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Colloidal perovskite nanoplatelets are a
promising class of semiconductor nanomaterials—exhibit-
ing bright luminescence, tunable and spectrally narrow
absorption and emission features, strongly confined
excitonic states, and facile colloidal synthesis. Here, we
demonstrate the high degree of spectral tunability
achievable through variation of the cation, metal, and
halide composition as well as nanoplatelet thickness. We
synthesize nanoplatelets of the form L,[ABX,],_,BX,,
where L is an organic ligand (octylammonium, butylammo-
nium), A is a monovalent metal or organic molecular cation
(cesium, methylammonium, formamidinium), B is a divalent metal cation (lead, tin), X is a halide anion (chloride,
bromide, iodide), and n—1 is the number of unit cells in thickness. We show that variation of n, B, and X leads to large
changes in the absorption and emission energy, while variation of the A cation leads to only subtle changes but can
significantly impact the nanoplatelet stability and photoluminescence quantum yield (with values over 20%). Furthermore,
mixed halide nanoplatelets exhibit continuous spectral tunability over a 1.5 eV spectral range, from 2.2 to 3.7 eV. The
nanoplatelets have relatively large lateral dimensions (100 nm to 1 pgm), which promote self-assembly into stacked
superlattice structures—the periodicity of which can be adjusted based on the nanoplatelet surface ligand length. These
results demonstrate the versatility of colloidal perovskite nanoplatelets as a material platform, with tunability extending
from the deep-UV, across the visible, into the near-IR. In particular, the tin-containing nanoplatelets represent a significant
addition to the small but increasingly important family of lead- and cadmium-free colloidal semiconductors.
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have shown the potential for thickness-controlled perovskite

ecent progress in metal halide perovskite solar cells has

highlighted many desirable properties of these semi-

conductor materials, including long charge carrier
diffusion length, ease of fabrication, and low trap state
density.'~” The rapid advancement in perovskite solar cells
has also led to a renewed interest in nanostructured and
colloidal perovskite-based materials.”~'® While low-dimen-
sional, layered perovskite materials have been studied in the
past,’/~** bright and colloidally stable versions of these
materials have only recently been developed.®'®!"?*72¢
Perovskite nanoplatelets are particularly interesting because
they exhibit strong quantum confinement effects, which enable
thickness-dependent property tuning. Furthermore, Quan et al.
and Tsai et al. have demonstrated that layered 2D perovskite
solar cells exhibit enhanced resistance to air and water exposure
as compared to their bulk counterparts, likely a result of surface
passivation provided by ligand species.””** Other recent studies
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materials for use in efficient light-emitting diodes.””*’

The colloidal synthesis of methylammonium lead bromide
(MAPDbBr;) perovskite nanoparticles was first reported by
Schmidt et al,, producing a mixture of bulk-like nanoparticles
and quantum-confined nanoplatelets.® Tyagi et al. were able to
isolate the nanoplatelets and demonstrated their thickness-
dependent absorption and emission,'® with Sichert et al.
showing that these nanoplatelets could be directly synthesized
with control over nanoplatelet thickness.'" Other recent works
have extended the synthetic capabilities to include cesium lead
halide (CsPbX;) nanoplatelets® ~>* and methylammonium lead
chloride and iodide (MAPbCl;, MAPbI;) nanoplatelets.”**
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As bulk perovskites can be described by the formula ABX;,
where A is a cation, B is a metal, and X is a halide, perovskite
nanoplatelets can similarly be described by the formula
L,[ABX;],_BX,. In this case, we have chosen L to represent
the ligand species which both gives the nanoplatelet colloidal
stability and limits growth in one dimension of the nano-
platelet. Here, the n—1 term represents the thickness of the
nanoplatelet in terms of the bulk unit cell, with n = 2
corresponding to a complete perovskite unit cell and n = 1
corresponding to an incomplete perovskite structure that lacks
the A cation altogether.

In this work, we focus on the thinnest perovskite
nanoplatelets, n = 1 and n = 2, which exhibit the greatest
degree of quantum confinement and the greatest deviation
from bulk properties.”” By taking advantage of quantum
confinement effects, it is possible to blue shift the absorption
and emission energies by ~0.6 eV relative to their bulk values.
This shift enables the typically more emissive bromide and
iodide-based perovskites (as compared to chloride)*” to cover a
majority of the visible range, including excellent performance in
the blue region of the spectrum. Furthermore, we find that the
n = 1 and 2 nanoplatelets can most reliably be synthesized with
single-thickness ensemble purity, which results in the narrowest
absorption and emission line widths. Despite these advantages,
a compositionally flexible, unified synthesis method for n = 1
and n = 2 nanoplatelet has yet to be developed. In this study,
we synthesize colloidally stable n = 1 and n = 2 perovskite
nanoplatelets using a facile nonsolvent crystallization process
and show that the A, B, and X components can be changed
across a wide range of chemical species. This, in conjunction
with thickness tuning, allows for modification of the absorption
and emission properties from the deep-UV, throughout the
visible, and into the near-IR. We show that changes to the
thickness (1), metal (B), and halide (X) lead to large changes in
the absorption and emission wavelength. On the other hand,
the cation (A) species has a small effect on the nanoplatelet
absorption and emission energy yet can have a large effect on
the stability of the nanoplatelet and the photoluminescence
quantum yield (PLQY). We found that formamidinium is an
excellent cation for nanoplatelets, with narrower emission and
increased PLQY over methylammonium. Furthermore, we
demonstrate that using mixtures of the halide component is a
viable method of continuously tuning the properties between
the pure component states. Lastly, we have synthesized
nanoplatelets using tin as the metal component, which is a
critical step toward lead- and cadmium-free luminescent
nanoparticles. With this study, we aim to demonstrate the
exceptional tunability of perovskite nanoplatelets and to
highlight some of the most promising compositions that
could find application in high-performance light-emitting
diodes.

RESULTS AND DISCUSSION

Nanoplatelet Structure. The bulk perovskite unit cell,
outlined in Figure la as a white cube, has the formula ABX;.
Typically, A is a cation with +1 oxidation state, B is a metal with
+2 oxidation state, and X is a halide with —1 oxidation state.
Perovskite nanoplatelets, which are confined dimensionally in
one direction, can be described using the formula
L,[ABX;],_,BX,, where L represents a longer chain cation
which gives the nanoplatelet colloidal stability but also serves to
inhibit growth of the nanoplatelet, as it is too large to fit within
the unit cell geometry.’”*' Nanoplatelets with thicknesses n = 1
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@ B=Pb, Sn
@ X=Cl,Brl
g L=0A, BA
b
C

Figure 1. (a) Bulk perovskite unit cell (white cube) and the
chemical species used for A, B, X, and L in this study. (b,c)
Perovskite nanoplatelets of thicknesses n = 1 and n = 2, where n
represents the layers of metal halide octahedra and n—1 represents

the number of complete unit cells incorporated in the nanoplatelet
thickness.

and n = 2 are depicted in Figure 1b,c, respectively. Using this
notation, n represents the number of metal halide octahedra
layers present in the nanoplatelet. The number n—1 represents
how many complete perovskite unit cells fit within the
thickness of the nanoplatelet. Hence, for n = 1 nanoplatelets,
there is no cation species (A) contained within the structure.

In this study, we have synthesized colloidal perovskite
nanoplatelets (n = 1 and n = 2) through the nonsolvent
crystallization process described in the Experimental Methods
section. For ease of writing nanoplatelet compositions, we use
the following abbreviations throughout to represent different
chemical species. A: cesium = Cs, formamidinium = FA,
methylammonium = MA. B: lead = Pb, tin = Sn. X: chloride =
Cl, bromide = Br, iodide I L: butylammonium = BA,
octylammonium = OA. In all cases, the ligand species L has
been a 50/50 mixture of OA and BA.

We have targeted n = 1 and n = 2 thicknesses because they
can be made with the best thickness selectivity, as compared to
n=3,4,S, etc. (see Figure S7), which tend to result in mixtures
of nanoplatelet thickness. For instance, synthesis of n = 1
nanoplatelets does not include the A cation, and because the L
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cation is too large to pack within the ABX; unit cell, the
nanoplatelet thickness is naturally confined to one layer of
metal halide octahedra. Nanoplatelets with thickness n = 2 face
the challenge that growth can exceed past the intended
thickness, leading to more bulk-like properties. We found that
simply using the stoichiometry dictated by n = 2 (2 parts LX, 2
parts BX,, 1 part AX) forms n = 2 nanoplatelets but also
significant quantities of thicker nanoplatelets (see Figure S8).
However, by increasing the relative concentration of the ligand
(L), which inhibits growth in the confined direction, we were
able to synthesize pure n = 2 nanoplatelet dispersions with
excellent thickness homogeneity.

In Figure 2, we show representative transmission electron
microscopy (TEM) images for the n = 1 and n = 2
nanoplatelets synthesized using the nonsolvent crystallization
method for all of the B and X configurations studied here (A
was FA for all n = 2 nanoplatelets). The images demonstrate
the flexible nature of the synthesis, which yields similar
products regardless of the chemical identities of A, B, and X.
The nanoplatelets have lateral dimensions on the order of
several hundred nanometers, even reaching micron scale in
some cases (Figure S11). The nanoplatelets typically have the
shape of rectangles with rounded corners; however, in some
cases, we have observed sharper corners (Figure SI1). As
others have reported,”'”'" we also observed dark clusters
present on the surfaces of nanoplatelets when imaged at higher
magnifications (Figure S12). However, their presence was not
consistent across all nanoplatelets, and their exact identity is not
fully understood at this time.

X-ray diffraction (XRD) measurements of drop-cast thin
films of nanoplatelets showed periodic diffraction at low angles,
indicative of nanoplatelet stacking. Typical patterns for n = 1
and n = 2 nanoplatelets are shown in Figure 3a, and we find
these to be representative of all samples studied (see Figures
S15—S17). The reflections from nanoplatelet stacks are
denoted by diamonds above select peaks. We hypothesize
that the strong reflections from these superstructures are due to
the large lateral dimensions of the nanoplatelets synthesized
here, which forces them to lie flat when deposited in a thin film
(see Figure S13). Nevertheless, for n = 2 nanoplatelets, we also
observe the typical peaks resulting from atomic plane
reflections of the perovskite at 14.9 and 29.9° [the (100) and
(200) planes], indicated by black circles above the peaks.*® We
note that mixing the nanoplatelets with silica particles prior to
deposition can disrupt the stacking to more clearly show the
atomic plane reflections (see Figure S18), confirming the
perovskite atomic structure. The peaks from nanoplatelet
stacking are at regular intervals of 5.1 and 3.9° for the n = 1 and
n = 2 nanoplatelets, respectively. These periodicities corre-
spond to average spacing between layered nanoplatelets of 1.7
nm for n = 1 and 2.3 nm for n = 2 nanoplatelets. We find that
the spacing is quite consistent regardless of the chemical
composition of the nanoplatelets (see Table S4).

The n = 1 nanoplatelets stack with an average spacing of 1.7
nm over the different compositions studied here (Table S4). As
these nanoplatelets were made without any cation (A) species
which can fit within the perovskite unit cell, we know the
nanoplatelet consists of a single metal halide octahedra layer,
which is ~0.6 nm.'”** Therefore, the ligands occupy a space of
~1.1 nm. The nanoplatelet ligands are an equimolar mixture of
octylammonium (~1.0 nm) and butylammonium (~0.5 nm),
and so this length is consistent with some ligand interdigitation
between neighboring nanoplatelets. The physical picture is
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n=2

lead bromide

lead iodide

tin iodide n=2

1 and n
L,[ABX;],_;BX,, with A = FA, B = Pb or Sn, and X = Cl, Br, or L

Figure 2. TEM images of n 2 nanoplatelets,

depicted in Figure 3b. The n = 2 nanoplatelets have an average
spacing of 2.3 nm between stacks. Assuming the ligands again
occupy a space of ~1.1 nm, this means the perovskite part of
the nanoplatelet is ~1.2 nm thick, or 2 metal halide octahedra
layers thick, with one full unit cell contained within. This
depiction is shown in Figure 3c. Using these XRD measure-
ments, we can confirm that the n = 2 nanoplatelets are in fact
two layers of metal halide octahedra with one full unit cell
incorporated and that the nanoplatelets have not grown into

thicker analogues (n > 2).
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Figure 3. (a) XRD patterns for n = 1 (L,PbBr,) and n = 2

(L,[FAPbBr;]PbBr,) nanoplatelets showing periodic reflections
from nanoplatelet stacks which form in thin film samples (indicated
by diamonds). Black circles indicate peaks corresponding to the
bulk perovskite unit cell.'’ Sections of the XRD patterns have been
scaled to better show the peaks at larger angles. The XRD patterns
indicate a stacking distance of 1.7 and 2.3 nm for n =1 and n = 2,
respectively, regardless of chemical composition. (b,c) Schematic
representations of the nanoplatelet stacks and relevant distances.

We hypothesize that the extensive nanoplatelet stacking
observed through XRD is mainly due to their large lateral
dimensions—nanoplatelets synthesized here tend to have
lateral dimensions of 100 nm to 1 um, whereas those
synthesized at elevated temperatures tend to be <100
nm.*”** This large size causes the nanoplatelets to lie flat on
the substrate and overlap with each other in a well-defined
manner. As a result, we observe extensive superlattices of
stacked nanoplatelets with preferred orientation along the
(h00) direction. To further study these superlattices, we
synthesized L,PbBr, nanoplatelets with different surface ligand
lengths. The XRD patterns from the drop-cast films of these
samples are presented in Figure 4. We found that the
periodicity of reflections from the superlattice (marked with
diamonds above each peak) changed according to the ligands
used to synthesize the nanoplatelets. BA ligands led to the
shortest stacking distance of 1.3 nm between nanoplatelets,
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Figure 4. XRD patterns for L,PbBr, nanoplatelets where the ligand
species, L, was either octylammonium, butylammonium, or an
equimolar mixture of the two (BA/OA), which results in changes to
the nanoplatelet superlattice stacking distance.

while OA ligands led to a stacking distance of 2.1 nm. An
equimolar mixture of BA and OA fell between these two values,
skewing slightly more toward the pure OA value. The ability to
tune the superlattice stacking distance could lead to improved
control of energy transfer rates between stacks of nanoplatelets
and a better understanding of how these nanoplatelets behave
in close proximity.

Varying the Metal (B) and Halide (X) Components. As
with their bulk counterparts, we find the A, B, and X
components of the nanoplatelets to be highly tunable,
providing a robust strategy for achieving a desired absorption
and photoluminescence peak position. We have explored many
species for A (Cs, MA, FA), B (Pb, Sn), and X (CL, Br, I). In
Figure S, we present the effects of changing the metal (B) and
halide (X) species, which result in large changes to the
nanoplatelet absorption and emission peaks. Starting with the X
species, we find that the n = 1 and n = 2 nanoplatelets of
L,[FAPbCL,],_,PbCl, have peak absorption at 3.71 and 3.50
eV, respectively. The emission from these nanoplatelets was not
measured, as their absorption is higher in energy than our 365
nm excitation source. By substituting bromide for chloride, the
peak absorption/emission for L,[FAPbBr,],_;PbBr, n = 1 and
n = 2 nanoplatelets is shifted lower in energy to 3.12/3.08 and
2.86/2.82 €V, respectively. Once again, substituting iodide in
place of bromide, the peak absorption/emission for
L,[FAPbL,],_,Pbl, n = 1 and n = 2 nanoplatelets is shifted to
2.45/2.41 and 2.19/2.16 eV, respectively. These values are
compiled in Table 1. Thus, by changing the halide, it is possible
to go from deep-UV absorption (chlorides) to violet/blue
emission (bromides) to green/yellow emission (iodides). In a
similar fashion, by substituting Sn for Pb, we see again that the
peak absorption/emission for L,[FASnL;], Snl, n =1 and n =
2 nanoplatelets is shifted to 2.05/1.97 and 1.83/1.80 eV,
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Figure 5. (a) Solution phase absorption (dotted lines) and
photoluminescence (solid lines) spectra for n = 1 and n = 2
nanoplatelets in toluene, highlighting the changes which occur
when the halide (X) is changed from Cl to Br to I and when the
metal (B) is changed from Pb to Sn.

respectively. As demonstrated in Figure S, by selection of the
metal (B) and halide (X), it is possible to tune the absorption/
emission of n = 1 and n = 2 nanoplatelets to span the entire
visible region of the spectrum.

Varying the Cation (A) Component. As with the B and X
components, we can also use a variety of species for the cation
(A) in n = 2 nanoplatelets. However, we found that changing
the chemical identity of the cation only alters the absorption
and emission energy of the nanoplatelet slightly.”>** In Figure
6a, we present the absorption and emission of n = 2
nanoplatelets, L,[APbBr;]PbBr,, where A has been varied
between Cs, MA, and FA. As the size of the cation increases
(cation size: Cs < MA < FA),*' the absorption peak shifts to
slightly lower energies, in ~20 meV increments (see Table 1).
This cation-dependent energy shift is also observed in the bulk
phase and follows the same size-dependent trend.*>*® We show
in Figure 6b that similar behavior is observed for L,[ APbl,]Pbl,
nanoplatelets, though the difference between MA and FA is less
pronounced. See Figure S10 for the absorption spectra
highlighting the differences between MA and FA in lead-
chloride-based n = 2 nanoplatelets.
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Table 1. Summary of Absorption and Emission Properties of
Perovskite Nanoplatelets (L,[ABX;],_;BX,) and Bulk,
Polycrystalline Perovskite (ABX;) Phase (Denoted n = co)

absorption” emission
fwhm
formula n nm eV nm eV (meV)

L,PbCl, 1 334 371

L,[MAPbCI,]PbCl, 2 348 357

L,[FAPbCL,]PbCl, 2 354 3.0

MAPbCL,* 390 318 413 3.00

L,PbBr, 1 398 312 4032 308 89
L,[CsPbBr;]PbBr, 2 429 289 4332 286 81
L,[MAPbBr,]PbBr, 2 431 288 4373 283 89
L,[FAPbBr;]PbBr, 2 434 286 439 2.82 71
CsPbBr;***! o 525 236 527 2.35
MAPbBr,* o 530 234 540 2.30
FAPbBr;*>* o 549 226 548 2.26

L,Pbl, 1 506 245 5128 242 76
L,[CsPbl,]Pbl, 2 5853 224 s611 221 79
L,[MAPbI,]PbI, 2 566 219 5739 216 83
L,[FAPbL,]Pbl, 2 566 219 575 2.16 76
CsPbl,'>* o 717 173 714 1.74
MAPbI,*&35* c 78 157 783 1.58
FAPbL,**> co 838 148 810 1.53

L,Snl, 1 604 205 6282 197 104
L,[FASnI,]Snl, 2 674 184 689 1.80 93
FASnL,>>*° o 880 141

“Nanoplatelet absorption is based on the peak location; bulk
absorption is the absorption onset as calculated by the Tauc plot.

While changes to the cation (A) produce subtle variations in
the resulting absorption and emission energy of the nano-
platelets, there are more significant implications in terms of
spectral quality and PLQY. For both the bromide and iodide
nanoplatelets, the fwhm of the emission peaks follows the trend
of FA < Cs < MA, as listed in Table 1. In particular, we find that
MA generally leads to a more broadened emission peak (89, 83
meV) than either FA (71, 76 meV) or Cs (81, 79 meV). The
absorption peak width (hwhm to the red side of peak) of MA
nanoplatelets also tends to be larger than the widths of FA and
Cs nanoplatelets, which were found to have similar absorption
line widths. Furthermore, n = 2 nanoplatelets synthesized with
Cs tend to evolve into thicker nanoplatelets more readily than
those made with MA and FA. We attribute this to the small size
of the cation, which may more easily enable postsynthesis
structural rearrangement within the nanoplatelet. Furthermore,
we find that the PLQY of nanoplatelets synthesized with FA, as
compared to MA, tends to be higher, as listed in Table 2. In
particular, the use of FA over MA provides a large boost in the
PLQY of L,[APbBr;]PbBr, nanoplatelets, from around 6% with
MA to 22% with FA. The 6% PLQY achieved with MA is
comparable to other reported values in literature—10% for n =
3 CsPbBr; nanoplatelets® and 3% for n = 2 MAPbBr,
nanoplatelets'' —while the 22% PLQY with FA is the highest
reported value we are aware of for n = 2 nanoplatelets. With
narrow emission and high PLQY values, FA proved to be an
excellent cation for nanoplatelets. Exploration of other cation
species may thus be a viable pathway for increasing PLQY and
stability of nanoplatelets even further. We also observed that n
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Figure 6. Absorption and photoluminescence spectra for n = 2
nanoplatelets in toluene with varying cation (A) species for (a)
L,[APbBr;]PbBr, nanoplatelets and (b) L,[APbI;]PbI, nano-
platelets.

Table 2. Photoluminescence Quantum Yield of Select
Nanoplatelets

formula n PLQY (%)

L,[MAPbBr;|PbBr, 2 6
L,[FAPbBr;]PbBr, 2 2
L,Pbl, 1 02
L,[MAPbL,]Pb, 2 11
L,[FAPbL,]Pbl, 2 14
L,Snl, 1 0.5
L,[FASnl,]Snl, 2 2.6°

“These samples had OD > 1.

= 1 nanoplatelets have reduced PLQY compared to that of n =
2 nanoplatelets, which is in a%reement with the thickness-
dependent trend seen elsewhere.'*>** Lastly, we note that the
tin-based nanoplatelets studied could not be diluted below and
optical density of ~1 (see Supporting Information discussion of
tin-based nanoplatelet synthesis), and so the PLQY values likely
include absorption/re-emission effects and would be an
underestimate of the true PLQY. Despite this, the values for
tin-based nanoplatelets are quite high when compared to those
of bulk polycrystalline MASnI; (PLQY was below the detection
limit) and CsSnl; nanoparticles (PLQY = 0.06%).""**

The ability to readily tune the A, B, and X components of
perovskite nanoplatelets makes them a highly versatile material
platform. The absorption peak and emission properties of all
the n, A, B, and X configurations studied here are compiled in
Table 1, along with the values for their bulk polycrystalline
counterparts. The values for bulk materials have been
referenced from literature sources, where the absorption value
listed is the absorption onset as calculated by the Tauc ploc,
which is typically very close to the emission energy. We also
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note, as shown in Figure S9, that the nanoplatelet emission
peak can be shifted slightly as a function of the excess ligand
concentration, which could explain discrepancies throughout
literature for n = 2 peak values and may result in some
experimental variation from the listed values. Table 1 highlights
the versatility of perovskite nanoplatelets as well as their narrow
emission (fwhm 70—90 meV) and small Stokes shifts (30—80
meV). Their excellent properties in the blue region of the
spectrum, with PLQY up to 22%, are particularly promising, as
this can be a challenging region to access using other emissive
nanoparticles, such as quantum dots.

Continuous Halide Tunability. We have demonstrated
the flexibility of the A, B, and X components in perovskite
nanoplatelets, which allows for modification of the absorption
and emission energies spanning the visible range of the
spectrum and into the UV and near-IR. However, the size of
these steps is either quite large (when changing the metal or
halide species) or quite small (when changing the cation
species). For finer control of the absorption and photo-
luminescence energy, we show in Figure 7 that using mixed
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Figure 7. (a) Absorption spectra for n = 1 and n = 2 nanoplatelets
showing continuous tunability as a function of halide composition.
Mixtures were made between Cl/Br and Br/I in increments of 10%
between the pure compositions. (b) Absorption peak as a function
of halide composition. (c) Photoluminescence of n = 2 nano-
platelets for all Br/I mixtures and from 100% Br to 50/50% Cl/Br,
with trace colors reflecting the color of emission. All absorption
and photoluminescence measurements were taken in solution
phase (toluene).
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halide compositions is a viable solution. We started with
precursor mixtures which were used to produce n=1orn =2
nanoplatelets of pure chloride, bromide, or iodide composition.
We then mixed these solutions to make mixed halide
nanoplatelets of Cl/Br or Br/I composition, in 10% increments,
and synthesized nanoplatelets according to the same procedure
described previously. In Figure 7a, we show the absorption
spectra for n = 1 and n = 2 nanoplatelets (A = FA, B = Pb),
highlighting the excellent tunability that can be achieved using
this strategy. In total, the absorption peak of the n = 1
nanoplatelets can be tuned from 2.5 to 3.7 eV, and the n = 2
peak can be tuned from 2.2 to 3.5 eV. All peaks for the mixed
halide compositions are single peaks; however, we do note a
broadening of the mixed halide peaks as compared to their pure
counterparts—particularly in the n = 2 samples.

In Figure 7b, we plot the energy of the absorption peak as a
function of the halide composition. The solid lines are drawn
between the pure halide compositions to evaluate how closely
the experimental data follow a linear trend between the
absorption peak of the pure compositions (100% Cl, 100% Br,
100% I). For n = 1 nanoplatelets, we see that the absorption
peak of halide mixtures closely follows its expected position
based on the relative ratio of halide ions. The n 2
nanoplatelets also follow the expected trend, but we observe
some deviation from ideal behavior for bromide content
between 60 and 80% in Cl/Br mixtures and for iodide content
between 40 and 90% in Br/I mixtures. It has been shown by
Eperon et al. that bulk FAPb(Br,_,1,); will not crystallize in all
proportions, likely due to differences in the crystal structures
adopted by the pure forms (cubic for bromide, tetragonal for
iodide), specifically when iodine content is in the range of 50—
70% of the total halide content."*® While we have observed
nanoplatelet formation for all ratios of halide mixtures, the
deviation in n = 2 nanoplatelets from a linear trend may be a
reflection of the behavior seen in bulk crystals.

In Figure 7¢, we present the photoluminescence spectra for
the n = 2 nanoplatelets of mixed halide compositions. The trace
colors reflect the color of emission from the corresponding
nanoplatelets. All mixtures of Br/I exhibit photoluminescence,
although the emission from 10 to 30% I content nanoplatelets
was weak with long low-energy tails. As noted earlier, these
mixtures also exhibit broadened absorption spectra, and we take
this as an indication that halide ions may not be
homogeneously mixed within each nanoplatelet or the ion
content may be inhomogeneous throughout the ensemble. All
mixtures of Cl/Br which were within our detection limit
showed strong photoluminescence. This corresponds to
nanoplatelets with halide compositions between 10 and 50%
Cl. Emission was also present from some of the mixed Br/In =
1 nanoplatelets, specifically in the range of 70—-90% I (see
Figure S14) but was generally weak. Emission from n = 1
nanoplatelets with mixed Cl/Br composition was beyond our
detection range. Values from Figure 7 are available in Tables S2
and S3.

CONCLUSIONS

Perovskite nanoplatelets, particularly those of n = 1 and n = 2
thickness, show promise as a highly tunable material system.
The cation (A), metal (B), and halide (X) components can be
altered or mixed in many compositions to achieve a desired
absorption and emission energy with excellent specificity. The
ability to tune the thickness (1) is an additional dimension of
flexibility over their bulk counterparts. The nanoplatelets
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benefit from a facile, room-temperature synthesis, efficient
luminescence, and narrow absorption and emission properties
for most compositions. Their large lateral dimensions will
permit studies of energy transfer between the nanoplatelets and
other materials, such as quantum dots, and the fabrication of
electronic devices. Challenges related to large-scale synthesis,
long-term nanoplatelet stability, and improved understanding
of the nanoplatelet formation mechanism®” must be addressed
in future studies. We note that tin-based nanoplatelets, if
improved to be more air-stable, are especially promising as
halide compositional tuning would permit the entire visible
spectrum to be covered in a single, heavy-metal-free plat-
form."”*® Overall, colloidal perovskite nanoplatelets represent
an exciting class of solution-processable materials for tunable
light absorption and emission.

EXPERIMENTAL METHODS

Chemicals. When possible, chemicals were purchased from
commercial suppliers (see Supporting Information). However, several
of the ligand salts (LX) and cation salts (AX) used for perovskite
synthesis are not commercially available and were synthesized in-
house. In general, this was done by reacting the amine species or the
cation salt with a slight excess of the corresponding acid, followed by
thorough washing with diethyl ether and recrystallization to purify the
compound. For example, octylammonium iodide was synthesized by
reacting 120 mmol of octylamine with 130 mmol of hydriodic acid in
100 mL of ethanol. The products were dried using rotary evaporation,
washed thoroughly with diethyl ether, and recrystallized once using
acetone to produce a white, shiny solid. All chemicals were stored in
an oxygen- and water-free glovebox. Full details for the synthesis of
each chemical used in this study are provided in the Supporting
Information and Table S1.

Abbreviations. For ease of writing nanoplatelet compositions, we
use the following abbreviations throughout to represent different
chemical species. A: cesium = Cs, formamidinium = FA, methyl-
ammonium = MA. B: lead = Pb, tin = Sn. X: chloride = CI, bromide =
Br, iodide = L. L: butylammonium = BA, octylammonium = OA.

Nanoplatelet Synthesis. Nanoplatelets were synthesized using a
nonsolvent crystallization method.”'"** Syntheses were performed
under ambient laboratory conditions, except for those involving tin,
which were performed in a glovebox. Stock solutions were prepared by
dissolving precursor salts (AX, BX,, LX) in DMF, typically at
concentrations of 0.1 M. The stock solutions were then mixed in
proper proportions to obtain either n = 1 or n = 2 nanoplatelets. For
ease of calculating the mixing ratios, the formula for the nanoplatelets
can be rewritten in terms of their precursor salts: (LX),(BX,),(AX),_,.
Hence, for n = 1 nanoplatelets, the stoichiometry calls for a ratio of
2:1:0 (LX/BX,/AX) and a ratio of 2:2:1 for n = 2 nanoplatelets.
However, in this study, we used an excess of ligands for the n = 2
nanoplatelets (typically 10:2:1 LX/BX,/AX) to achieve better
thickness homogeneity and colloidal stability (see Figure S8).

In all cases, we have used a 50/50 mixture of octylammonium and
butylammonium as the ligand species L, which results in better
thickness homogeneity. We hypothesize that octylammonium alone
may be too bulky to bind to every site on the nanoplatelet surface, and
so the addition of butylammonium can help to better passivate the
nanoplatelets and prevent growth to thicker nanoplatelets. For
example, the precursor mixture for the synthesis of L,[FAPbBr,]PbBr,
was 5 parts octylamonium bromide, 5 parts butylammonium bromide,
2 parts lead bromide, and 1 part formamidinium bromide.

The precursor solution was added dropwise to toluene undergoing
vigorous stirring at room temperature (see Figure S1). The
nanoplatelets form immediately, as evidenced by the appearance of
photoluminescence (see Movie S1). For this study, a single drop of
precursor solution (~10 uL) was added to 10 mL of toluene. Larger
quantities of nanoplatelets can be produced by adding additional
precursor drops or using higher concentration precursor stock
solutions (such as 0.5 or 1.0 M). However, dropwise precursor
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addition can slightly red shift the emission peak with each drop, so we
used a single precursor addition throughout this work. See the
Supporting Information for additional details related to synthesis.

Postsynthesis Processing. The majority of data presented were
collected in solution phase, using as-synthesized nanoplatelets in
toluene. Nanoplatelets could be isolated from the toluene/DMF
growth solution by centrifugation. Typically, the nanoplatelets in
solution were centrifuged at 4000 rpm for S min or longer, leading to
at least partial precipitation. The nanoplatelets can then be redispersed
in organic solvents and drop-cast into thin films (see Figure S2). We
note that this process typically reduces the emission brightness of the
nanoplatelets, which may be due to a loss of ligand coverage or
exposure to oxygen and water when in the solid state. See the
Supporting Information for a discussion of challenges related to
nanoplatelet stability.

Characterization. Photoluminescence and absorption spectra
were recorded using an Avantes fiber-optic spectrometer and Cary
5000 UV—vis spectrophotometer, respectively. Samples were excited
by a 365 nm fiber-coupled LED (Thorlabs) for photoluminescence
measurements. Before analysis, photoluminescence spectra were
converted to an energy scale using the procedure outlined by Mooney
and Kambhampati.”” TEM was performed on a JEOL 2011 operating
at 200 kV. TEM samples were prepared by centrifuging the reaction
products to precipitate the nanoplatelets, redispersing in a small
quantity of toluene (~250 yL), and drop-casting onto a carbon film
TEM grid. XRD was performed using a PANanlytical X’Pert PRO
operating at 45 kV and 40 mA using a copper radiation source. XRD
samples were prepared by centrifuging reaction products (made using
0.5 M stock solutions), redispersing in a small quantity of toluene
(~30 pL), and drop-casting onto glass slides. Tin-based samples were
measured using an air-free sample holder. Substrate background
scatter was subtracted from XRD patterns using HighScore Plus
software. PLQY measurements were performed using an integrating
sphere and CCD spectrograph (Princeton Instruments).”” Samples
were excited using a 405 nm laser (PicoQuant). The relative efficiency
of the detection system was determined using a calibrated tungsten
halogen lamp. All samples had optical densities below 0.1 at 405 nm
for these measurements, except for the tin-based perovskites, which
transformed into an undesired phase if diluted (see Supporting
Information) and so were measured with optical densities >1.
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