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Introduction

Simple fabrication of layered halide perovskite
platelets and enhanced photoluminescence
from mechanically exfoliated flakes+
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@ Roman Krahne
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)2 Milan Palei,” Davide Spirito, ©°
® and Milena Arciniegas ) *?

Rapid progress on the fabrication of lead halide perovskite crystals has led to highly promising perform-
ance in optoelectronic devices, particularly from three-dimensional crystals. Recently, these efforts have
been extended to layered perovskite structures, motivated in part by their good environmental stability.
Furthermore, layered perovskites represent a hanocrystal system with micron-size extensions and strong
confinement in one dimension that is highly appealing for studying fundamental photophysics. Here, we
report a facile route for the growth of single-layered perovskite platelets, which is demonstrated using
four different organic cations acting as spacers, providing a layer interdistance from approx. 1.3 nm to
2.4 nm. The resulting ensembles of platelets exhibit a strong emission band in the deep blue spectral
region characterized by two emission peaks and a photoluminescence quantum yield (PLQY) up to 15%.
Thin 2D layered perovskite flakes can be readily obtained by mechanical exfoliation, and their emission
shows a PLQY as high as 42%, which can be related to reduced reabsorption in the exfoliated crystals.
Furthermore, the low energy peak that was observed in the double peak emission from the platelet
ensembles is suppressed in the exfoliated flakes. Therefore, the exfoliated flakes manifest a more colour-
pure blue emission with strongly increased radiative rate as compared to the dried platelet aggregates
obtained directly from the synthesis. The straightforward fabrication strategy that employs solely polar
solvents with low environmental impact provides a highly appealing route towards two-dimensional per-
ovskite systems with bright and stable emission in the blue spectral range.

white fluorescence, and, in particular, their environmental
stability.'®'* Moreover, 2D perovskites have exciton binding

In recent years, lead halide perovskites have attracted much
attention due to their exceptional electronic and optical pro-
perties and low-cost fabrication and solution processability." ™
In addition to the typically cubic, three-dimensional nano-
crystals, structures with lower dimensionality such as perovskite
nanosheets, nanowires, and the so-called 0D perovskites have
been fabricated through simple modifications of wet chemistry
fabrication protocols.®”® Among the low-dimensional perov-
skites, two-dimensional (2D) layered crystals have been the
focus of several studies, given their bright emission, possible
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energies of about 300 meV that are larger than those of their
3D counterparts, which is advantageous for potential appli-
cations in the field of optoelectronics.'”™*”

Layered perovskite crystals are made of a sequence of in-
organic layers formed by corner-sharing [PbXe]*~ octahedra,
which are chemically passivated by organic moieties with
smaller dielectric constant and higher exciton binding ener-
gies than the inorganic layer."®'® The use of different organic
moieties in the fabrication of 2D layered perovskites influences
the layer arrangements, and it can also induce structural dis-
tortions, and thereby alter the electronic structure of the
resulting material.>>* Thus, the choice of the organic moi-
eties can be seen as a strategy to tune the photoluminescence
(PL) of layered perovskites at the nano- and macro-scale. Until
now, extensive research into green- and red-emitting low-
dimensional perovskites has been reported, achieving rela-
tively high PLQY,>*® while the synthesis of blue- and white-
emitting layered crystals with desired performance is still a
challenge. For instance, the maximum PLQY reported for
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microscopic white-emitting layered perovskites remains
around 9%,>”*° and in the case of blue-emitting low-dimen-
sional crystals, a PLQY of 26% from atomically thin structures’
and 54% from microdisks in solution have been reached when
using multiple solvents,* although significantly higher PLQY
values have been reported for other types of white- and blue-
emitting perovskites.**> In line with this, the current syn-
thetic protocols used for high-quality layered perovskite
materials commonly involve a pre-preparation process of
synthesizing ammonium halide salts, long reaction times, and
the use of multiple solvents such as dimethylformamide,
dimethyl sulfoxide, N-methylformamide, hexane, toluene, and
acetone, making the purification and drying of the layered
structures difficult.?”>$3%33

In this work, we report a facile strategy for the fabrication
of layered perovskite platelets using different types of amines,
which serve as spacers between layers of octahedra. These
amines are dissolved in acetone, which is a much more eco-
friendly polar solvent compared to the ones typically used.
Except for the decylamine-based crystals that show a nearly
white emission and a broad long tail up to 700 nm, all the as-
synthesized structures exhibit a deep blue emission associated
with two emission peaks stemming from single layers. In a
single crystal, multiple layers are stacked and their spacing
depends on the organic molecule species, from about 1.3 nm
(for butylamine) to 2.4 nm (for decylamine). From our syn-
theses, we obtain large aggregates of such crystals that in the
following we will call ‘ensembles’. From such ensembles, we
measured relatively high PLQYs of approx. 8% and 15% for the
layered crystals prepared using butylamine and phenethyl-
amine, respectively. The PLQY is strongly enhanced when exfo-
liating flakes with few monolayers from these ensembles and
reaches 18% and 42%, correspondingly. Our work provides a
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novel route for a low-cost, flexible, and rapid processability of
layered perovskites toward device fabrication, by combining a
straightforward synthesis using more ecofriendly solvents,
with a facile exfoliation process that produces thin flakes with
bright blue emission.

Results and discussion
Fabrication and structural characterization

Hybrid ammonium lead halide layered perovskite crystals were
synthesized through a facile protocol in which only acetone
was used as solvent to prepare a mixture of PbBr, and HBr.
Two different aliphatic primary amines - butylamine and
decylamine - and two aromatic ones - benzylamine and
phenethylamine - were selected to investigate their role as an
organic spacer on the optical properties of the final crystals.
The selected amine was directly injected into the prepared
mixture, as illustrated in Fig. 1a (see the Experimental section
for details). With this simple protocol, we obtained layered
structures with the general formula RAm,MA,_;Pb,Br;3,.1,
where RAm is the general ammonium ion resulting from the
protonation of the selected primary amine, MA corresponds to
methylammonium ions and 7 is the number of layers in the
structures. The prepared material is formed of stacked mono-
layers (n = 1) because no MA source nor other ions (such as for-
mamidinium or Cs') that can promote a 3D crystal growth
were employed in the synthesis.

Thin microscopic-sized crystals with a platelet shape were
observed immediately after the addition of the selected amine
and they precipitated at the bottom of the vial in a few seconds
(Movie S1t). The ensembles of platelets were collected and
dried before further analysis was performed.

in Acetone

-

Amine injection

Fig. 1

(a) Schematic diagram of the facile fabrication process of the layered perovskite by injecting a primary amine to a mixture of PbBr, in HBr

and acetone. (b—e) SEM images of the produced platelets when using short and long aliphatic molecules, such as butylammonium (BA) (b) and
decylammonium (DA) (c), and aromatic ones as benzylammonium (BzA) (d) and phenethylammonium (PEA) (e). Scale bars: 100 pm.
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Fig. 1b-e report a collection of Scanning Electron
Microscopy (SEM) images of the resulting crystals showing the
formation of two-dimensional structures with a platelet-like
morphology from all the amines used in the experiments.
A macroscopic view of the crystal morphologies is provided in
Fig. S1.1

More extended platelets with sharper facets are observed
from butylammonium (BA)- (Fig. 1b), benzylammonium (BzA)-
(Fig. 1d), and phenethylammonium (PEA)-based -crystals
(Fig. 1e), with lateral sizes of a few hundreds of micrometers,
whereas more rounded structures are observed from the
decylammonium (DA)-based ones (Fig. 1c), with a reduced
lateral size of less than 60 pm. Such differences in the size of
the as-synthesized perovskites when using decylamine in their
synthesis might be ascribed to a hindered diffusion of the
precursors to the growing flakes. That is, the long and hydro-
phobic DA tails that surround the initial flakes might act as
a diffusion barrier for the migration of Pb** and Br~ ions
to favour the growth of larger structures from the precursor
solution.

X-ray diffraction (XRD) patterns acquired from the ensem-
bles are shown in Fig. 2a. Equally spaced and sharp diffraction
peaks arising from (0 0 2I) reflections are observed in all the
structures that were prepared with the different organic
cations. This is an indication of the single-phase and highly
oriented nature of the crystals, which is in line with a previous
work from our group on layered perovskite flakes obtained
through a more complex process.”® The periodicity, d,
obtained from the diffraction peaks as a function of the type
of amine used in the experiments is shown in Fig. 2b. That is,
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13.83 + 0.06 A and 24.12 + 0.14 A for BA- and DA-based
crystals, respectively; and 16.71 + 0.15 A and 16.68 + 0.07 A for
BzA- and PEA-based crystals. In the case of the aliphatic
amines, the crystals synthesized by employing a longer chain
are characterized by a significantly larger periodicity than
those prepared with a shorter one, as expected (Fig. 2b).
However, in the case of aromatic amines, the resulting layered
structures exhibit a similar periodicity d, independent of the
nominal size of their organic cations. We confirmed this be-
havior using octylamine and dopamine in our fabrication pro-
tocol as additional aliphatic and aromatic primary amines,
respectively. The collected XRD patterns from these structures
are shown in Fig. S2a.f The calculated d values are 21.11 +
0.11 A and 17.14 + 0.06 A for octylamine- and dopamine-based
crystals, respectively. The lack of differences on the periodicity
when using different lengths of aromatic amines indicates the
ability of such amines to acquire a relaxed structural state
when packing around the octahedral layers, in particular for
PEA molecules that can adopt a rotational organization in
similar structures to favour a n-n stacking.>® Considering the
obtained d values, the 6 A thickness of a lead halide octahedral
layer, and the length of the organic spacers, the estimated
periodicity corresponds to one inorganic monolayer (n = 1) for
all the amines. Therefore, all the resulting crystals are made of
single [PbBr,”~ octahedral layers coated on the top and
bottom by the selected cation. The [PbBr,]*~ octahedral layer
passivation of the cations leads to an interdistance of ca.
0.8 nm and 1.8 nm for (BA),PbBr, and (DA),PbBr,, respec-
tively, and to 1.07 nm for the aromatic amines (BzA),PbBr,
and (PEA),PbBr,.
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(a) X-ray diffraction patterns collected from the as-synthesized platelets prepared from different types of amines showing periodic diffraction

peaks that correspond to a layer stacking with an interdistance, d, related to the ordered stacking of [PbBr4]>~ layers separated by organic spacers.
(b) The calculated interdistance d as a function of the type of cation of the fabricated layered perovskites, including octylammonium (OA) and
dopammonium (DpA). The sketches in (b) highlight the layered structure formed with two different types of cations (BA in red and PEA in green),

while preserving similar d values.
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Optical characterization of the layered perovskites ensembles

In contrast to the 3D crystals of APbBr; perovskites (with A =
Cs, methylammonium or formammidinium) that exhibit green
emission,” the ensembles of layered platelets produced in this
work show a bluish-white emission under UV light (Fig. S37).
This blue-shifted emission is in line with a strong confinement
of charge carriers inside the inorganic layer of octahedra, as it
is observed in other colloidal quantum well systems such as
CdSe nanoplatelets.>*® Fig. 3a displays a set of absorption
and emission spectra collected from the selected layered
perovskites. The PL profiles acquired from (OA),PbBr, and
(DpA),PbBr, are shown in Fig. S2b.} Table 1 summarizes the
emission and absorbance peak positions retrieved by fitting
the spectra with Lorentzian functions; in the case of
(BzA),PbBr, crystals, a sum of a Gaussian and a Voigt function
was needed to fit the PL profile (Fig. S471). All the absorption
spectra show two peaks in the 390-429 nm region
(3.16 eV-2.89 eV) that can be related to confined charge carrier

View Article Online
Paper
Table 1 Absorption maxima and the PL peak positions observed in the

spectra collected from the layered perovskite platelets prepared with
different organic spacers

Absorption peaks, Emission peaks,

nm (eV) nm (eV)
Perovskite ensembles Py P, Py P,
(BA),PbBr, 392 (3.16) 412 (3.01) 411 (3.02) 429 (2.89)
(DA),PbBr, 377(3.29) 399 (3.11) 396 (3.13) 406 (3.05)
(BzA),PbBr, 389 (3.19) 412 (3.01) 410 (3.02) 419 (2.97)
(PEA),PbBr, 396 (3.13) 414 (3.00) 412 (3.01) 426 (2.91)

states. Both the high- and low-energy peaks result from single-
layer (n = 1) perovskites, as corroborated by the XRD analysis.
In addition, the peaks obtained from the DA-based crystals
are slightly blue-shifted with respect to those of the other
crystals. Since the periodicity d is significantly larger for the
DA-based platelets, this blue shift could be correlated to a

(a) Photon Energy (eV) (b)
3432 3 28 26 24 22 2 1.8 CIE 1931
LB RS PR R R o LA R R SR TR B — 520
- 'P. =428 nm CH.N . | 2 (BA),PbBr,
:\//\/ ) 2 4<,|1 94 4 (D/\)jl“bBl’l
E i (BzA),PbBr,
T (BA),PbBr, | 06+ (PEA),PbBr,
= 500 580 -
PLQY=8% - >
—~ 0.4
3. L
©
i B C, H,.N .
[0} 10/ 23 i
8 i ? 0.2
8 S )
o ( 0.0 -
21 < (DA):PbBI‘J_ 00 01 02 03 04 05 06 07 08
= z x
> ~ PLQY < 2% T
.g_ 1 (c) 10° T T T T T T T T T T
2 CHN i _ (BA),PbBr,
£l 3 (DA),PbBr,
a @ PhRr
= ) <10 (BzA),PbBr,
I (BzA),PbBr, = (PEA),PbBr,
©| z i ] < )
E W PLQY < 2% | g
2 I = 10?
CH,N o
i 3
N
T 10°
- IS
(PEA),PbBr, E
z - 1 4
T PLQY:IS% 10* (RO IPE P b e A A r .
T . T T T T, 0 10 20 30 40 50 60 70 80 90 100

350 400 450 500 550

Wavelength (nm)

600 650

Fig. 3

700 Time (ns)

(@) Absorption (thin lines) and photoluminescence (thick lines) spectra acquired from the different perovskite platelet ensembles. The

dotted lines indicate the emission peaks located at 412 nm (P;) and 426 nm (P;) from the BA-based structures that are similar to those observed
from PEA-based ones. The PLQY is also included in the panel. (b) CIE chromaticity coordinates of the as-synthesized layered perovskites showing
that, except for the DA-based crystals, the structures exhibit a deep-blue colour. (c) Decay traces of the normalized PL as a function of time for the

four different single-layer perovskites acquired at the high-energy peak, P;.
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stronger confinement of the excitons in the 2D layer. The PL
spectra display two red-shifted emission peaks (P; and P, at
high and low energies, respectively), when compared to the
absorption; this includes the (BzA),PbBr, crystals, which show
an emission peak P; that contributes less to the PL distri-
bution, as indicated by our fitting analysis reported in
Fig. S4.7

Furthermore, all platelets exhibit a broad PL tail that
extends up to the red region of the visible spectrum, which
can be attributed to emission from defect states formed within
the layers of the perovskite crystal that is typically observed
from white-emitting layered perovskites.>®*?”*® This tail is
most pronounced for the (DA),PbBr, crystals. Interestingly, the
PLQY obtained from the ensembles is much higher when the
two emission peaks are well defined and well separated, as is
the case for the BA- and PEA-based crystals (Fig. 3a, top and
bottom spectra), which exhibit PLQY values of 8% and 15%,
respectively, with a standard deviation below 2% (see
Table S1}). We note also that for these platelets, the low energy
peak is stronger than the high-energy one in their PL spectra
(Fig. 3a). For the emission from such monolayer (n = 1) perovs-
kite structures, the interlayer coupling within a single platelet
can be expected to play a minor role, which is supported by
the similarity of the optical spectra from the (BA),PbBr, and
(PEA),PDbBr, crystals that manifest slightly different periodicity.
One other very interesting aspect is that the high-energy emis-
sion peak P; overlaps with the low energy absorption band for
all crystals. This overlap is particularly evident for the BA- and
PEA-based crystals, where the peaks are well defined, and the
P, emission peak is found at higher energy than the maximum
of the low energy absorption peak (see dashed lines in Fig. 3a
as a guide to the eye). Fig. 3b shows the corresponding
Commission Internationale de I’Eclairage (CIE) coordinates for
the layered perovskites studied in this work, indicating that
their emission colours are located in the deep-blue region,
except for (DA),PbBr, crystals that display a near-white emis-
sion caused by their strong low energy tail. The PL decay traces
reported in Fig. 3c show a much faster decay for the
(DA),PbBr, and (BzA),PbBr, ensembles of platelets than for
the (BA),PbBr, and (PEA),PbBr, ones, which correlates with
their low PLQY. Correspondingly, the fastest lifetime com-
ponent, 75, has a much larger weight in the curve fitting, as
compared to the bright emitting (BA),PbBr, and (PEA),PbBr,
perovskites, while the dominant longer lifetime component,
7,, is reduced, as reported in Table S1.7 That, together with the
PLQY, could indicate that 7; is mostly due to non-radiative
decay, while the lifetime of the radiative decay is dominated by
7,, and indeed its weight is much stronger for the bright emit-
ting ensembles. The average lifetimes that could be extracted
from the fitting (see Fig. S7 in the ESIf for details) reflect the
faster decay of the less bright perovskite crystals and yield
3.44 ns and 2.33 ns for the (DA),PbBr, and (BzA),PbBr,
ensembles, respectively, and 5.43 ns and 9.24 ns for the
(BA),PbBr, and (PEA),PbBr, ones, respectively. Therefore, we
infer that the organic moieties play a key role in the photo-
physics of the layered perovskite crystals, and that the DA and

8338 | Nanoscale, 2019, 11, 8334-8342
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BzA molecules appear to lead to a less efficient passivation of
the octahedral layers, and thus to more defects that induce a
more pronounced non-radiative decay.

Exfoliation of perovskite flakes

The ensembles of platelets were mechanically exfoliated using
a non-emissive 3 M Scotch tape and the exfoliated flakes were
transferred to a SiO,/Si substrate (see the Experimental section
for details). In the following, we focus on the brighter
(BA),PbBr, and (PEA),PbBr, crystals, where optical investi-
gation of the exfoliated flakes was possible.

Fig. 4a and b show optical images of the exfoliated flakes,
evidencing different colour contrasts due to the thin film inter-
ference effect. The colour resulting from these interferences
can be associated with the number of monolayers in the exfo-
liated flake. The white-framed regions in Fig. 4a and b contain
the flakes with the smallest number of monolayers, x. To deter-
mine x, we used atomic force microscopy (AFM) operating in
intermittent contact mode. The topographic AFM images are
displayed in Fig. 4c and d, and the height profiles along the
pink and blue dotted lines are shown in Fig. 4e and f. As dis-
cussed earlier, the layers in the (BA),PbBr, and (PEA),PbBr,
crystals are separated by about 1.4 nm and 1.7 nm, respect-
ively. Thus, the steps in the height profiles in Fig. 4e and f of
the thin (blue) and thick (pink) exfoliated flakes correspond to
6 and 12 layers for (BA),PbBr, flakes, and to 5 and 13 layers for
(PEA),PbBr,.

Next, we collected the absorption and emission spectra
from the exfoliated flakes, which are displayed in Fig. 5a for
(PEA),PbBr, crystals and in Fig. S5 for (BA),PbBr, ones.
Table S27 lists the absorbance and emission peak positions
before and after exfoliation of the selected crystals. The absor-
bance manifests a double-peak structure as observed from the
ensembles, and its profile does not depend significantly on
the region from which the spectra were collected, ie. from
regions with predominantly thick or thin flakes. Compared to
the ensemble absorbance spectra, the low energy peak of the
flake absorbance has a strongly reduced intensity and is blue
shifted by a few nanometers. The emission spectrum exhibits
only one sharp and well-defined peak that occurs at the energy
of the P; emission peak recorded from the ensembles.
Therefore, the low energy emission (P,) that was observed from
the ensembles is either strongly suppressed or not present.
Furthermore, we measured the PLQY of the exfoliated flakes
and compared the values to those of the ensembles (see the
Methods section for details). We found that the exfoliated crys-
tals show a much higher PLQY, by a factor of 2-3, than that of
their ensembles (see comparative analysis in Fig. S6t), with
average PLQY values of 18% and 42% for (BA),PbBr, and
(PEA),PbBr,, respectively.

These higher PLQY values in the exfoliated samples with
respect to their ensemble counterparts can be explained by a
reduced reabsorption and the presence of fewer impurities in
the exfoliated crystals.>*** The obtained PLQY values are com-
parable to those reported in the literature for similar layered

structures emitting in the same energy range.>***°

This journal is © The Royal Society of Chemistry 2019
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(a—b) Optical micrographs of the mechanically exfoliated (BA),PbBr, (a) and (PEA),PbBr,4 (b) flakes transferred to a SiO,/Si substrate. Optical

interferences between the flake surface and the substrate lead to different colours that are related to different thicknesses. Scale bars: 15 um. (c—d)
Intermittent contact mode AFM images collected from the white-framed regions in (a) and (b), respectively. Scale bars: 1 pm. (e—f) AFM height
profiles acquired along the blue and pink dotted lines in (c) and (d) showing a step height (in blue) of 8.2 nm that corresponds to 6 monolayers, and
a 20.3 nm (12 monolayers) step (in pink) for exfoliated (BA),PbBr, flakes (). Similar steps in height are found in exfoliated (PEA),PbBr, flakes (f). The
pink arrow in (d) indicates a thick region containing approximately 13 monolayers (with a height of 22.4 nm).

The PL time traces in Fig. 5b and Fig. S5bf are character-
ized by a much faster decay for the exfoliated flakes (see
Fig. S7t), which, together with the increase in PLQY, implies
that the radiative rate in the flakes is strongly enhanced com-
pared to their ensemble structures.

With the average lifetime from the PL decay fitting and the
PLQY values of the selected crystals, we can calculate the
average radiative and non-radiative rates of the emission using
eqn (1) and (2):*"*?

Kr

PLQY = —— 1
Q Ky + Knr (1)
1
- 2
Tavg Kr + Knr ( )

where 7, is the average lifetime, and «; and «,, are the average
radiative and non-radiative recombination rates, respectively.
Tables S3 and S4f show the comparative analysis of the PL
dynamics recorded on ensembles and exfoliated crystals. We
find indeed an increase in the radiative rate by a factor of 4 for
the (PEA),PbBr, crystals, and of 1.5 for the (BA),PbBr, ones.
The non-radiative rate is much less affected by the exfoliation,
varying only by a few to few tens of percent. The PL excitation
(PLE) spectra (Fig. 5c¢ and Fig. S5c, df) recorded from
ensembles and flakes at two different detection wavelengths

This journal is © The Royal Society of Chemistry 2019

(corresponding to the P; and P, emission peaks of the
ensembles) show maxima and minima at similar wavelengths;
therefore, we can exclude populations of crystals with different
sizes or under different confinement conditions as the origin
of the discrepancies between the optical properties of
ensembles and exfoliated flakes. However, the relative orien-
tation and the density of flakes and platelets in the excitation
spot are very different for the ensemble and exfoliated flakes.
In the exfoliated case, only a few flakes are present, and their
orientation is strictly flat on the substrate. In contrast, for the
ensembles, a large number of platelets with a random orien-
tation to each other is probed. We therefore performed micro-
PL measurements on regions with differently oriented platelet
assemblies to analyse whether the spatial orientation of the
platelets in the excitation spot influences the spectral shape of
the emission. We consistently find that the low energy peak
(P,) is suppressed when the platelets are lying flat on the sub-
strate, while it is relevant when tilted and vertically oriented
platelets are present in the excitation spot, as demonstrated in
Fig. S8.1 Thus, the emission of the 2D layered perovskite plate-
lets and flakes is either strongly direction-dependent, or re-
absorption and re-emission processes are more effective in the
randomly oriented ensemble of platelets. This latter hypoth-
esis considers that, in randomly oriented flakes, re-absorption
should be favoured by the presence of a higher density of
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Fig. 5 (a) Normalized PL and absorbance spectra acquired before and

after exfoliation of (PEA),PbBr, crystals showing a sharp and single emis-
sion peak (P;) with respect to their ensembles. The coloured arrows indi-
cate the position of the P; and P, emission peaks. (b) Normalized PL
intensities as a function of time acquired at the high-energy peak from
ensembles and exfoliated flakes. (c) PL excitation spectra acquired from
ensemble (solid dots) and exfoliated (empty dots) (PEA),PbBr, flakes
recorded at 412 nm (dark cyan, P;) and 426 nm (red, P,). The absorption
spectra for the ensembles (green solid line) and exfoliated (violet dashed
line) flakes are included on the top of the plots. The vertical lines high-
light the position of the P, and P, emission peaks. The spectra are
shifted vertically for clarity.
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crystals, given the overlap of the P; emission peak with the
low-energy peak in the absorption spectra. Thus, an efficient
absorption at an energy lower than P, is expected, which does
not enable re-emission at Py, but only at P,. Such a mechanism
could explain the strong intensity of the P, emission peak in
the ensemble emission spectra. For planar exfoliated flakes,
reabsorption should mainly occur within the layers of a single
flake, due to their low density and because we collect the
emission in a direction normal to the substrate surface. This
geometry alone strongly reduces reabsorption effects, and
reabsorption could be further hindered by the orthogonality of
exciton wave functions. For example, from theoretical model-
ing in our previous work on 2D layered perovskite crystals that
were obtained by a different fabrication method, we know that
the charge carriers with out-of-plane wave functions experience
a higher band gap than those in plane.”® Moreover, there
could be a bottleneck for exciton relaxation to the lowest band
edge state in the exfoliated flakes.

Towards the implementation of the 2D layered perovskite
materials in devices such as light-emitting diodes, their stabi-
lity with respect to elevated temperatures (that might be
needed for processing and/or might be experienced by the
material under operation conditions) and under light
exposure, is of interest. We measured the PL intensity of
(BA),PbBr, and (PEA),PbBr, ensembles and exfoliated flakes
before and after heat treatment at 80 °C for 1 hour, and
under illumination with UV light at an excitation power of
1.2 mW cm 2, as reported in Fig. S9 and $10.1 In both cases,
we observe a significant reduction of the emission intensity,
but stable emission colour.

Conclusions

We demonstrated the straightforward fabrication of 2D layered
lead halide perovskites with bright emission in the deep blue
spectral region by facile injection of primary amines (with
alkylic and aromatic tails) into a solution of precursors dis-
solved in acetone. Single flakes consisting of stacked few
monolayers of [PbBr,]*~ octahedra, spaced by a double layer of
organic counterions, can be obtained via mechanical exfolia-
tion. The resulting crystals show further improved optical pro-
perties with a PLQY up to 42%, manifesting a single emission
peak at a wavelength of around 400 nm. Interestingly, we
observe two well-separated energy levels close to the band
edge, and from the exfoliated flakes, only the emission of the
higher energy level can be detected, while in 2D platelet
ensembles, the emission from the low energy peak dominates.
This behaviour indicates a bright (high energy) state and a
dark (low energy) state that are separated by around 130 meV,
where the emission of the dark state can only be activated by
reabsorption of the bright state emission. Our work opens a
perspective on the implementation of layered perovskites in
devices, where ultra-flat deep blue emitters are needed, and
towards model systems for excitons and light-matter inter-
action in 2D systems at room temperature.

This journal is © The Royal Society of Chemistry 2019
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Experimental

Materials

PbBr, (98%), hydrobromic acid (HBr, 48% m m™" in water),
butylamine 99%, octylamine 99%, decylamine 99%, benzyl-
amine 99%, phenethylamine 99%, and dopamine hydro-
chloride were purchased from Sigma-Aldrich and used without
further purification.

Growth of layered perovskite ensembles

Starting solutions were prepared by placing a stoichiometric
amount of PbBr, (95 mg) in a vial and adding 60 pl of HBr and
1 mL of acetone. A clear and transparent solution was obtained
by vigorously shaking the mixture. Then, a stoichiometric
amount of the selected primary amine (for aliphatic ones:
butylamine, octylamine, and decylamine; for aromatic ones:
benzylamine, phenethylamine, and dopamine) was added to
the mixture. The reaction run over few minutes under strong
magnetic stirring. The crystals were formed within a few
minutes and they were collected and dried overnight on
filter paper. All the experiments were conducted at room
temperature.

Exfoliation of the layered perovskite ensembles

As-synthesized crystals were mechanically exfoliated using a
non-emissive, one-sided 3M Scotch® tape. The crystals were
placed on the tape and the exfoliation was carried out by
gentle pushing of a clear part of the tape onto the ensembles.
The exfoliation process was repeated on the freshly
exposed layers several time. The tape with exfoliated layered
perovskite flakes was attached to a glass substrate for further
analysis.

Structural and morphological characterization

Optical images were collected using a Zeta-20 non-contact
optical profiler (Zeta Instruments, USA) from ensembles on
glass substrate and exfoliated crystals on SiO,-coated Si sub-
strate. Scanning electron microscopy analysis was conducted
on an FEI Nova 600 NanoLab instrument from the perovskite
ensembles by depositing them directly on the Si substrates.
Atomic force microscopy images and topological analysis of
thin layers of exfoliated crystals were performed using an
MFP-3D AFM system (Asylum Research, Goleta, CA, USA), oper-
ating in an intermittent contact mode. The samples for
AFM imaging were prepared by transferring the exfoliated
structures from the tape to the SiO,/Si substrate (285 nm) of
5 mm x 5 mm. The scan size was set as 5 pm x 5 pm for
(PEA),PbBr, samples and 10 pm x 10 pm for (BA),PbBr,
samples with a resolution of 256 x 256 pixels.

Powder X-ray diffraction patterns were acquired on a
PANalytical Empyrean X-ray diffractometer equipped with a
1.8 kW CuKa ceramic X-ray tube and a PIXcel3D 2 x 2 area
detector, operating at 45 kV and 40 mA. Layered perovskite
ensembles were placed on a zero-diffraction Si substrate for
the XRD analysis.
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Optical characterization

The absorption spectra were collected from dried crystals
using a Varian Cary 5000 ultraviolet-visible-near-infrared
(UV-vis-NIR) spectrophotometer equipped with an external
diffuse reflectance accessory, and operating in absorption
geometry. The PL, PLE spectra and PLQY values on both
ensembles and exfoliated crystals were acquired using an
Edinburgh Instruments fluorescence spectrometer (FLS920)
equipped with a xenon lamp with a monochromator for steady-
state PL excitation. The PL spectra of ensembles and exfoliated
crystals were collected with an excitation wavelength of 350 nm.
The PLE spectra on the samples were recorded by fixing the
emission wavelength at P; and P, with a spectral resolution of
0.5 nm for (PEA),PbBr, ensembles and of 1 nm and 0.2 nm for
(BA),PbBr, ensembles. In the case of the exfoliated samples, the
spectral resolution was 1 nm and 0.5 nm, respectively. The PLE
spectra were collected with a 0.5 s dwell time. The PLQY values
were obtained from five samples from different synthesis batches
by exciting them at a wavelength of 375 nm with an excitation
power density of 1.5 mW cm™>, using a calibrated integrating
sphere. Three measurements were performed on each sample of
ensembles and exfoliated crystals with a standard experimental
error below 5%. Time-resolved PL measurements were carried
out with a time-correlated single-photon counting (TCSPC) unit
coupled to a pulsed diode laser. The samples were excited at
375 nm with 50 ps pulses at a repetition rate of 0.05-1 MHz and
a spectral collection window of 10 nm. The samples for all of
these studies were prepared by transferring the tape with the
ensemble and exfoliated 2D layered perovskite crystals to a clean
glass substrate. The PL decay curves were acquired at the high-
and low-energy peaks P; and P,. Micro-PL experiments were per-
formed by adapting an Olympus BX41 microscope. A bifurcated
optical fibre was connected to a 349 nm laser and a Horiba
iHR320 spectrometer; the common end of the fibre was used to
excite the sample and collect the spectra via a system of lenses,
mounted on a port of the microscope. UV-compatible objectives
were used. The spot size was of the order of a few microns. A
red-pass filter with an edge at 400 nm was inserted at the
entrance of the spectrometer. The thermal stability study was
carried out by placing the samples on glass substrates on a pre-
heated hot plate. The temperature was set to 80 °C and kept for
60 min. For optical stability analysis, the samples were continu-
ously illuminated by a UV laser working at 349 nm with a power
density of 1.2 mW c¢m™> for 60 min and their corresponding PL
was collected subsequently.
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