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ABSTRACT: Heterostructures in nanoparticles challenge our
common understanding of interfaces due to quantum confinement
and size effects, giving rise to synergistic properties. An alternating
heterostructure in which multiple and reoccurring interfaces appear
in a single nanocrystal is hypothesized to accentuate such
properties. We present a colloidal synthesis for perovskite layered
heterostructure nanoparticles with a (PbBr2)2(AMTP)2PbBr4
composition. By varying the synthetic parameters, such as synthesis
temperature, solvent, and selection of precursors, we control
particle size, shape, and product priority. The structures are
validated by X-ray and electron diffraction techniques. The
heterostructure nanoparticles’ main optical feature is a broad
emission peak, showing the same range of wavelengths compared
to the bulk sample.

1. INTRODUCTION
A heterostructure is defined as an interface between two
different materials. Heterostructure interfaces are interesting
since they introduce synergistic properties, sometimes lacking
in the parent materials.1−9 Perovskite heterostructures have the
potential to influence optoelectronic devices deeply; they can
influence the electronic structure via band alignment10,11 or
affect device functionality through charge transfer or
selectivity.12,13 Another important contribution of the perov-
skite heterostructure is stability, which can be improved
through surface passivation and chemical reactivity.14,15 3D
perovskites can degrade in humidity and heat due to the high
polarity of the A cation (in organic perovskites) and relatively
easy ion migration. Structural barriers for ion migration, such
as those in heterointerfaces, can reduce the degradation
process and stabilize the structure.16 However, for perovskite
nanocrystals, uniform growth of interfaces is challenging due to
low melting temperatures, ionic bonds, and dynamic ligands on
the surface of the nanoparticles. The perovskite nanoparticles
tend to degrade before forming the interface. There have been
reports of lead halide perovskite interfaces with Pb
chalcogenides,17−21 ZnS,15 Cs4PbBr6,

22 and between perov-
skite/metal oxides23 and perovskite/metals.24 Other examples
of perovskite heterostructures are Ruddlesden−Popper lead
halide perovskites nanosheets,25 two-dimensional halide
organic−inorganic perovskite lateral epitaxial heterostrucu-

tures,26 and thin films of halide perovskite and oxide perovskite
heterostructures.27 However, as nanoparticles, aside from a few
examples, this results in an uncontrolled growth of small
decorations or islands rather than uniform growth.
Recent advancement in the field was made by Aubrey et al.

by creating a heterostructure with a (PbBr2)2(AMTP)2PbBr4
composition, where an interface between a perovskite layer and
an intergrowth layer is placed as part of the material itself.28

This heterostructure is built from two repeating layers, a PbBr4
pe rovsk i t e l aye r and an in te rg rowth l aye r o f
(PbBr2)2(AMTP)2, as seen in Figure 1. The intergrowth
layer comprises an organic linker of 4-(ammoniomethyl)-
tetrahydropyran (AMTP) with an ammonium tail acting as the
A site cation of the perovskite structure, leading to electrostatic
bonds between the two layers. In the bulk form, the periodic
heterostructure was shown to support anisotropic emission and
photocurrent due to the layered strcuture.9,29

In this work, we developed a colloidal synthesis that
supports the nucleation of periodic heterostructures and their
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growth into nanocrystals with distinct sizes. We find a
connection between the protonation of the amine precursors
and the ability to form charge-neutral nuclei due to the
structure of the alternating charge period layers.

2. METHODS
2.1. Materials. Oleic acid (OA, 90%, Aldrich), PbBr2 (99.999%,

Aldrich), oleyl amine (OAM, 98%, Aldrich), hexane (AR, bio
laboratories), acetone (AR, bio laboratories), dimethyl sulfoxide
(DMSO, 99.5%, Aldrich), octadecene (ODE, 90%, Aldrich), hydro-
bromic acid (HBr, 47%, AR), 4-aminomethyltetrahydropyran
(AMTP, 97%, Acros Organics), and acetonitrile (anhydrous, 99.8%,
Alfa Aesar) were used.

2.2. Synthesis. 2.2.1. Oleyl Ammonium Bromide (OAM-Br)
Precursor. 5 mL of acetonitrile is heated to 60 °C in a glass vial while
stirring, and then 5 mL of OAM is added. When the solution becomes
clear, 5.5 mL of HBr is slowly added dropwise. The solution is
centrifuged at 3000 rpm for 5 min, the liquid is thrown away, and the
precipitate is washed multiple times in acetonitrile via the centrifuge
(using the same conditions) until a white wet powder is achieved. The
powder is then put in a desiccator for at least 12 h to dry.

2.2.2. Protonated AMTP Precursor. 500 μL of HBr is mixed with 3
mL of acetonitrile at room temperature, and then 400 μL of AMTP is
added. After the solution turns turbid, it is centrifuged at 3000 rpm for
5 min, the liquid is thrown away, and the precipitate is washed
multiple times in acetonitrile via the centrifuge (using the same
conditions) until a white wet powder is achieved. The powder is then
put in a desiccator for at least 12 h to dry.

2.2.3. Heterostructure Synthesis Using the Deprotonated
Precursor. 110 mg of PbBr2, 35 μL of AMTP, and 10 μL of HBr
are mixed in a small glass vial with 0.5 mL of DMSO. In a separate
glass vial, 5 mL of acetone, 120 mg of the OAM-Br precursor, and 0.5
mL of OA are mixed. After the regents are fully dissolved, the content
of the first vial is injected into the second vial. The solution is stirred
for 30 min, and then 5 mL of hexane is added, and the solution is
taken straight to the centrifuge at 12,000 rpm for 5 min. The
precipitate is redispersed in 5 mL of hexane.

2.2.4. Heterostructure Synthesis Using the Deprotonated
Precursor (in ODE). 110 mg portion of PbBr2, 35 μL of AMTP,
and 10 μL of HBr are mixed in a small glass vial with 0.5 mL of
DMSO at 120 °C until the solution turns blackish-yellow. In a
separate glass vial, 5 mL of ODE, 180 mg of the OAM-Br precursor,
and 0.5 mL of OA are mixed at 150 or 180 °C. After the regents are
fully dissolved, the content of the first vial is injected into the second
vial. The solution is stirred for 0−5 min, then the vial is taken off the
heating plate, 5 mL of acetone is added, and the solution is taken
straight to the centrifuge at 12,000 rpm for 5 min. The precipitate is
redispersed in 5 mL of hexane.

2.2.5. Heterostructure Synthesis Using the Protonated Precursor
(in Acetone). 110 mg of PbBr2 (110 mg) and AMTP-Br (50 mg) are
mixed in a small glass vial with 0.5 mL of DMSO. In a separate glass
vial, 5 mL of acetone, 120 mg of the OAM-Br precursor, and 0.5 mL
of OA are mixed (at room temperature or 50 °C). After the regents
are fully dissolved, the content of the first vial is injected into the
second vial. The solution is stirred for 30 min, and then 5 mL of
hexane is added, and the solution is taken straight to the centrifuge at
12,000 rpm for 5 min, where the precipitate is redispersed in 5 mL of
hexane.

2.2.6. Heterostructure Synthesis Using the Protonated Precursor
(in ODE). 110 mg of PbBr2 (110 mg) and AMTP-Br (50 mg) are
mixed in a small glass vial with 0.5 mL of DMSO at room temperature
or 120 °C until the solution turns orange. In a separate glass vial, 5
mL of ODE, 180 mg of the OAM-Br precursor, and 0.5 mL of OA are
mixed at 120−150 °C. After the regents are fully dissolved, the
content of the first vial is injected into the second vial. The solution is
stirred for 0−15 min, the vial is taken off the hot plate to cool, 5 mL
of acetone is added, and the solution is taken straight to the centrifuge
at 12,000 rpm for 5 min. The precipitate is redispersed in 5 mL of
hexane.
In the cleaned samples, the heterostructure products are cleaned

with two centrifugations: first at 3500 rpm for 5 min and then at 7000
rpm for 10 min. In both, we kept the upper phase (the liquid).

2.2.7. OAM2PbBr4 Monolayer Synthesis. 110 mg portion of PbBr2
and 10 μL of HBr are mixed in a small glass vial with 0.5 mL of
DMSO. In a separate glass vial, 5 mL of acetone, 0.5 mL of the OAM,
and 0.5 mL of OA are mixed. After the reagents are fully dissolved, the
content of the first vial is injected into the second vial. The solution is
stirred for 30 min, then 5 mL of hexane is added, and the solution is
taken straight to the centrifuge at 12,000 rpm for 5 min. The
precipitate is redispersed in 5 mL of hexane.

2.2.8. AMTP2PbBr4 Monolayer Synthesis. 110 mg of PbBr2 (110
mg) and 35 μL of AMTP are mixed in a glass vial with acetone. The
solution is stirred for 30 min, then 5 mL of hexane is added, and the
solution is taken straight to the centrifuge at 12,000 rpm for 5 min.
The precipitate is redispersed in 5 mL of hexane.

2.3. Characterization. 2.3.1. Transmission Electron Microscopy
(TEM). Samples for TEM imaging were prepared by drop-casting the
colloidal solution on a Cu grid with a carbon film at room
temperature. This research used a transmission electron microscope
FEI Tecnai G2 T20 S-Twin TEM. The micrographs of the T-20 TEM
were produced with a 200 kV acceleration voltage. In addition, we
used a high-resolution transmission electron microscope FEI Titan
80−300 kV FEG-S/TEM. The micrographs were taken in the
HRSTEM mode at a 200 keV acceleration voltage.

2.3.2. X-ray Diffraction (XRD). The samples were prepared by
drop-casting the solution onto a glass slide. Measurements are taken
using a Rigaku SmartLab 9 kW high-resolution diffractometer with

Figure 1. (a) Schematic of a colloidal solution. (b) Schematic of the colloidal heterostructure nanoparticle with (PbBr2)2(AMTP)2PbBr4
composition and oleic acid/oleylamine surface ligands. (c) Unit cell of the (PbBr2)2(AMTP)2PbBr4 heterostructure composed of perovskite and
intergrowth layers. (d) Schematics of 4-Aminomethyltetrahydropyran (AMTP) molecule.
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1.54 Å (Cu Kα) wavelength. The two-theta range of the measure-
ments is 2θ = 1−60°, to include both sharp peaks on the monolayers
in small angles and the heterostructure peak in small and wide angles.
In-plane measurements were made on the same instrument, probing
2θχ while keeping φ constant.
In addition, high-resolution powder X-ray diffraction (XRD)

measurements were carried out by the ID22 at a wavelength of
0.3542 Å at room temperature in the European Synchrotron
Radiation Facility (ESRF), Grenoble, France. The samples were
prepared by filling or smearing a borosilicate capillary with each
sample. Rietveld refinement was carried out on the AMTP monolayer
powder sample using GSAS-II software.
The XRD simulation was carried out using the software Crystal

Maker, and the CIF was refined using the Rietveld refinement. The
simulation was performed with a preferred orientation in the axis to
achieve the diffractogram showing the stacked orientation of the
monolayers.

2.3.3. Optical Characterizations. Using a Biotek Synergy H1 plate
reader, we measured the absorption of the heterostructure solutions.
The solution was injected into a 96-well microplate, irradiated by
using a xenon lamp (Xe900), and measured.
Additional measurements of photoluminescence (PL), excitation-

photoluminescence emission (PLE), and PL−PLE maps were made
using an Edinburgh FLS1000 PL spectrometer. Each sample solution
is loaded into a quartz cuvette. The spectrometer is equipped with a
xenon lamp light source suitable for low-emission intensity samples.
The PL measurements were performed by exciting the sample at 350
nm.
Photoluminescence quantum yield (PLQY) was performed in an

Edinburgh FLS1000 instrument using a cuvette and an integrated
sphere holder.
Temperature-dependent PL was carried out on an Edinburgh

FLS1000 PL spectrometer using a Nikon microscope with a

temperature control Linkam stage. The samples were made via drop
casting the colloidal solution onto a Si substrate.

2.3.4. Density Functional Theory (DFT). DFT calculations are
performed using the Vienna Ab initio Simulation Package
(VASP).30,31 Full lattice relaxations are performed at the generalized
gradient approximation level, using the DFT-D332 exchange−
correlation function to correctly describe the van der Waals
interactions between the organic components. The CIF file of the
structure is obtained from the Rietveld refinement. A plane wave
energy cutoff of 520 eV was set. A Γ-centered k-point mesh is
automatically generated by VASP, using a 2 × 4 × 4 k-point mesh for
both the hetero nano and bulk relaxations. Convergence is reached
when the total energy difference between each consecutive ionic
relaxation step is smaller than 5.0 × 10−3 eV. The electronic self-
consistent loop is broken when the energy change between two
electronic steps is smaller than 1.0 × 10−6 eV.

3. RESULTS AND DISCUSSION
The rationale of the synthesis is as follows: complexes A and B
(Scheme 1) nucleate into the corresponding layer, perovskite,
and intergrowth layers, respectively, resulting in the growth of
the heterostructure. We hypothesize that the heterostructure
will grow only when a charge-neutral nucleus is formed. Such
nucleation is thermodynamically stable only when the two
complexes are available to react. This is evident when the
synthesis is held without protonation of the amine in the
AMTP molecule. In this case, we see only the formation of
perovskite monolayers. This suggests that the heterostructure
nucleus could not form, probably due to the lack of charge
neutrality the intergrowth layer provides the perovskite layer,
or that the intergrowth layer does not form without the
amine’s protonation. Therefore, to drive both complex

Scheme 1. Hypothesized Chemical Reaction for the Heterostructure

Figure 2. TEM micrographs and SAED of colloidal heterostructures using the protonated precursors with variations of reaction and growth
temperature. (a) At room temperature, (b) 50 °C, both in acetone, (c) 120 °C, and (d) 150 °C, both in ODE. (e), (f), (g), and (h) are SAED of
(a), (b), (c), and (d), respectively, matching the reported heterostructure diffractogram.
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reactions simultaneously, we synthesized a protonated
precursor by protonating the amine in the AMTP molecule
before the synthesis. An alternative synthetic path leaves the
AMTP precursor deprotonated but introduces HBr into the
reaction flask. Thus, according to our assumptions, we must
create two different complexes in the solution to form two
layers. The hypothesized chemical reaction is presented in
Scheme 1.
We now explore the products of the two paths (the amine

form, AMTP, and ammonium bromide form, AMTP+Br−,
Figure S1a,b, respectively) that yield the heterostructure
nanoparticles. In both routes, byproducts in the form of
monolayers can be detected. See the Supporting Information
for details.
We explore the effects of the growth temperature on the

synthesis products. Figure 2 presents colloidal heterostructures
grown from the protonated precursor route with different
synthesis parameters. The panels of the TEM micrographs
(Figure 2a−d) present products grown at four different
temperatures (and two different solvents, acetone and ODE).
The nanocrystals’ corresponding selected area electron
diffractions (SAED) confirm the exitance of the periodic
heterostructure (Figure 2e−h).28 We show that by changing
the temperature, we can control the average size, concen-
tration, and uniformity of the nanoparticles, in agreement with
classic nucleation theory. The theory predicts that a rise in
temperature will reduce the critical radius of the nuclei,
increasing the number of nuclei in the synthesis, over-
consuming the monomer, and thus reducing the size of the
nanoparticles. The change in particle size and uniformity of the
nanoparticles with temperature is shown with size distributions
in Figure S2. In this reaction path, the resulting nanoparticles
are plates, as shown in Figure 2d.
Figure 3a presents an HRSTEM of a nanoparticle

synthesized through the protonated route at 150 °C, and

Figure 3b shows a zoom-in to the area marked with the white
square showing crystal fringes with about 1 nm spacing
matching the (200) d-space of the heterostructure that is equal
to 1.09 nm.28 This further validates that the nanoparticles
synthesized are the (PbBr2)2(AMTP)2PbBr4 heterostructure.
More symmetric nanoparticles can be achieved by following

the second synthesis route using the deprotonated precursor
and growing them at room temperature. This is shown in
Figure 4a and e, presenting a TEM micrograph and SAED of
the nanoparticles, respectively (a size distribution is shown in
Figure S2b). Unlike the previous synthesis (Figure 2a), small

and uniform nanocubes are formed at room temperature. We
hypothesize that this difference is based on the presence of
water molecules, which enter the synthesis by adding HBr (in
an aqueous solution). This stage, missing in the previous
synthesis, aims to achieve the heterostructure with the
deprotonated precursor. Zhang et al.33 showed that small
amounts of water added to the synthesis could replace some of
the DMSO in the [PbBr4DMSO2]2− complex. The small water
molecules replace the bulky DMSO and thus reduce the steric
hindrance, increasing the nucleation rate by reducing ΔG for
nucleation, thus leading to smaller nanoparticles.33 This
hypothesis aligns with classical nucleation theory and is
schematically shown in Figure S2f. However, although the
particles produced by the deprotonated route are cubic and
dispersed, the synthesis yield is low compared with the
protonated route, where the growth occurs at higher
temperatures. In passing, we note that adding residual water
affects the preferred synthesis byproduct (from oleylamine to
AMTP monolayers). This is explained in more detail in the
Supporting Information.
To improve the synthesis yield, heating was applied in the

complexation step (mixing the precursors in the DMSO). The
results are presented in Figures 4, S3 and S4. In Figure S3,
different mixing times after the injection of the DMSO solution
are shown, exhibiting an increase in the particle size, as shown
in the size distributions in Figure S5. The same change was
also made to the deprotonated route at high temperatures (150
and 180 °C), as seen in Figures 4 and S4. Figures S3d−f, 4f−h,
and 4Sb show ring pattern SAED of all particles. In all of these
cases, we achieve a higher quantity of particles with decreased
size, probably due to the heating of the complexation step.
This increases the amount of both complexes or the relative
amount of the complex that is least favored at room
temperature, enabling more heterostructured nuclei to be
created. In both routes, the same trend is achieved. When
synthesizing at room temperature (in acetone), we get cubic-
shaped particles that differ in their size, probably due to the
presence of water (Figures 2a and 4a). When synthesizing at
150 or 180 °C (in ODE), we get nanoplates/nanorods
(Figures S3c and 4b−d). Following other studies reporting
changes in particle size and shape due to concentration and
ratio of reagents,34−36 precursor type,37 coordinating solvent
type,34 and acidity (acid−base interactions),38 our hypnosis is
that the change seen here is due to changes in the complex’s
ratio and concentration. The summary of all of the synthesis
parameters changed is presented in Table S4.
The structure validation of the products of both syntheses is

presented in Figure 5, showing diffractograms of the colloidal
heterostructure nanoparticles compared to bulk and matching
to the (PbBr2)2(AMTP)2PbBr4 heterostructure-reported val-
ues.28 This is demonstrated for the deprotonated and
protonated precursors (Figure 5a,b, respectively). The main
difference between panels a and b stems from the experimental
setups. Figure 5a data show measurements taken on a
synchrotron high-resolution powder diffraction beamline,
while Figure 5b is derived by a lab-based diffractometer.
Additional peaks in these samples are attributed to AMTP
monolayers, which are competing byproducts in the synthesis.
These data are validated using DFT simulations and Rietveld
refinement to better distinguish this structure from the
heterostructure (characterization of the monolayers is detailed
in the Supporting Information). In Figure 5b, we perform two
types of measurements to better characterize the products and

Figure 3. (a) Aberration-corrected HRSTEM micrograph of a
heterostructure nanoparticle synthesized through the protonated
route at 150 °C, and (b) zoom-in into the white square in (a),
showing a d space matching the (200) plane.
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byproducts of our colloidal synthesis. We conducted an in-
plane diffraction scan in addition to the normal out of plane

one. In the in-plane diffraction mode, the X-ray source and
detector move parallel to the sample plane, probing 2θχ while
keeping φ constant. This mode predominantly probes in-plane
d-spacings, in contrast to the out of plane mode. Combining
both techniques, we can assign the stacked AMTP and OAM
monolayer byproduct diffraction peaks, marked with white/
black squares, respectively. The assignment of the byproduct
diffraction peaks enables us to better resolve the hetero-
structure diffraction peaks and match them to the reported
values, further validating our results.
In periodic heterostructures, the electrostatic potential

landscape dictates the modified optoelectronic properties.
UV−vis and PL spectroscopies of the colloidal heterostructure
nanoparticles present a single sharp excitonic absorption peak
and a broad emission peak, as shown in Figure 6a,b,
respectively. This differs from the spectra of bulk hetero-
structure samples showing a distinct double peak (Figure S9a).
Similar spectroscopic signatures were reported in the past for
organic−inorganic perovskite having two emission peaks.39−53

The exact mechanism for this split peak is not clear and was
assigned previously to photon reabsorption39,41,51,54,55 but also
to a range of phenomena, including sub-band defect states
recombination,40,52,54−56 spin−orbit coupling,50,54,57,58 and
more.
Our results measure broader emissions for colloidal

heterostructures compared with bulk samples. We hypothesize
that these differences stem from sample homogeneity, size
effects, defects, or strains (leading to broader distributions and
peaks). However, there may be other explanations, such as
different dielectric environments (dielectric screening affecting
the exciton behavior), or surface/defect states that are more
pronounced due to the high surface-to-volume ratio in
colloidal samples.40,45,46,54,59−62

Although the controlled colloidal heterostructures present
unique attributes, similar spectral features remain between the
bulk and colloidal samples. For example, the PL−PLE maps in
Figures S10 and S11 show similar excitation wavelengths in the

Figure 4. TEM micrographs and SAED of colloidal heterostructures using the deprotonated precursors with variations of reaction and growth
temperature. (a) At room temperature in acetone, (b,c) at 150 °C for 5 min with applied heating in the complexation step, and (d) at 180 °C for 5
min with applied heating in the complexation step. (e), (f), (g), and (h) are SAED of (a), (b), (c), and (d), respectively, matching the reported
heterostructure diffractogram.

Figure 5. Structural analysis of colloidal heterostructures. Synchro-
tron diffractograms of (a) bulk (green) and heterostructure
nanoparticles using deprotonated precursors (black) matching
reported values (red),28 with a competing phase of AMTP
monolayers. (b) XRD measurements of the colloidal heterostructure
using protonated precursors measured in the out of plane mode
(blue) and in-plane mode (purple), matching reported values marked
with red lines.28 The competing phases of the AMTP/OAM
monolayers are marked. Here, we favor the AMTP monolayer using
a hydrated precursor.
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colloidal samples compared to the bulk (Figure S12). All
samples show two excitation ranges (above 300 nm; see the
Supporting Information for a lower excitation range). With a
340 nm central wavelength range (as seen in Figure 6c) and a
slight blue-shift in the second range of about 10 nm (360 nm
in the nanoparticle sample compared to 370 nm in the bulk
sample). These similarities probably originate from the
periodic quantum well structure of the material, creating
quantum confinement common to both nanocrystalline and
bulk samples.
The PL characteristics of the synthesized nanocrystals,

particularly those produced with a heated complexation step,
are shown in Figure S9b. This figure compares the PL spectra
of various syntheses with those of a protonated method where
complexation was performed at room temperature without
heating. It is observed in Figure S9b that samples with larger
particle sizes, corresponding to the size distributions shown in
Figures S2e and S5, exhibit similar PL spectra. Conversely, two
samples containing smaller particles display a noticeable red-
shift in the central wavelength of their spectra.
Additionally, upon examination of the PL−PLE maps in

Figures S10 and S11 and the PL measurements in Figure 6d,
there is a discernible blue-shift in the excitation ranges for
these syntheses when compared to both the bulk material and
nanoparticles synthesized without the application of heat
during complexation, which are of larger size. The blue-shift in
smaller particles is likely attributed to quantum confinement
effects occurring along the y- or z-axis. Notably, quantum
confinement is inherently present in the x-axis, even in the bulk
material, due to its layered structure.
In addition, the PLQY of the heterostructure nanoparticles

was measured to be 1.46−1.93%, similar to the bulk values of
1.12−2.83%,29 and correlated with other organic perovskite

colloidal nanoparticles of the same scale of PLQY.63,64 A
cautionary note on these results is in line due to the high
optical density of the measured samples, which can hamper
PLQY data. Reducing the concentration of future samples is an
ongoing challenge due to the instability of the nanoparticles
once they are diluted.
Despite the small differences between the nanoparticles and

bulk, we will mention that the advantages of colloidal samples
are their accessible extended emission features and the ability
to control their size and shape more easily than the bulk, for
example, by tuning synthesis parameters. This should be
shown in more depth in future studies of the colloidal
heterostructure.
To separate the optical characterization of the hetero-

structure nanoparticles and monolayer byproducts, samples
containing each monolayer type were synthesized and
measured, as seen in Figure S14 and marked in Figures 6b
and S9b. The dotted lines in Figures 6b and S9b represent the
central PL wavelength of the byproduct monolayers, showing
overlap with part of the heterostructure PL. To solve this issue,
PL−PLE maps of each monolayer sample were measured
(Figure S14), showing their sharp PL peak and different optical
features compared to the heterostructure samples, proving that
the maps in S10 and S11 contain optical features that can be
attributed to the heterostructure nanoparticles and not the
monolayer byproducts (see the Supporting Information for
further comparison and discussion).

4. CONCLUSIONS
In conclusion, a colloidal synthesis for a periodic hetero-
structure nanoparticle is demonstrated. We show that selecting
the precursors’ protonation state is critical for the purity of the
products. These results, together with the synthetic temper-

Figure 6. Optical characterizations of the protonated and deprotonated syntheses. (a) Absorption and (b) PL measurements of the protonated
(blue) and deprotonated (green) syntheses. Graphs are shifted for clarity. The dotted lines present the central wavelength of the AMTP (red) and
OAM (purple) monolayers PL. (c) PL measurements of the nano colloidal sample of the protonated route performed at 150 °C and the bulk
sample at the 340 nm excitation wavelength. (d) PLE (of the 420 nm emission) of different samples showing a blue-shift as a function of particle
size (purple�at 180 °C, blue�5 min at 150 °C, green�5 min at 180 °C (all using the deprotonated route and DMSO heating), and blue�
protonated route at 150 °C).
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ature dependence, match the classical nucleation theory
common in a typical colloidal synthesis. The ability to control
the nanocrystal size together with a narrow size distribution
depends on fine-tuning the precursor concentrations to keep
the synthesis in the size-focusing regime. We believe such a
step is critical to further utilizing the advantages of the optical
properties of both colloidal nanocrystals and bulk samples. The
vision is that this first report will drive more research into
studies of perovskite periodic heterostructures.
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