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ABSTRACT: Metal trihalide perovskites are rapidly redefining the landscape of solid-state semiconductors utilized as active
medium in photovoltaics and in light generation. Within this materials space, organic-inorganic hybrid formamidinium
lead bromide (FAPbBr;) has arisen as a promising candidate for efferent light emitting devices, due to its capacity for sharp
and bright green light emissions (530 nm). Herein we have applied a facile single-step ligand-mediated method for phase-
controlled synthesis of FAPbBr; cube- and rod-shaped nanocrystals (NCs), starting from different ratios of precursor agents.
Examining their structural and optoelectronic properties — using a combination of synchrotron X-ray diffraction, X-ray
spectroscopy, scanning electron microscopy and steady-state and time-resolved photoluminescence (PL) - we reveal the
two NC types to fundamentally differ. While the cube-shaped NCs exhibit properties aligning with that of bulk FAPbBr;,
the nanorods exhibit a two-phase microstructure and the co-existence of both a typical cubic perovskite structure alongside
the formation of a new low-symmetry monoclinic phase (Pz/m). Further, the two-phase nanorods display a bright dual PL
emission (peaks centered near 490 nm and 530 nm) and complex luminescence dynamics, properties characteristic of quasi-
2D perovskites. The two phase nanorods generation can be assigned to the proton exchange in the presence of excess of
FA* during the synthesis.

Very few materials within optoelectronics research have
garnered the scientific and technological interest gener-
ated by organic-inorganic hybrid perovskite semiconduc-
tors — possessing the general ABX; chemical formula.*? This
recent spike in attention for trihalide perovskite is owed to
their unique and interesting combination of optoelec-
tronic properties; from high absorption coefficients and
long exciton diffusion lengths (100-1000 nm), to small ex-
citon binding energies and high quantum yields.3 Further,
their tunable emission retains extremely high color purity,
all while being solution processable. Needless to say, these
properties combine to lay a promising path toward high
performance and low-cost light emitting diodes (LEDs).4¢

Even though various perovskite systems have shown pho-
toluminescence quantum yields (PLQYs) up to 90% at 450

nm,”® producing color stable and efficient blue LEDs re-
mains challenging.9 Another critical issue is the poor sta-
bility of perovskite thin films in LED devices.34 Im-
portantly, the application of polycrystalline material
should be avoided since it contains a large number of in-
trinsic defects which are detrimental for the charge carrier
dynamics and initiate parasitic non-radiative recombina-
tion pathways.5s The PL efficiency can be improved by
confining excitons in small nanograins (~100 nm),+ or by
making use of quantum dots (< 20 nm) or nanocrystals
while simultaneously passivating the surface defects using
ligands.’®7 Recently, a new perovskite material class has
emerged, known as quasi-2D perovskites, possessing the
merits of both 3D and 2D structures.’®>° Quasi-2D systems
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are formed by incorporating bulky insulating cation spac-
ers into the inorganic sheets of corner sharing octahedra,
in which the insulating cation acts as a barrier and the in-
organic layer as a well. Therefore, the generated excitons
are confined in the natural multiple-quantum well struc-
ture, giving rise to superior PL properties than those of 3D
counterparts.*

In this manuscript, we report on the synthesis of brightly
emissive FAPbBr; nanocrystals (NCs), using a facile and
scalable ligand-mediated wet-chemical method under am-
bient conditions.>4 By taking advantage of proton ex-
change processes between alkylamines during growth, we
find that by increasing the molar concentration of FABr
relative to that of the PbBr, precursor (from one to three-
fold), the formation of NCs with a rod-like structure is pro-
moted over nanocubes. An extensive photophysical evalu-
ation of the NCs reveals that, unlike the conventional prop-
erties of the nanocubes, our nanorods, FA,PbBr,-FAPbBr;,
thin films exhibit characteristics consentient with recent
reports of quasi-2D perovskite systems, displaying a blue-
green emission (490 nm; PLQY 32 % at 445 nm), originating
from the presence of a relatively exotic monoclinic FAP-
bBr; NC phase.

Results and Discussion

(a) T [ ]

Figure 1. SEM images of (a) FAPbBr; nanocubes (PbBr,:FABr =
1:1) and (b) FAPbBr; nanorods (PbBr,:FABr = 1:3) . The insets
picture the suspensions under visible (right) and 365 nm UV
(left) illumination.

Preparation of NCs

First we outline a new and facile single-step, high yielding
route for the synthesis of quasi-2D perovskites. Interest-
ingly, unlike other reported procedures wherein the am-
monium cation is intentionally added to obtain the quasi-
2D structure,>*52° our synthesis approach induces the for-
mation of an ammonium cation during the synthesis. The
preparation steps involve a ligand-mediated wet-chemical
approach which is conducted under ambient conditions.?*"
2427 Specifically, by oversaturating the molar concentration

of FABr relative to that of the PbBr, precursor from 1:1 to
31, proton exchange between the alkylamines is believed
to substantially influence the perovskite formation, i.e. the
formed protonated alkylamine capping ligand is found to
be integrated into the perovskite lattice. Note that further
support and discussion on this process is still to come (vide
infra, section XPS, page4). Ultimately, on varying the pre-
cursors’ molar ratio, colloidal solutions appear distinct in
color and possess a substantial difference in size and mor-
phology of the NCs (Figure 1 and S2); green emitting
nanocubes (with typical orange color) on the order of 200
nms are formed with a PbBr,: FABr ratio of 1:1, while larger
blue emitting nanorods (yellow in color) with dimensions
in the order of 400 by 70 nm are formed with a precursor
ratio of 1:3. Before characterization, the NCs are transferred
from solution onto glass substrates to form stable NC thin
films.

Structural Properties

We begin with a structural and compositional overview of
the different orange and yellow FAPbBr; NCs presented in
Figure 1. From here on we simply refer to the two NC types
based on their differing morphologies, i.e. nanocubes and
nanorods, whereby the FAPbBr; nanocubes will act as an
archetypal control to the relatively exotic properties of the
nanorods.

EDX compositional analysis:

On the outset, we find that the two NC types differ not only
in their color with and without UV excitation (Figure 1),
but also in their fundamental compositions. Specifically,
surface sensitive EDX analysis (Figure S3) revealed that the
nanocubes possess the nominal 1:3 Pb/Br atomic ratio for a
3D metal trihalide perovskite. In contrast, an average
atomic ratio of 1:4 is recorded from the nanorods, deviating
with a statistical relevance from the nominal 1:3 value seen
in the nanocubes. These findings indicate that an excess of
FABr induces two distinct phenomena: a transformation in
morphology (i.e. cubes to rods) and an increase in Br con-
tent relative to Pb. We point out that such compositional
deviations are consistent with several recent reports on 2D
perovskite systems.?829

Synchrotron X-ray diffraction:

Next we exact the crystal structure and phase purity of the
FAPbBr; NCs using high-resolution XRD. The two NC
types were placed in quartz capillaries exposed to a high-
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Figure 2. Powder XRD patterns of FAPbBr; a) nanocubes and b) nanorods (black circles) and their respective refinements (red
line). The respective insets show the different unit cells used to generate the refinement, corresponding to the peak positions at
the bottom (sticks). (c) XPS spectra expanded over the Br3d, Pb4f and Nis signals for the FAPbBr; NCs. Both spectra have been
normalized to their respective Pb4f peaks (at 137 V). The peak analysis can be found in Table S1 of SI.

throughput synchrotron X-ray beam tuned to a wave-
length of 0.95774 A, under ambient conditions. Figure 2
presents the respective diffraction scans recorded and the
structural refinements made for the two types of NCs.
First, in line with the well-known thermodynamically fa-
vored structure of FAPbBr;,3°3' the nanocubes exhibit a
cubic structure (refined to a = 5.9943 A using the Pm3m
space group) with no obvious reduction in the unit cell
translational symmetry.3> Again, this is in strong contrast
to the diffraction pattern recorded for the yellow FAPbBr,
nanorods; here we see the introduction of a large number
of additional Bragg peaks, along with a substantial reduc-
tion in symmetry, suggested by the extensive splitting of
the cubic-like scattering features. A refinement of the
XRD data in Figure 2b is best made accounting for two
separate phases. Namely, a low-symmetry monoclinic
structure (a = 9.0060 A, b = 8.0570 A, c =12.7940 A and B
= 95.40°using the P2/m space group) is derived from the
collection of smaller peaks scattering at both low and
high angles, while a smaller contribution from the nomi-
nal 3D cubic phase is also present. While the refined XRD
scan presented in Figure 2b is quite agreeable to the ex-
perimental data, exacting further details is made difficult
by the strong presence of a (100) texture (indicative of the
rod-shaped morphology), complex organics (i.e. FA), and
the two-phase character. To the best of our knowledge,
this is the first time that FAPbBr, has been found to exist
in a monoclinic phase. In combination with the compo-
sitional difference revealed through the prior EDX data,
the monoclinic phase determination can be explained by
the formation of a quasi-2D FAPbBr, structure.33 The
monoclinic cell can be considered as a distorted version

of v2a, x vV2a, x 2a, orthorhombic cell. Such a lattice

transformation in perovskites is an indication of a coop-
erative tilting of PbBrs octahedra around c-axis; opposite
tilting direction for two neighboring layers doubles the c-
axis.3+ Notably a and b pseudo-cubic cell dimensions are
shorter than c and on average, are practically the same as
for the cubic phase (6.364%5.697x6.397,
0.5%(6.364+5.697)=6.03, a. = 5.9943). We point out that
the low-angle monoclinic peaks in Figure 2b do resemble
the interplanar scattering peaks seen in true 2D crystal
planes,3s however, such a feature is not necessarily synon-
ymous in a quasi-2D arrangement. The compositional
difference revealed through the prior EDX data, agree
with the formation of a quasi-2D FAPbBr3 layers.3 Alt-
hough, unit cell dimensions clearly indicate that 3D
framework of PbBrg corner-sharing octahedra is pre-
served.

X-ray photoelectron spectroscopy (XPS):

In the absence of clear low-angle interplanar 2D XRD
peaks, we now explore the different coordination details
of NCs within the context of the anticipated quasi-2D sys-
tem (nanorods). Figure 2c presents the X-ray photoelec-
tron spectroscopy (XPS) data recorded from thin films
made of the two NCs. First, the spectra acquired from
both samples possess consistent chemical features; dis-
tinctive peaks of Brad (~67.5 and 68.5 eV), Pb4f (~137.8
and 142.7 eV) and Nis (~399.8 eV). Carbon peaks were
also recorded from these samples, though interpreting
their XPS signals is made difficult by the choice of carbon
tape sample support. The small difference in peak posi-
tions (< 0.2 eV) and widths all fall well within the experi-
mental error of the measurement (induced by crystal
charging, etc.), with no notable chemical shifts or
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Figure 3. Normalized absorption and emission spectra of dropcasted thin films of FAPbBr3 (a) nanocubes and (b) nanorods, pre-
pared using 1:1 and 1:3 PbBr2/FABr precursor ratio, respectively. For the nanorods, the second high-energy excitonic absorption

3

feature is identified by

. The colored squares inset to both plots reflect the difference in perceived PL emission color under a 365

nm UV lamp. (c) Corresponding two-photon PL maps of a collection of FAPbBr3 nanorods, using two 910 nm (left) and 1064 nm
(right) photons to excite the emission signals. In both cases, photoluminescence is detected in a reduced spectral window ranging
from 495-540 nm, which covers most of the PL emission. (d) Correlation plot of each corresponding map pixels shown in (c),
where the red arrows provide a guide for the eye to highlight the anti-correlation.

oxidation states present. Notably in Figure 2c, with both
spectra normalized to the Pb4f peak at 137.8 eV there ex-
ists a large differencing in the intensity of signal detected
from both elements Br and N; in both cases, these signals
are relatively stronger with a move to the higher FAPb
molar fraction, i.e. the synthesis of quasi-2D nanorods.
For completeness, we provide the peak analysis in Table
S1 of the SI. This observed rise in the Br signal is con-
sistent with the previous EDX studies, confirming that
the Br/Pb ratio in the nanorods increased relative to the
nanocubes. We again assign this increase to the highly
distorted monoclinic perovskite phase detected through
XRD analysis in Figure 2a, and is consentient with the
compositional properties commonly observed in 2D per-
ovskite structures; with the formula (RNH;),PbBr,. In ad-
dition, the large increase in the N/Pb ratio detected
within the XPS signals further supports the notion of ex-
cess formamidinium and oleylammonium cations, partic-
ipating at the quasi-2D perovskite surface.353% Note that
the abundance of Br atoms at the perovskite surface is
anticipated to play an important role in potentially pas-
sivating parasitic surface states.+°

In the presence of an excess of formamidinium, proton
exchange can occur within amine-based systems via ho-

moconjugation (FAH*~OAm).# It follows that oleylamine

is transformed into the oleylammonium cation, which
competes with FA* ions for lattice sites

and promotes the formation of low-dimensional struc-
tures represented by the formula
[RNH;],[FAPbBr;],,PbBr,.##4 As mentioned above, our
synthesis approach induces the formation of the ammo-
nium cation during the synthesis. To probe the mecha-
nism involved here, experiments targeting the role of
proton excess were carried out. Figure S4 displays the
SEM and XRD characterization of materials grown when
HBr was added to the synthesis protocol with a
PbBr,/FABr 11 percursor ratio. In this case, the excess
protons provided by the HBr result in the formation of
rod-like FAPbBr; NCs with again the contribution of a
monoclinic crystal structure. Therefore, HBr is antici-
pated to form as an intermediate product during the re-
action of PbBr, with a higher molar concentration of
FABr.

Photophysical Properties

Next we evaluate the all-important optical properties of
the FAPbBr; NCs drop-casted in the form of a thin film.
Figure 3 shows the steady-state absorption - reflectance

spectra converted using the Kubelka-Munk equation
a(R) = (1-R)?/(2R) and PL emission spectra of the FAPbBTr,

4
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nanocubes and nanorods. Both samples exhibit a wide
absorption band and intense PL emission, however there
are several important differences. For the nanocubes, the
UV-VIS absorption spectrum in Figure 3a is typical of
FAPDbBr;, with an absorption onset near 600 nm together
with an excitonic feature near 530 nm. The sharp and in-
tense PL emission is also characteristic,3>4 centered at
546 nm and with a narrow full width at half-maximum
(FWHM) of 26 nm, indicative of the high color purity of
FAPDbBr;, and confirms the overall high quality and uni-
formity of the nanocubes. Furthermore, the thin film
made from the nanocubes is found to remain stable and
retain their bright emission, achieving a PL efficiency of
30% at 485 excitation wavelength.

On the other hand, the absorption data recorded from
the nanorods contain two clear transition features in Fig-
ure 3b, consistent within with a two-phase quasi-2D
framework, each having a different electronic structure
and bandgap. While the excitonic band at 522 nm is again
resolved in the nanorods - characteristic of a 3D FAPbBr,
direct bandgap - an additional blue-shifted excitonic
band appears at 440 nm (identified here by “*’). Relative
to the nanocubes, the shift in absorption to lower wave-
lengths in the nanorods specifies its shift in visible color,
from orange to yellow, as shown in Figure 1. Although the
deformation of a cubic unit cell to a low-symmetry per-
ovskite (like the monoclinic phase revealed here) is typi-
cally paralleled by only a minor shift in the electronic
bandgap,#° the blue-shift expressed in our data is inexpli-
cably large and cannot be accounted for based solely on
a phase restructuring. Such a strong blue-shift is in agree-
ment with a low-dimensional perovskite structure, con-
sisting of just a few layers of perovskite unit cells# and is
indicative of quantum confinement.4¢ The deconvoluted
PL spectrum of the nanorods exhibits a notably more
complex emission lineshape than the nanocubes; two rel-
atively narrow PL peaks appear, one centered at 496 nm
and another at 530 nm. The low-energy emission corre-
sponds well to the excitonic peak in the absorption spec-
trum at 520 nm, representing the emission from the 3D
portion of the NC composite. Conversely, we assign the
high-energy blue emission to radiative recombination
originating from the quasi-2D components.>>45 The thin
films made from nanorods exhibited a PLQY up to 19%
and 32% at 405 nm and 445 nm excitation, respectively.
Interestingly, pumping the cubic phase (Aexe = 485 nm)
yielded high PLQY up to 70%, which is comparatively
higher than the pure cubic phase. For more details, please
refer S6 of SI. However, the quantum yield decreased
when exciting further into the band edge since it becomes
impossible to record the entire emission range, which
partly overlaps with higher excitation wavelengths.

To investigate how the two different emitting species in
the quasi-2D conglomerate arrange themselves relative

Chemistry of Materials

to each other, we first attempted Transmission Electron
Microscope (TEM) on these nanorods. However, since
the perovskites are very sensitive to high-energy probes,
the TEM results were not conclusive. Therefore, we chose
to conduct relatively low-energy, two-photon excitation
and imaging, on these nanorods, as shown in Figure 3c.
Here we have chosen to examine and compare the PL in-
tensity maps recorded consecutively on the same collec-
tion of nanorods using both g10 nm and 1064 nm two-
photon excitation, corresponding to excitation energies
equivalent to 455 nm and 532 nm. In this way, the g10 nm
map will consist of an emission comprised of mainly blue
(2D) and some green (3D), while the 1064 nm map will
only excite the green emitting phase. Thus, if the two sep-
arate phases do not coincide in space, there should be an
anticorrelation between the corresponding emission
maps presented in Figure 3c; i.e. a region which is
brighter under one excitation wavelength should be rela-
tively weaker under the other. It follows that evaluating
the intensities of corresponding pixels forming the two-
photon PL maps (Figure 3d), there exists a strong void
where a correlation would exists (i.e. if all points in space
were to emit equivalently), and we see instead clear evi-
dence for anticorrelation. At least on the scale of this op-
tical diffraction limited images, the existence and sepa-
rating distance of the two phases making up the nanorods
can be resolved, confirming the quasi-2D microstructure
separation of the different phases revealed through both
our XRD refinement and optical absorption/emission
studies.

10 Nanocubes _ j 10°+ | Nanorods
texc = 485 nm/ jem = 505- 555 nm Lexe = 405 nm/ iem = 460- 500 nm
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1 29 36 1 4 88
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Figure 4. Fluorescence lifetime over the first microsecond
for (a) FAPbBr; nanocubes and (b)-(d) nanorods, with the
experimental details and fitting (red line) parameters dis-
played in the insets.
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However, resolving phases as well as the ratio of the phases
within one crystal is impossible due to diffraction limit of
this technique. Furthermore, we executed an excitation
power dependence study on potential structural changes
and also investigated the influence of excitation power on
the growth of the green-emitting phase as well as the sta-
bility of nanorods. Please refer to SI (Figure S7 and S8) for
more details on this experiment.

PL lifetime measurements:

In evaluating the kinetics of photogenerated charges
within our NC thin films, we next investigate the nature of
radiative recombination via fluorescence lifetime imaging
of an ensemble of NCs. Due to the significant overlap in
the two emission bands arising from our quasi-2D nano-
rods, clean deconvolution of the decaying species is diffi-
cult. By assessing the decaying PL signals near each emis-
sion wavelength maxima, i.e. at 490 nm and at 530 nm, we
can make a qualitative evaluation of the charge dynamic in
the two-phase nanorods. Typical PL decays are presented
in Figure 4 and their temporal intensities, I(t), were ana-
lyzed using either a bi- or tri-exponential fit: I(t) =

Y3 Ajexp C—:) Here t; represent the different lifetime

components in order of an increasing time constant, cor-
responding with a decay amplitude 4;. Further, the life-
time data were recorded through imaging an ensemble of
NCs (~20 x 20 pm), forming the basis of the averaged life-
time and amplitude values inset into Figure 4. Generally,
the PL emission in perovskites can be described using a
simple three-charge recombination pathway model (ap-
proximately on three different time scales): (i) fast recom-
bination of bound excitons, or trap-assisted recombination
(1-10 ns), (ii) recombination of unbounded excitons (10 -
100 ns), and (iii) clean band-to-band recombination of free
charge carriers (100s of ns). Photo-exciting a perovskite
crystal, these three processes are observed simultaneously
in the PL decay and appropriately fit with three different
characteristic exponential components. Among the decay-
ing species, the recombination of excitons typically occurs
fastest, and free carrier recombination takes place on much
longer time scales - free electrons and holes will scatter

though the crystal4” and will potentially transfer across in-
terfacing phases, to only recombine once they overlap.
First, exciting the FAPbBr; nanocubes in Figure 4a with 485
nm light, two decaying species govern the detected emis-
sion at 545 nm; an average fast recombination of 29 ns and
an average long component of 338 ns (Table Sz2). Con-
versely, for the FAPbBr; nanorods, three measurement
schemes were targeted for comparison; excitation far
above the two absorption edges (405 nm) to examine both
the blue (Figure 4b) and green (Figure 4¢) emitting species,
and exciting close to the 3D absorption edge (485) nm) to
understand the decay dynamics of the green emission.
Overviewing the various decay components of the nano-
rods, we find that all three are well-described by tri-expo-
nential fits. For all datasets, the decay rate is dominated by
the fast component (~ 79 %), indicating a quantum con-
fined quasi-2D system. Typically, for a pure (OAm),PbBr,
system, we obtained a monoexponential decay of 2.5 ns.
(Figure Ssd) This is unsurprising given the general con-
straints of excitonic recombination within a quantum con-
fined system. Hence, we assign this fast decay to the quasi-
2D component in the nanorods (Figure 4b). Interestingly,
for the green emitting portion of the nanorods, two long
decay components appear again. On exciting the two-
phase material with 405 nm light, we imply an interplay of
two different processes; i) direct excitation of green emit-
ting species, ii) a substantial portion of excited carriers mi-
grates from the crystal constituent with a wide bandgap to
the other with more narrow bandgap. (Figure 4c) As previ-
ously stated, this notion has been repeatedly observed in
quasi-2D perovskite systems.4®4 On the other hand, mov-
ing to 485 nm excitation causes the long component of the
green emission to dramatically shorten to just over 159 ns
(Figure 4d and Table Sz). This lifetime is substantially
shorter than the longest component of the green emission
originating from a pure cubic structure (Figure 4a and b).
Furthermore, at 485 nm excitation wavelength, the emis-
sion contribution is mostly from the 3D perovskites, how-
ever, as we also excite the tail end of the quasi-2D blue
emissive part, the fast decay component also contributes
to the lifetime decay. As mentioned before, the XRD and
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PL data confirmed the dual phase nature of rods, which in-
dicates lower crystal purity when compared to the com-
mon cubic phase, presumably leading to the faster decay.
Lifetime measurements on single rods were not recorded
owning to the long decay times observed and the subse-
quent low photon counts. A more detailed study on the
complex decay behavior of the system is on the way.

LED fabrication and characterization:

Based on the good optoelectronic properties described in
the previous sections, the application of cube- and rod-
shaped FAPbBr; NCs was tested in light emitting diode
(LED) devices in order to unravel the effect of the morphol-
ogy in the device performance. This type of perovskite ma-
terial presents its valance band and conduction band
around ~ 3,4 and 5.6 eV, respectively,5* which is a good
approximation for the energy levels and electrodes selec-
tion when designing our device. Therefore, a double layer
LED was fabricated using the following configuration: ITO
anode/PEDOT:PSS (40 nm)/25 wt% of the FAPbBr; NCs in
a toluene (220 nm)/p-PBD (20 nm)|Al (150 nm). All the lay-
ers were spincoated, besides the Al metal cathode (150 nm)
which was thermally evaporated. (Figure 5a) The reason for
using p-PBD is to improve the electron injection into the
perovskite emissive layer and at the same time to inhibit
the direct interaction between the Al metal and the perov-
skite material, which in many cases degrades the perov-
skite.>> Please note that currently, we did not optimize the
thin film quality of these perovskites as the application is
presented just as a proof-of-principle study. Nevertheless,
the uniformity of the applied perovskite thin film layer was
measured using a non-contact optical profilometer and the
results are depicted in Figure Si0. Figure sb shows the cur-
rent-voltage I-V curve for the PbBr,/FABr 11 nanocubes
and 1:3 nanorods devices, where in both cases, a typical
diode characteristic was obtained.5 Both morphologies ex-
hibit a comparable turn-on voltage of around ~2.8 V. How-
ever, it is worth to note that the current density for the na-
norods is enhanced by 7 fold at the same bias. This obser-
vation suggests that the FAPbBr; nanorods exhibit better
charge injection or mobility properties than the FAPbBr,
nanocubes. To obtain further insights on the optoelec-
tronic properties, the electroluminescence (EL) spectra
were recorded (Figure 5¢). As it is shown in the CIE coor-
dinates ((0.27, 0.65) and (0.28, 0.67) for nanocubes and na-
norods, respectively), the EL spectra features for both sam-
ples are nearly identical. However, the EL intensity for the
monoclinic nanorods is increased by a factor of 6 under the
same bias (6 V). This fact confirms that the charge
transport and mobility are improved by modifying the
FAPDBr; crystal structure and morphology. Interestingly,
the green EL for cubes (Amax = 547 nm, FWHM = 28 nm)
perfectly matches its corresponding PL spectrum (Figure
4), while only the green emission component is contained
in the EL spectrum of the nanorods (Amax = 545 nm, FWHM
= 27 nm). This has been shown in previous studies and
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could be a consequence of either a) a higher charge injec-
tion and/or more balanced transport into the 3D phase
components4, b) a substantial contribution of radiative re-
combination of charges in the smallest band gap 3D phase"
or c) the instability of the lower dimensional phase under
heating or moist conditions.

The exact mechanism is still unknown and requires further
investigation. Additionally, further steps to stabilize the
monoclinic structure of FAPbBr; perovskites are necessary
to improve the device stability and performance.

Conclusion

We demonstrated a facile and scalable method to prepare
FAPbBr; NCs having different morphologies and physico-
chemical properties by compositional engineering. By ap-
plying a three-fold higher molar ratio of FABr, FAPbBr; na-
norods were formed, exhibiting a hybrid quasi-2D perov-
skite structure. For the first time, a monoclinic phase was
observed for this type of FAPbBr3 nanorods. The additional
quasi-2D component significantly improved the PLQY
from 30 to 70%. The high PLQY value could be attributed
to (i) the existence of FAPbBr; perovskite in the monoclinic
phase, (ii) the quasi-2D/3D quantum well-like band align-
ment in the crystal structure or (iii) the excess of bromide
atoms exhibiting a passivating effect to the surface defects.
Furthermore, this study reveals a unique mechanism to
synthesize a quasi-2D perovskite structure. The presence
of a lower dimensional layer containing OAmBr in the na-
norods prepared by a 1:3 PbBr./FABr precursor ratio was
further confirmed by XRD, EDX, XPS, and time-resolved
PL microscopy. Finally, LEDs were fabricated to investigate
the potential application of these NCs in optoelectronic de-
vices. Both types of perovskites nanocrystals exhibited a
comparable performance when employed as an emissive
layer in LEDs. However, due to the exotic nature of the
two-phase system, the impact of different morphologies
on the device performance still remains elusive. This work
offers new opportunities to study the unexplored mono-
clinic phase of FAPbBr; NCs and resolve important ques-
tions concerning the charge dynamics within the novel
two-phase systems.

Methods

1. Experimental procedure

For the synthesis of FAPbBr3, a precursor solution consist-
ing of 0.02 mmol PbBr2 and 0.02 mmol or 0.06 mmol FABr
(11 and 1:3 precursor ratios respectively) dissolved in 1 ml
of N-dimethylformamide (DMF) was injected dropwise
into a vigorously stirring toluene solution, containing
oleylamine (OAm) and oleic acid (OAc) as capping ligands.
To ensure colloidal stability, the concentration of OAc was
fixed to 0.2 mmol. 0.02 mmol and 0.04 mmol of OAm was
added for the 1:1 and 1:3 PbBr2/FAbr precursor ratios re-
spectively, as these concentrations yielded the most homo-
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geneous NC morphology. After injection, highly lumines-
cent NCs were rapidly formed and to further promote the
precipitation/crystal growth, an extra volume of toluene
was subsequently added to the suspension. The resulting
NCs were centrifuged at 3200 rpm for 15 minutes and
washed with toluene to remove the excess of capping
agents and unreacted precursor. Finally, they were redis-
persed in toluene forming a stable colloidal solution.
Please refer to the experimental section in the Supporting
Information for schematic representation of the synthesis
procedure. (Figure S1)

2. Instruments

2.1 Scanning Electron Microscope (SEM): Morphology and
composition analysis were studied using FEI Quanta FEG-
250 environmental scanning electron microscope at 10 KV,
equipped with an energy-dispersive spectrometer. The na-
noparticles suspension was drop-casted on a silicon chip
prior to the measurement.

2.2 Synchrotron X-Ray Diffraction: Synchrotron-based X-
ray diffraction data were collected at BMo1 (SNBL/ESRF
in Grenoble, France) using PILATUS@SNBL diffractome-
ter.>s The monochromatic beam (A = 0.95774 A) and the
parameters of the detector were calibrated on LaB6 powder
using PyFAL>® The obtained calibrations were imple-
mented to Bubble for further azimuthal integration of 2D
images. The resulting unit cell models were refined using
the Le Bail method in Fullprof.57

2.3 UV-Vis Diffuse reflectance Spectroscopy: Diffuse re-
flectance spectra (DRS) were recorded on a Perkin Elmer
Lambda 950 UV-VIS-NIR spectrophotometer with the
1s5omm integrating sphere accessory in the wavelength
range between 300 nm to 600 nm. The diffuse reflectance
(R) data were converted to F(R) using the Kubelka-Monk
function: F(R) = (1-R)2/(2R).

2.4 Emission and Excitation Spectroscopy: Excitation and
emission spectra were recorded on an Edinburgh Instru-
ments FLS 980 spectrofluorimeter. Samples were meas-
ured in front-face mode as thin films created by dropcast-
ing a suspension onto a glass slide that fitted into the Ed-
inburgh solids accessory.

2.5 Photoluminescence quantum yield: Quantum yield
measurements were performed on a Horiba Fluorolog 3.22
spectrofluorimeter with F-3029 integrating sphere acces-
sory fitted with a sample holder to accommodate thin film
samples drop-casted on a glass slide.

2.6 Two-photon Microscopy: The photoluminescence
maps were recorded on an upright microscope
(BX61WI/FViooo, Olympus) with 25x, 1.05 NA water im-
mersion objective (XLPLAN, Olympus) using picosecond
pulsed lasers of 1064 nm (picoTRAIN, High-Q) and 910 nm
(Levante Emerald, APE-Berlin; optical parametric oscilla-
tor synchronously pumped by the second harmonic of the
Nd:YVO4 picoTRAIN laser) as excitation sources. The
power of each beam at focus was 15 mW. For both excita-
tion sources, the photoluminescence was detected in the

epi-direction and transmitted through a 495-540 nm band
pass filter before reaching a photomultiplier tuber. The op-
tical resolution of two-photon microscopy can be esti-
mated by the FWHM of the point-spread function, given
by equation 1 and 2(for an objective with a numerical aper-
ture superior to 0.7):

0.3254
Iy = Zinaver 2V IN(2) (1)

L= 0.532)\[ 1 ]
zZ 7 V2 ln-vnZoNaZ

2JIn(2)  (2)

Where 2 is the excitation wavelength, n is the refractive in-
dex of the immersion medium, and NA is the numerical ap-
erture of the objective. Thus, as we used 910 nm and 1064
nm as the two excitation sources, the resolution for the two
images are respectively given by:

Iyyo10 = 0.316 um; 1,99 = 1.102 pm
Iyy1064 = 0.369 pm; 1,064 = 1.289 pm

2.7 PL Lifetime spectroscopy: Fluorescence lifetime data
were recorded on a home-built confocal FLIM microscope.
Emission from a pulsed 405-nm laser diode (LDH-P-C-405,
Picoquant, Berlin, Germany) was cleaned up spectrally
(Semrock 406/15 Brightline HC (AHF F37-406)). Emission
from a pulsed 485-nm laser diode (LDH-D-C-48s,
Picoquant) was cleaned up spectrally (Chroma ET485/20x,
F49-482, AHF Analysentechnik, Tiibingen, Germany). La-
ser pulsing was set to 1 MHz (PDL 828 Sepiaz, Picoquant).
The laser was coupled into a single-mode polarization
maintaining optical fiber (PMC-400Si-2.6-NA012-3-APB-
150-P, Schéfter+Kirchhoff GmbH, Hamburg, Germany) us-
ing a 60FC-4-RGBV11-47 fiber coupler (SuK). Light was col-
limated using a collimator with xyz adjustable lens (60FC-
L-4-RGBV11-47, SuK), the linear polarization cleaned up
(CCM1-PBS2s51, Thorlabs GmbH, Dachau, Germany) and
light was reflected via a 3-mm thick polychroic mirror
(Chroma zt405/488/561/6401pc, F73-410, AHF) into a gal-
vanometric mirror scanner (TILL Yanus IV digital scanner,
FEI Munich, Gréafelfing, Germany) that was connected to
the back port of the microscope body (IX71, Olympus Bel-
gium, Berchem Belgium). Imaging was controlled via a
home-written software (C#, Microsoft Visual Studio®). In-
side the microscope body the light was reflected upwards
(3-mm thick Full Reflective Ag Mirror, F21-oos5, AHF,
mounted in a TIRF Filter Cube for BX2/1X2, Fg1-960, AHF)
to the objective (UPLSAPO-60XW, Olympus). Sample
emission transmitted through the polychroic mirror was
focussed through a 50-pm pinhole (P50S, Thorlabs) via an
achromatic lens (AC254-150-A-ML, Thorlabs) and colli-
mated again (AC254-50-A-ML, Thorlabs). After collima-
tion, the emission was reflected on a dichroic mirror
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(H560LPXR, F48-559, AHF). Then, the emission was spec-
trally split into two bands via an additional dichroic mirror
(H507LPXR, F48-507): the blue part was spectrally filtered
through a 450/50 ET Bandpass emission filter (AHF), the
green part through a HQ525/50 bandpass filter (Chroma).
Emission was focused (AC254-50-A-ML, Thorlabs) on an
avalanche photodiode (1-SPAD, Picoquant). The detector
was connected to a time-correlated single photon counting
(TCSPC) device (Hydraharp 400, Picoquant) and powered
using a power supply (DSN-102, Picoquant). The laser pow-
ers used were 0.15, 0.75 and 1.5 nW, measured between the
polychroic mirror and the galvo (LabMax Top, Coherent,
Santa Clara, California, USA)(about 40% reached the sam-
ple), corresponding to 50, 250 and 500 mW/cm2 respec-
tively (taking into account the size of the focal spot and
percentage of laser that actually reaches the sample). Data
were loaded in the PAM software.8
(https://pam.readthedocs.io) written in MATLAB (The
MathWorks, Eindhoven, The Netherlands). Instrument re-
sponse functions (IRF) were recorded by removing the
emission filter and imaging the reflection of the laser on
the coverslip surface. Data were fitted by 2- or 3-compo-
nent convolution fitting.
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