>" doping.
Nonetheless, the overall decrease in the average PL lifetime
of interior excitons upon Mn?* doping is considerably less with

21112

respect to that for the edge excitons. This suggests the
enhanced efliciency of excitation energy transfer from the edge
excitons to Mn** dopants compared to that for the interior
excitons.

Spatially Resolved PL Spectroscopy. To gain more
insights, we employ spatially resolved PL imaging and
spectroscopy using a home-built wide-field epifluorescence
microscopy setup.”* The PL image of a part of a single crystal
of Mn**-doped (BA),PbBr, excited with a 405 nm (3.06 eV)
laser is shown in Figure 4a. A clear heterogeneity in emission
intensity at the edge and the interior regions of the crystal is
observed. However, the emission from different locations of a
single crystal needs to be spectrally resolved to interpret the
origin of the observed heterogeneity. A large-sized layered
crystal allows us to perform the spatially resolved spectroscopic
measurements from multiple diffraction-limited nanodomains
(~250 nm full width at half-maximum (FWHM)) at the edge
and the interior regions of the crystal. Emission spectra at three
different locations, two from the interior and one at the edge
(marked as 1, 2, and 3 in Figure 4a) of the crystal, are shown in
Figure 4b. The Mn*" emission peak around 605 nm could be
clearly observed in all three locations. Both the spectral shape
and transition energy of Mn*" emission remain similar for all
dopant locations, indicating similar octahedral ligand field
splitting for all of the Mn®" dopants. This similarity of the
[MnBrg]*™ octahedron in the interior and layer edge will also
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Figure 4. (a) Pseudocolor PL intensity image of a Mn**-doped

(BA),PbBr, single crystal. (b) Spatially resolved PL emission spectra
of regions 1, 2, and 3. Locations (1, 2, and 3) are marked in figure (a).

make it difficult to distinguish the two kinds of Mn** dopants
using characterization techniques such as electron para-
magnetic resonance spectroscopy.15

We note that the blue edge of the excitonic peak from the
host is partially obscured owing to the scattering of the 405 nm
laser excitation by the large crystal. The peak at 3.02 eV (410
nm) observed in Figure 4b has a large contribution from the
scattered excitation light, which partially overlaps with
excitonic emissions. We were able to minimize the scattering
by using an emission filter and decreasing the laser excitation
power, resulting in a minimal change in scattering intensity at
different locations. To compare the relative intensity of Mn**
emission at the edge and interior of the crystal, we normalized
the emission spectra with the scattering peak intensity at 3.02
eV (410 nm). To ensure that such normalization does not
affect the Mn?* emission, PL spectroscopic measurements were
performed on both Mn**-doped and undoped (BA),PbBr,
single crystals, which revealed a similar scattering intensity
ratio between the interior and edges for both (see Figure S4 in
the SI). Interestingly, for more than 20 doped crystals

investigated, we consistently find that the Mn>* PL centered
around 605 nm has more dominant emissivity at the edges
compared to the interior regions. Thus, the spatially resolved
PL spectra further support our inference that Mn** emission
preferentially originates from layer/crystal edges of Mn’*-
doped (BA),PbBr, single crystals.

PLE (Figure 3b), PL decay (Figure 3c,d), and spatially
resolved PL (Figure 4) data suggest that the Mn*" emission
originates preferentially from the Mn®" dopants located near
the layer edges. These findings, along with poor 0.6% doping
(in spite of adding 400% Mn>* precursor to the reaction
mixture), indicate that the doping preferentially happens near
the layer edges. The efficiency of the energy transfer process
from the exciton to the dopant decreases sharply with
increasing distance between them.'” Therefore, the energy
transfer efficiency from the interior exciton (yellow back-
ground of Figure 1b) to Mn®" ions is lesser compared to the
edge exciton (red background of Figure 1b). However, the
presence of a smaller fraction of dopants in the interior cannot
be ruled out, and efficient energy transfer is possible from
interior excitons located near the interior dopant ions as well.
Further, we note that the exciton diffusion length is quite large
(~40 nm) for similar 2D layered perovskites.””** So, there is a
possibility of interior exciton diffusion through the layer to
reach closer to Mn®' ions near layer edges, leading to the
energy transfer and subsequent Mn®* emission. Overall, our
results suggest that, in spite of the high quantum confinement
of excitons (Bohr radius ~1 nm)*” in such 2D layered hybrid
perovskites, the exciton—dopant distance is large because of
the small dopant concentration and inhomogeneous doping.
Consequently, the energy transfer efficiency (particularly from
interior excitons) is nominal, yielding significant exciton
emissivity in the PL spectrum of Mn**-doped samples. We
note here that recent reports suggest that doping lanthanide
ions in such layered 2D perovskites is also very difficult along
with inefficient host-to-dopant energy transfer.””’"

300 5
Counts 10° ¢ —
(x 109) (c) Mn2+-doped » 300 K (t = 0.64 ms)
250 @ 16 T 100 NN +150 K (t = 1.15 ms)
%3 Undoped : S X ¢ 7K(t=1.65ms)
4 200 ! n 103. R — Fit
£150 10 ' ” £
[ 50 K ! 3
g I35 : S 104
£100 -]
& : * 10
50 0 100K

1.6 20 24 28 3.2
300 Energy (eV)

Intensity (a.u.)

Counts
(b) (x 10°)

Doped 2.4 200 :

0.7 !

[T
w
[=
o

0

15 ;
250 ,

. 0 5 10 15 20
! Time (ms)
150 K /-v\l / l 1.8

| T T

16 20 24 28 3.2 1.6 2.0 24
Energy (eV)

Energy (eV)

1.2 Mn2+ emission
=E 1.6 ’g
~": 0.9- 14 =
"é 12 E
0.6 s
Q
£ 1.0 5
-
g 034 Lo.8 &
L0.6
‘ ' 00850 1060 150 200 250 300
2.8 3.2
Temperature (K)

Figure 5. Pseudocolor emission intensity map of (a) undoped and (b) Mn*-doped (BA),PbBr, single crystals. Note that the PL intensity depends
on the position and geometry of the sample when placed between the excitation source and the detector, and hence, the emissivity of the two
samples cannot be compared directly. (c) Temperature-dependent PL spectra of Mn**-doped (BA),PbBr, single crystals. (d) PL decay dynamics of
Mn**-doped (BA),PbBr, measured at different temperatures. (e) Temperature-dependent integrated PL intensity and lifetime of Mn®* emission

arising from Mn**-doped (BA),PbBr, single crystals.
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Low-Temperature PL. To gain further insights into the
energy transfer processes, we performed temperature-depend-
ent PL measurements in the range of 7—300 K. The single-
crystal XRD data of (BA),PbBr, measured at 100 K (see Table
S2 in the SI) shows that the crystal structure remains
unchanged compared to the data measured at room temper-
ature (298 K). The temperature-dependent PL spectra of
(BA),PbBr, shown in Figure S5 in the SI and the
corresponding pseudocolor map shown in Figure 5a do not
show any sudden change, indicating the absence of a
temperature-dependent structural phase transition. Similar
changes in the excitonic emission with temperature have
been reported earlier for such 2D layered perovskites and are
therefore not discussed here in detail.>>** Instead, we mainly
focus on the excitation and emission processes of Mn** d-
electrons in Mn?*-doped (BA),PbBr,. While there are a few
recent reports of the low-temperature PL study of Mn**-doped
in 2D layered perovskites down to 77 K,'®***° there are no
reports on PL spectral and PL lifetime measurements on such
systems down to 7 K. More importantly, we emphasize that the
Mn?* dopants near the layer edges predominantly contribute
to the observed Mn>" emission, and therefore, we probe the
temperature dependence of Mn”* emission arising from such
edge-dopant sites.

Mn**-doped (BA),PbBr, shows the additional Mn**
emission peak around 2.0 eV in the entire temperature range
(7—300 K), as evident from the pseudocolor map shown in
Figure Sb. The corresponding PL spectra at a few
representative temperatures between 7 and 300 K are shown
in Figure Sc. We find that the Mn?" emission peak
systematically red-shifts with decreasing temperature (2.05
€V at 300 K to 1.99 eV at 7 K). The red shift of Mn** PL with
decreasing temperature is consistent with the previous reports,
which is attributed to an increase in crystal field splitting of the
4TIg state due to compression of the host lattice at lower
temperatures and may also be a consequence of depopulation
of the vibronic hot band.36738Figure S6 in the SI reveals that
the spectral width of the Mn?* emission decreases with the
lowering of temperature owing to the suppression of lattice
vibrations.

Figures Sd and S7 show the lifetimes of Mn®** emission at
different temperatures, which are all quasi-single exponential in
nature. At 300 K, the lifetime for Mn?* emission is found to be
0.639 ms; such a long lifetime is attributed to the spin- and
parity-forbidden 4T1g — %A,, d—d transition of Mn?* ions.
Upon lowering the temperature, the PL lifetime systematically
increases from ~0.64 ms (at 300 K) to ~1.65 ms at 7 K
(Figure Se). Such an increase in PL lifetimes likely owes to the
suppression of nonradiative relaxation processes as the
temperature is lowered, which should therefore be associated
with an increase in emission intensity. While we do observe an
increase in the emissivity from 300 to 250 K, intriguingly, upon
further lowering of temperature, we find that Mn** emission
intensity decreases continuously down to ~25 K and then
increases slightly at 7 K (Figure Se). This unusual trend
illustrated that the correlation of the dopant emission intensity
with its lifetime is not straightforward, and perhaps, some other
processes are operational within the range of 25—250 K. We
note that the PL lifetime is solely governed by the relaxation
process of the 4T1g state, while the emission intensity depends
both on the excitation process populating the 4Tlg state and on
subsequent relaxation processes. Therefore, it is reasonable to
infer that the decrease in emission intensity below 250 K owes

to the suppression of the excitation process, which populates
the 4T1g (Mn**) state.

The decrease in PL intensity below 250 K further suggests
that the energy transfer from host excitons to Mn>* dopant
ions is a thermally activated process. Figure 6 schematically

Host* + Mn2* Host + Mn2**

Exciton

Interior T AE T
Edge : - _ - 2
=1l _ T
H|E I E TS 3 o
1
1EHE .
1 B3 2 E
1HE -
-~ @ o
S i3 ~e
11 1l S
Ground LY LY \ 4

Host + Mn2* (°A,)

Figure 6. Schematics of excitation and emission processes in Mn*'-
doped (BA),PbBr, single crystals. The ground state represents the
total energy of the host and Mn® in ®A, 5 Excited states (host* +
Mn?*) represent the host with an exciton feither interior or edge) and
Mn>" in 6Alg. Another set of excited states (host + Mn?**) represent
the host along with Mn?* in 4Tlg or 4ng. Both the interior exciton
(blue arrows) and edge excitons (green arrows) are responsible for
light absorption (upward arrow) and emission (downward arrow).
Energy transfer from edge excitons to Mn?* ions is more efficient and
therefore indicated by the thicker blue-colored curved arrow, whereas
the lower efficacy of the energy transfer process from the interior
exciton is shown by a thinner curved arrow. “AE” indicates the
thermal activation energy required for the energy transfer. The exited
state of Mn*" ions then relaxes back to the ground state by emitting
2.05 eV light (red-colored downward arrow). The black-colored
broken arrow indicates possible nonradiative relaxation processes
from 4TZg to 4T1g' Transient charge transfer states (CTSs) like Mn**
(or other trap states) might mediate the energy transfer process.

depicts the excitation and emission processes of Mn**-doped
(BA),PbBr,. The host absorbs the incident photons generating
both interior and edge excitons. A subpopulation of those
excitons radiatively recombine at slightly different energies, and
the remaining ones transfer their energy to sensitize Mn*"
dopants, which eventually emit at 2.05 eV (605 nm). Our
results depicted in Figures 3 and 4 suggest that the edge
exciton is relatively more efficient in transferring the energy to
Mn?** ions compared to the interior excitons. Further, the low-
temperature PL data (Figure S) suggest that the energy
transfer is a thermally activated process, as indicated by the
energy barrier “AE” depicted in Figure 6. Prior reports suggest
that the energy transfer process in Mn** II—VI semiconductor
nanocrystals and Mn** doped in CsPbX; (X: Cl, Br) perovskite
nanocrystals and bulk samples proceed via transient charge
transfer states (CTS) like Mn®* or shallow traps.””~** Such a
situation might occur in our samples as well; however, at this
stage, we do not have sufficient experimental evidence to
conclusively comment on whether transient CTS and/or traps
mediate the host-to-dopant energy transfer process. However,
it is likely that the energy transfer process involves the
excitation of higher energy levels of Mn*" ions (such as 4ng),
eventually yielding PL emission owing to the 4T1g—t0—6A1g
transition.
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B CONCLUSIONS

We prepared single crystals of Mn?**-doped (BA),PbBr, 2D
layered hybrid perovskites. In spite of using 400% Mn>" in the
reaction mixture with respect to Pb*" ions, doping is found to
be difficult, yielding only 0.6% Mn*" in the product. Single-
crystal XRD data of the undoped and Mn**-doped samples are
very similar without any noticeable change in the lattice
parameters. The single crystals show two kinds of excitonic PL
emissions with transitions at 2.84 and 3.01 eV, characteristic of
edge excitons and interior excitons, respectively. PL excitation
spectra, time-resolve PL decay, and spatially resolved PL
spectral measurements reveal that the edge excitons more
efficiently sensitize the Mn”* dopants compared to the interior
excitons, resulting in Mn** emission at 2.0 eV. Our results
suggest that the doping in the interior of the 2D inorganic
layers is rather challenging; instead, the Mn?* jons are
preferentially located near the layer edges. Owing to the lack
of proximity between the interior exciton and Mn** ions, the
efficacy of the host-to-dopant energy transfer process is low.
Perhaps, smaller (~a few tens of nanometers) crystals of 2D
hybrid perovskite can enhance the proximity between excitons
and Mn®* ions without altering the excitonic confinement
(Bohr radius ~1 nm) and can thereby facilitate efficient energy
transfer from hosts to dopants. Furthermore, the temperature
(7—300 K)-dependent PL data show that the energy transfer is
a thermally activated process and might involve shallow traps
or charge transfer states. The insights provided here into Mn**
doping in the interior versus edge sites of 2D hybrid perovskite
and the corresponding host-to-dopant energy processes should
aid the future development of this class of material as a
functional luminescent and optoelectronic material.
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