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ABSTRACT: One recent development to improve optoelectronic properties of perovskites is to use a larger cation for multication
engineering. The chain-like ethylammonium (EA) [(C2H5)NH3]

+ cation is more likely to form a one-dimensional perovskite
structure; however, there is no remarkable evidence in this connection. Therefore, in this work, for the first time, the EA cation as an
alternative cation was introduced into FAPbBr3 cubic crystals to explore the stabilities and optoelectronic properties of mixed
FAxEA(1−x)PbBr3 perovskites. The results indicate that replacing FA with EA is a more effective way to realize band gap tuning and
morphology transformation between the cubic shape and microwires. The tuned band gap of perovskite is due to the variation of
Pb−Br−Pb angles induced by the insertion of the larger EA cation. We highlight that this work provides new physical insights into
the correlation between the engineering of organic cations and the formation of perovskite microwires and the tunable band gap.
This observation will help us to find new ways to grow perovskite microwires and subsequently study the optoelectronic
performance of low-dimensional perovskites devices.

1. INTRODUCTION

Metal halide perovskites have recently become a scientific
spotlight in the field of photonics and optoelectronics. The
great success of perovskite as a new generation of semi-
conducting materials has been widely witnessed in photo-
voltaics, light-emitting diodes (LEDs), transistors, photo-
detectors, and lasers.1−8 With general chemical stoichiometry
ABX3, perovskite is typically composed of cation A, metal
cation B, and halide anion X. The wide feasibility of the
combination of different cations and halide anions in
perovskites has promoted large possibilities in compositional
engineering for different applications.9−14 There are several
synthesis strategies for organic−inorganic hybrid perovskite
nanomaterials, including the template method, hot injection
method, ligand-assisted reprecipitation strategy, chemical
vapor deposition method, microfluidic reactor method,
ultrasound synthesis, and mechanical ball milling method.15−19

In perovskite materials, the A-site cation, such as methyl-
ammonium (CH3NH3, MA), formamidinium (HC(NH2)2,

FA), or caesium (Cs), as an important effective component,
plays a key role in tuning the crystal structure and optical and
electronic properties. For example, Br vacancies and
interstitials have much lower formation energies and higher
density in MA cation-based perovskite than FA-based crystals,
while a higher rotation barrier and stronger H-bonding
between the organic cation and Br are in the latter case.20

As certified in density functional theory (DFT), incorporating
organic cations with the appropriate structure, shape, and
strong H-bonding capabilities in perovskite crystal facilitates
the suppression of ion migration and charge accumulation and
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further improves the performance of perovskite optoelectronic
devices.21,22

Hybrid perovskites with mixed cations have demonstrated
tremendous advances in photovoltaics and LEDs, with greatly
enhanced performance and stability. For example, Zhang et al.
synthesized mixed cation perovskite nanocrystals based on
FA(1 − x)CsxPbBr3, and the corresponding LEDs with the
optimized composition (x = 0.2) exhibited encouraging
performance with the highest luminance of 55,005 cd m−2

and a current density above 10 cd A−1.8 Mixed cation-based
perovskites demonstrate that compositional modulation could
boost the crystallinity and conversion efficiency. A small
amount of the MA cation is sufficient to realize a perfect
crystallinity in FA-based perovskite.23 The Cs cation with a
smaller ionic radius is found to be effective in assisting the
crystallization of the black phase of FA perovskite with
photostability and thermal stability due to entropic stabiliza-
tion24 and promoting the efficiency of solar cells.25,26

One recent development to improve optoelectronic proper-
ties of perovskites is to use a larger cation for polycationic
engineering, such as the ethylammonium (EA) [(C2H5)NH3]

+

cation. It has been widely reported for the research and
development of devices with EA added to perovskites,27−31

especially for the mixture of MA cations and its higher analog
EA cations, which provide a versatile tool to tune the structural
as well as optoelectronic properties of perovskite. Moreover,
EA has a larger ionic radius (2.74 Å) than that of MA (2.17 Å),
and the addition of EA can be expected to improve stability
from the viewpoint of calculations and tolerance factor32 and
the thermal stability and crystallinity due to fewer defects
during surface coating.33 The reported A-site cation effect on
the optoelectronic and photonic device is primarily based on
polycrystalline perovskite or thin films, while the low-
dimensional perovskite nanostructure with a mixed cation is
rarely studied. The perovskite with reduced dimensionality has
attracted much attention due to the quantum confinement
effects, providing a platform to well modulate exciton−photon
interaction and exciton binding energy,34−36 offering great
support for advancing the fundamental understanding of
perovskites as well as technological applications.37 Therefore,
it is important to actively get into developing ways to achieve
controllable and reproducible production of low-dimensional
perovskites based on mixed cations and study the structure
(morphology)−property relationship underlying it.
As one of the basic building blocks, perovskites nanowires

(NWs) or microwires (MWs) have been widely investigated
for their tunable band gaps, anisotropic optoelectronic
properties, and outstanding efficiency. As is well-known, the
dimensionality and morphology of perovskite crystallites are
strikingly influenced by various factors, such as solvents,
surface ligands, additives, reaction temperatures, and time.
Under most circumstances, cubic perovskite crystallites with
isotropic shapes have been observed. For perovskite nanowires
or nanorods, in principle, there should be a crystallographic
driving force for anisotropic growth. The chain-like EA organic
cation is more likely to a form a one-dimensional perovskite
structure; however, there is no remarkable evidence in this
connection. Therefore, in this work, for the first time, the EA
cation as an alternative cation was introduced into FAPbBr3
cubic crystals to explore the stabilities and optoelectronic
properties of mixed FAxEA(1−x)PbBr3 perovskites. The results
indicate that replacing FA with EA is a more effective way to
realize band gap tuning and morphology transformation

between the cubic shape and microwires. The growth process
and physicochemical and optoelectronic properties have been
systematically surveyed. We highlight that this work provides
new physical insights into the correlation between the
engineering of organic cations and the formation of perovskite
microwires and a tunable band gap. This observation will help
us to find new ways to grow perovskite microwires and
subsequently study the optoelectronic performance of low-
dimensional perovskites devices.

2. METHOD

2.1. Materials. Formamidinium bromide (FABr), ethyl-
ammonium bromide (EABr), and lead bromide (PbBr2) were
ordered from Sigma. Dimethyl formamide (DMF) and toluene
were purchased from Alfa-Aesar.

2.2. Synthesis of Perovskite Microwires. The synthesis
of perovskite microwires was carried out at room temperature
using the ligand-assisted reprecipitation technique. First,
concentration-fixed solutions of PbBr2 (0.5 M), EABr (1 M),
and FABr (1 M) dissolved in DMF were prepared. Calculated
amounts of FABr, EABr, and PbBr2 solutions as well as certain
additives were injected into a clean bottle to obtain the
precursor at room temperature. The details are given in Table
S1. Then, the green solution was synthesized when the
prepared precursor was dropwise added into 10 mL of toluene
followed by the slow growth of perovskite microwires with
time. The resulting perovskite microwires were collected for
further analysis.

2.3. Characterization. The steady-state PL spectra were
measured by using a spectrometer (SP2300) with a CCD
detector (PIX400BRX) under excitation by a He−Cd gas laser
with a wavelength of 325 nm. The lifetime of samples was
measured by a time-correlated single-photo counting system
under excitation of a 375 nm pulse laser (∼40 ps). X-ray
diffraction analysis was carried out with an XRD Bruker D8
Advance, while the morphological images were detected with
FESEM (field-emission scanning electron microscopy; JEOL
JSM-7600F) and TEM (transmission electron microscopy;
Tecnai F30 microscope).

3. RESULTS AND DISCUSSION

The colloidal method, widely and successfully applied on the
synthesis of perovskite nanocrystals, has been sequentially
introduced into the fabrication of perovskite nanowires.
Colloidal synthesis was based on an antisolvent precipitation
method.38,39 In detail, as shown in Figure 1, PbBr2, FABr, and/
or EABr were dissolved in a polar solvent DMF and the
precursor was added into a solvent with lower polarity such as
toluene. The addition of a single FABr-formed precursor into
toluene promotes the production of common FAPbBr3
nanocrystals with a cubic shape (Figure 1a), while the joining
of the EA alternative cation directs the evolution of perovskite
microwires after a prolonged reaction time (Figure 1b). The
photographs of perovskite evolution are shown in Figure S1,
and the SEM images of crystal transformation at different times
are shown in Figure S2.
To gain insights into the role of the additive EA cation on

the perovskite crystal structure, the EA-directing morphology
transformation is further evidenced by high-resolution SEM in
Figure 2. The clear FAPbBr3 solution shows a green color, and
the size of the nanocrystal is about 10 nm in cubic shape
(Figure 2a−c). Interestingly, mixed cation perovskite
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FAxEA(1−x)PbBr3 (x = 0.25−0.75) exhibits uniform micro-
wires. Take x = 0.75 for example; the modulation of the EA
cation in the A-site of perovskite promotes the generation of
eye-catching scattered microwires in solution (Figure 2d), and
the length of scattered microwires is up to a centimeter level
(Figure 2e,f). For comparison, EAPbBr3 solution presents
white precipitation, and EAPbBr3 nanorods with mean
diameters of 600 nm and lengths of up to 50 μm were
fabricated during the solution-mediated crystallization process
(Figure 2g−i). The as-prepared EAPbBr3 nanorods tend to
form bundles in colloidal solution and settle at the bottom of
the sample vial owing to their larger mass. Moreover, the
aggregated microwires or nanorods are also attributed to the
strong hydrophobic interactions between the ligand molecules.
More evidence about the structure is presented below in the

discussion on X-ray diffraction (XRD) and transition electron
microscopy (TEM).
The growth progress of perovskite microwires is recorded at

different times, and the corresponding images are observed by
SEM (see the Supporting Information, Figure S1). We take
FAxEA(1−x)PbBr3 (x = 0.75) microwires as an example for
further analysis. Optical microscopy was performed to confirm
the crystallization of the perovskite microwires. As shown in
Figure 3a, the perovskite microwires are uniformly spread, and
the image of the thickness profile shows a uniform green color,
indicating that the perovskite microwires are comparable in
diameter and thickness. The detailed size distribution of
microwires is calculated in Figure 3b, and histograms clearly
signify the average diameter of microwires of 3 μm. The high-
resolution TEM analysis in Figure 3c makes it clear that the
prepared EA-directing perovskite microwires are highly
crystalline, and the Fourier transform TEM images in Figure
3d confirm the microwires with highly oriented crystal planes.
In general, perovskite nanocrystals tend to grow uniformly
along the three major crystallographic directors, crystallizing in
an isotropic cubic structure. Furthermore, the microwire
growth was generally attributed to the directional effect of
DMF where an internal complex with the methylamine group
was formed during the crystallization process.40−42 Compared
to FAPbBr3 nanocrystals, the only thing that has changed in
the contrastive experiment is the addition of the EA cation.
Surprisingly, in this work, the foreign EA cation facilitates the
competition among the growth fronts from neighboring
nucleation centers, which is more likely the crystallographic
driving force for the highly anisotropic growth of perovskite
microwires. Therefore, we can conclude that the mixed cation
perovskite microwires spontaneously grow along the in-plane
direction due to the EA cation.
The minor alterations of the applied processing parameters

may lead to diverse nucleation and crystal growth of
perovskites. To identify the effects of incorporation of the
EA cation on the crystallization of the as-prepared
FAxEA(1−x)PbBr3 perovskites, X-ray diffraction (XRD) was
employed on a series of perovskite samples, which were
deposited on a glass substrate. As shown in Figure 4a, the
standard perovskite crystal phase was detected throughout the
entire composition range from x = 1 to x = 0.25. The zoomed
diffraction patterns that peaked around 15° (001) and 30°
(002) planes are shown in Figure 4b, which displayed an
obvious peak shift toward smaller degrees. The radius of EA
(2.74 Å) is slightly larger than FA (2.70 Å), which makes EA a
suitable candidate for multication perovskite that has potential
for beneficial and unexpected properties. The decreased
diffraction angles with increasing the amount of EA cation
doping are attributed to an expansion of the crystal lattice by
insertion of the larger EA cations.43,44 The continuous shift of
the perovskite FAxEA(1−x)PbBr3 phase indicates the doping of
the EA and FA organic cation in the same lattice. Thus, EA is
definitely going into the core perovskite. When the ratio of
FA/EA was below 1:1 (x = 0.5, 0.3, and 0.25), additional
diffraction peaks assigned to EAPbBr3,

45 such as peaks at
∼15.8° and 30.9°, appeared in the XRD patterns. As the EA
cation continues to increase, additional diffraction peaks are
correspondingly strengthened, implying a smooth phase
transition from FAxEA(1−x)PbBr3 to mixed perovskites. That
is, an excessive addition of EA leads to phase separation and a
decrease in crystallization. The XRD patterns of representative
FAxEA(1−x)PbBr3 (x = 0.75) microwires containing a series of

Figure 1. Schematic diagram of the synthesis process of perovskite (a)
FAPbBr3 nanocrystals and (b) FAxEA(1−x)PbBr3 microwires.

Figure 2. (a) Photograph and (b, c) TEM images of FAPbBr3. (d)
Photograph, (e) optical microscopy images, and (f) SEM images of
FAxEA(1−x)PbBr3 (x = 0.75) microwires. (g) Photograph and (h, i)
SEM images of EAPbBr3 nanorods.
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well-defined periodically distributed diffraction peaks, with a
preferential orientation toward the (00l) (l = 1, 2, 3, and 4)
planes, confirm that the EA-directing perovskite microwires are
highly oriented, with the c axis perpendicular to the substrate
plane.
The images of obtained perovskite microwires are shown in

Figure 5 under ambient light and UV light. The representative
microwire selected for further analysis is FAxEA(1−x)PbBr3 (x =
0.75), which shows a yellowish color in the air and green light
emitting under UV excitation. The microwires collected
directly from solution are stuck together and present bundle
shapes, with a centimeter-sized length and a diameter above

∼3 μm (Figure 5a,b). The photoluminescence (PL) and UV−
vis absorption of freshly synthesized FAxEA(1−x)PbBr3 are
shown in Figure 5c. The as-synthesized FAPbBr3 nanocrystals
showed an absorption band at ∼550 nm and a narrow emission
at 552 nm with 20 nm full width at half-maximum (FWHM).
The main absorption and emission maxima blue-shift upon
increasing the concentration of the EA cation, and the detailed
photophysical properties of all samples are summarized in
Table S2. The band gap of FAxEA(1−x)PbBr3 slightly increases
with x from 1.0 to 0.25. As mentioned in empirical Vegard’s
law,46 the band gap in the semiconductor is approximately a
linear function of the lattice parameter, and a linear
relationship also exists between the band gap and composition.
In this work, the regular variation in the crystal lattice indicates
the potential increased band gap of perovskites. On the other
hand, it has been reported that the optical band gap of
perovskite can be affected by the size of the organic
ammonium cation due to either variation in the Pb−Br−Pb
angle or formation of large barriers between semiconductor
layers.47 Therefore, we can estimate that the introduction of
the EA cation resulting in the c axis distortion of the Pb−Br−
Pb bond angles plays a great role in tuning the band gap.
When introducing more EA cations in FAxEA(1−x)PbBr3 (x =

0.6 and 0.5), there is a weak emission peak around 470 nm,
which overlaps with EAPbBr3 (see Figure S3). The EAPbBr3
nanowires show blue emission that peaked at 450 nm with
FWHM above 50 nm. When EA doping is too much (x = 0.3
and 0.25), we observe blue emission features in the PL studies
with a big tailing at a longer wavelength, indicating that EA
may not completely go into the FAxEA(1−x)PbBr3 perovskite
structure when there is excess EA cation. The photo-
luminescence quantum yields (QYs) of FAPbBr3 and EAPbBr3
NCs are 82 and 5%, respectively, and the QYs of other
perovskites FAxEA(1−x)PbBr3 with mixed cations lie between
these two results. Due to the differences in the cation types, the

Figure 3. (a) Optical microscopy images of perovskite FAxEA(1−x)PbBr3 (x = 0.75) microwires. (b) Size distribution histograms of microwires. (c)
High-resolution TEM images. (d) Fourier transform TEM images.

Figure 4. (a) XRD diffraction patterns of mixed cation
FAxEA(1−x)PbBr3. (b) Zoomed diffraction patterns peaked around
15° (001) and 30° (002) planes. (c) XRD diffraction patterns of
perovskites FAPbBr3, mixed cation FA0.75EA0.25PbBr3, and EAPbBr3.
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interaction of EA and FA will be different toward core
geometry as the number of N−H bonds varies in these cations.
Therefore, for excessive doping, the low quantum yields are
probably a result of the distortion of the structure and creation
of traps.
To maintain symmetry and a stable crystal structure, the

tolerance factor t of metal-halide perovskite ABX3 should be
close to 1, which is determined from the equation as below

t
r r

r r2 ( )
A X

B X
=

+
+ (1)

where rA, rB, and rX are the perovskite constituents’ ionic radii,
such as organic cation A, metal cation B, and halide anion X. In
this work, the radii of organic FA+ and EA+, metal Pb+, and
halide Br− are 2.53, 2.74, 1.33, and 1.96 Å, respectively, and the
tolerance factor of mixed cation perovskite is calculated based
on these effective ionic radii; the details are summarized in
Table S3. The variation of t with the doping proportion is
presented in Figure 6a, and we note that EAPbBr3 has a
tolerance factor exceeding 1. Therefore, as confirmed in the

discussion above, the excess incorporation of the EA cation in
perovskite resulted in the tilting of PbBr6 octahedra, lowered
symmetry, and then the degraded crystal quality and optical
performance.
The performance of mixed cation perovskite is affected by

the size of the organic ammonium cation via the variation of
the Pb−Br−Pb angle. To have a deeper insight into this mixed
cation structure, the schematic energy levels of FAPbBr3 and
EAPbBr3 are shown in Figure 6b, which presents the energy
levels of Pb 6s and (Pb 6s−Br 4p)* orbitals. As indicated, the
insertion of a larger EA cation is proposed to increase the
distance between Pb atoms and then the Pb−Br bond lengths,
resulting in the decreased orbital overlap between the Pb 6s
and Br 4p orbitals. The band gap is defined between the Pb
6s−Br 4p hybridized orbitals and Pb 6s levels,45 and
deservedly, the decreased Pb 6s−Br 4p orbital overlap will
definitely increase the final band gaps of perovskite.

Figure 5. (a) Photographs of collected perovskite microwires under natural light and UV light. (b) Photographs of representative single microwires
under the micro area test and its surface SEM image. (c) PL spectra and (d) absorption spectra of samples.

Figure 6. (a) Tolerance factor of perovskite FAxEA(1−x)PbBr3. (b) Schematic representation of variation of energy levels from FAPbBr3 in Pb 6p
and Pb 6s−Br 4p orbitals on insertion of the EA cation.
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4. CONCLUSIONS

In this work, we report for the first time the room-temperature
colloidal synthesis of EA-directing perovskite microwires.
Mixed cation perovskite shows green emission at 552 nm
and also demonstrates the tunability of this emission from
green to blue (471 nm) by varying the ratio of EA and FA
cations. The EA-directing perovskite microwires provide a
platform to fabricate low-dimensional perovskite with tuned
optoelectronic properties and their use in optoelectronic
devices. Mixed cation perovskite induced tuned band gaps
due to the variation of the Pb−Br−Pb angle via incorporation
of the larger EA cation. The excess EA insertion in the organic
cation in perovskite results in phase separation and degraded
crystal and performance. Therefore, it is critical to have fine
control over the nucleation and crystal growth of perovskites.
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