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1. Introduction

Hybrid organic–inorganic metal-halide
perovskites are compounds that combine
organic cations and inorganic networks
formed by different arrangements of
[BX6]

4� octahedra, where B is a metal cat-
ion and X is a halogen anion. Their hybrid
organic–inorganic nature provides a versa-
tile platform for creating materials with on-
demand optical, electrical, and magnetic
properties by varying these compounds’
composition and dimensionality. Usually,
a 3D arrangement of the octahedra is
formed with the general formula AIBIIX3,
where the A site is occupied by small
organic molecules, usually ammonium cat-
ions. Regarding the dimensionality of per-
ovskites, it is defined as the number of
spatial directions in which the [BX6]

4� octa-
hedra are connected. It can vary between
3D, 2D, and 1D to 0D depending on the
size of the cations at the A sites. Larger cat-
ions cause a reduction in dimensionality,
“breaking” a 3D perovskite structure into
a 2D, 1D, or 0D structure.[1–4] We note that

0D hybrid organic–inorganic perovskitoids (HOIPs) are promising candidates for
optoelectronic applications, due to the properties arising from the isolation of the
metal halide octahedra, such as broadband photoluminescence (PL) emission,
ambient stability, and reduced ion migration. However, a better understanding of
the role of the organic cation in the crystal phase formed and resulting optical
properties is needed, particularly regarding the appearance of anisotropy in the
arrangement of the octahedra in the lattice. Here, the synthesis, crystal structure,
and optical, vibrational, and electrical properties of a new 0D lead iodide HOIP
containing 3-(aminomethyl)pyridinium, 3AMPy, as organic cation, are presented.
X-ray diffraction reveals that 3AMPy2PbI6 has an orthorhombic crystal structure
consisting of isolated [PbI6]

4� octahedra. Polarization-dependent Raman spec-
troscopy and optical microscopy reveal narrow modes with preferential crystal
orientation and birefringence, respectively. 3AMPy2PbI6 exhibits an isotropic red
broadband PL emission shifted to longer wavelengths compared to the 2D and
3D AMPy-PbI2 phases and to other 0D Pb-based HOIPs, which is ascribed to
exciton recombination and trap states in the octahedra. Devices made with flakes
of 3AMPy2PbI6 show photoconduction under 405 nm light. Our results provide
insight into the structure and optical properties of 0D HOIPs and their potential
in optoelectronic devices.
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the resulting 1D and 0D crystals should be referred to as perov-
skitoids, since, strictly speaking, they do not possess a perovskite
structure.[5,6]

0D hybrid organic–inorganic perovskitoids (HOIPs) have
recently attracted significant attention due to their exceptional
optical and electronic properties.[3,7–11] Unlike their 3D, 2D,
and 1D counterparts, 0D HOIPs consist of spatially isolated
[BX6]

4� octahedra separated by organic cations and lacking direct
electronic coupling with neighboring octahedra.[7,12] This struc-
tural change from 3D to 0D leads to distinct quantum effects,
such as high exciton binding energies of several hundred
meV, substantially higher than those of their 3D counterparts;[13]

strong electron-phonon coupling and a soft lattice structure, lead-
ing to self-trapped excitons (STEs); and broadband photolumi-
nescence (PL) emission with large Stokes shift[14–16] and
a high PL quantum yield.[5,17] These features make them partic-
ularly attractive as materials for light-emitting diodes
(LEDs).[3,18,19] Another interesting property of 0D HOIPs is their
structural tunability. The choice of organic cation plays a crucial
role in determining not only their optical and electronic proper-
ties but also their stability under ambient conditions.[12] The
incorporation of aromatic spacers, for instance, improves their
structural stability under moisture and heat, and reduces ion
migration with respect to that of conventional 3D perovskites,
addressing one of the major limitations of metal halide perov-
skites in device applications.[3,20,21] Therefore, 0D HOIPs have
been proposed as promising candidates in mixed-dimensional
heterojunction perovskite solar cells to increase device stability
and durability without losing efficiency.[8,22] However, there
are still open questions to be addressed before the structural ver-
satility of these materials can be fully exploited. One of these
relates to the role of the A site cation, which influences the
arrangement and tilting of the [BX6]

4� octahedra and therefore
restricts the compounds that can form and their resultant optical
properties.[10,19] Another question refers to the emergence of
anisotropy in the whole crystal lattice, affecting the properties
(e.g., vibrational or optical) of the material and broadening the
range of applications.[7,23]

A very suitable choice of material to investigate these ques-
tions is that of Pb-based HOIPs, well-known for their excellent
optoelectronic performance,[1,8,24–27] combined with aromatic
diammonium cations, which provide effective isolation for the
metal halide units in 0D structures,[12,14] while maintaining
the material’s inherent structural rigidity and stability.[28] In this
work, we study the structural, vibrational, optical, and electrical
properties of (3-(aminomethyl)pyridinium)2PbI6 (3AMPy2PbI6)
bulk crystals and mechanically exfoliated flakes to elucidate its
anisotropic properties, as well as the confinement of excitons
and carriers in the metal halide lattice. X-ray diffraction (XRD)
studies reveal that the synthesized crystals represent a new phase
of the 3AMPy-PbI2 family, concretely a 0D HOIP instead of
the previously reported 2D[29] and 3D[5] crystal structures.
Polarization-dependent Raman spectroscopy and optical micros-
copy reveal the presence of modes with a preferential orientation

and birefringence, respectively. By contrast, the PL emission
does not show evident polarization dependence, but, interest-
ingly, it is broader and different than for the 2D 3AMPyPbI4

[29]

and 3D 3AMPyPb2I6
[5] phases and other 0D Pb-based HOIPs.[16]

Additionally, temperature-dependent and time-resolved PL
measurements provide insight into the exciton dynamics.
Finally, we evaluate the potential of 0D 3AMPy2PbI6 flakes for
optoelectronic applications by fabricating lab-scale photodetec-
tors. Our findings contribute to a broader understanding of
0D HOIPs and their suitability for next-generation optical and
electronic devices.

2. Results and Discussion

Bulk crystals were synthesized in HI medium using a chemical
route slightly different than the one previously reported for 2D
3AMPyPbI4

[29] and 3D 3AMPyPb2I6
[5] phases. Specifically, we

used 1:1 molar ratio 3AMPy:Pb, PbI2 as Pb source, no H3PO2

was added, and no intermediate thermalization steps were used
during the process of boiling, dissolving, and cooling down to
induce crystallization (see Experimental section and Table S1,
Supporting Information). In this way, we obtained orange-
yellowish single crystals of tens and hundreds of μm size
(Figure 1a,b), which have an axis of preferential growth
(Figure 1b,c). To assess the crystal structure of the compound,
we performed XRDmeasurements on powders and single crystals
at room temperature (Figure 1d). The refined crystal structure,
with very good residual parameters, shows that 3AMPy2PbI6 crys-
tallizes in the orthorhombic space group Pbca (no. 61) with lattice
parameters a= 16.7196(5) Å, b= 8.4960(2) Å, and c= 17.7782(5)
Å [CSD-2 374 339] (Figure 1e, VESTA[30] visualization). Moreover,
temperature-dependent single-crystal XRD data show that this
HOIP is stable, and it retains the same crystal structure across
the 100–373 K temperature range. Cell volume and anisotropic
thermal displacement parameters linearly decrease when cooling
down, while atomic positions change only slightly (see Figure 1g
and SI.cif files). The synthesized crystals correspond to a 0DHOIP
composed of isolated [PbI6]

4� octahedra, which, from a structural
point of view, differs from their arrangement in the 2D and 3D
phases reported in literature,[5,29] demonstrating that at least three
3AMPy-Pb-I different crystal phases can be obtained by changing
crystal growth conditions, the ratios of precursors and Pb source.

Moreover, the 0D 3AMPy2PbI6 bulk crystals can be mechani-
cally exfoliated to obtain flakes with tens of μm size (Figure 1c)
and thickness in the range 1–2 μm, which can be transferred
onto target substrates by deterministic dry-transfer[31] (see
Experimental section). More interestingly, by XRD characteriza-
tion, we confirm that the obtained flakes are oriented on the
(00l) plane (Figure 1h).

To gain more insight into the crystal structure, we performed
Raman spectroscopy measurements on crystals and flakes at
room temperature. The corresponding Raman spectra show
more than 30 modes (Figure 2a). The peaks at the low-frequency
region (<200 cm�1) mostly correspond to vibrations of the inor-
ganic [PbI6]

4� octahedra,[16,32] while the higher frequency modes
(>200 cm�1) originate from vibrations of the organic 3AMPy
cations.[33] The full-width-at-half-maximum (FWHM) of these
[PbI6]

4� octahedra modes ranges between 4 and 10 cm�1.
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Figure 1. a) Photograph of a 3AMPy2PbI6 crystal. b) Optical image of a single crystal. c) Optical image of a flake on a Si/SiO2 substrate. d) Result of the
fitting carried out on the X-ray powder diffraction pattern, showing the observed and the calculated curves, as well as their difference. Inset: photograph of
a representative single crystal selected for X-ray measurements. e) Visualization of the crystal structure down the b-axis, showing the inorganic octahedra
and the 3AMPy organic spacer. f ) Visualization of the crystal structure from another perspective, highlighting the (00l) plane. g) Cell volume as a function
of temperature. h) XRD pattern of a crystal, showing the exfoliation in the (00l) plane marked in red in panel f.

Figure 2. a) Representative Raman spectrum of a 3AMPy2PbI6 crystal showing the different ranges under study. The angle-dependence intensity of the
peaks within each of these regions shows a distinctive behavior, as seen in the normalized polar plots b–e), which show a mode representative example
for each zone. The analyzed peaks are pointed out with a star in the Raman spectrum panels. The drawing of the flake in b) denotes the angle zero position
of the sample. Polar plots c–e) show a comparison between the angle dependent intensity of selected modes for a crystal (full dots) and a flake (empty
squares). In both cases, the polar plots have the same orientation.
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While sharp vibrations are usually observed coming from
aromatic cations in hybrid metal halides,[32,34] Raman modes
ascribed to the [PbI6]

4� octahedra are usually broad in 3D[5,35]

and 2D[36,37] hybrid lead halides and associated to high anharmo-
nicity. Thus, the narrow peaks we observe stand out and is in
accordance with previous reports in 0D Pb-based HOIPs.[16]

As the nature of the broadening of Raman modes is currently
under scrutiny, with multiple factors including dynamic disorder
originating from A-cations, octahedral tilting, or broadening
associated to Bose-Einstein statistics,[38] the 0D HOIPs can be
a good platform for further studies.

To understand the anisotropy of these vibrations, we carried
out angle-resolved linearly polarized Raman spectroscopy meas-
urements by rotating the sample under fixed configuration of
polarizer and analyzer parallel to each other (parallel configura-
tion, see Figure S2, Supporting Information and Experimental
section for details on the setup). We observed that several modes
show a clear modulation of their intensity as a function of the
angle of rotation of the sample, highlighted in the polar plots,
throughout the entire Raman spectrum (Figure 2b–e).

In the low-frequency region where modes from the inorganic
lattice dominate, the angular modulation has a preferential
orientation with respect to the long axis of the sample corre-
sponding to the preferential crystal growth direction. The mode
centered at 85 cm�1 (all modes are detailed in Figure S3,
Supporting Information) shows a maximum intensity along
the crystal axis, whereas modes centered at 39 cm�1 (Figure 2b),
58 cm�1, and 100 cm�1 are oriented perpendicular to it.
Conversely, the modes centered at 51 cm�1 and 112 cm�1 seem
to display a four-lobe tendency rotated by 45° relative to the crys-
tal axis. The mode centered at 39 cm�1 is likely a librational mode
of the [PbX6]

4� octahedra, while those at 51 cm�1, 58 cm�1, and
85 cm�1 correspond to symmetric bending, and the modes at
100 cm�1 and 112 cm�1 are associated with stretching.[16]

Modes located in the region 700–1400 cm�1 (all modes are
detailed in Figure S4, Supporting Information) show two-lobe
polar plots oriented perpendicular to the axis of the crystal, being
Figure 2c a representative example. This region likely corre-
sponds to C─C, C═C and C─N vibrations such as bending,
stretching, or twisting.[34,39,40] The shape of the polar plots
changes in the region between 1500 and 1700 cm�1

(Figure 2d and Figure S5, Supporting Information), associated

with NH3 bending and scissoring, and C═C stretching in the
Py ring.[33] Here, modes at 1546 cm�1 and 1595 cm�1 show a
slight anisotropy aligned with the preferential growth axis of
the sample, while mode at 1566 cm�1 looks perpendicular and
mode at 1630 cm�1 seems to display four lobes oriented at
45° with respect to the sample. The polar plots recover their
two-lobe shape oriented parallel to the crystal axis in the region
2800–3200 cm�1 (Figure 2e and Figure S6, Supporting
Information), which in other hybrid perovskites is associated
with vibrations of the aromatic ring of the organic cation.

From XRD studies (Figure 1g), we know that flakes are ori-
ented on the (00l) plane when exfoliated. We therefore compared
the shape of the polar plots for angle-resolved polarized Raman
intensity between crystals and flakes (Figure 2c–e), and we
observed a perfect match on the intensity modulation with the
orientation with respect to the axis of preferential crystal growth
indicated in Figure 1b. As a result, we can reliably determine the
crystallographic axis of 3AMPy2PbI6 samples of any thickness by
angle-resolved linearly polarized Raman spectroscopy, using the
parallel configuration, in those modes showing two-lobe polar
plots perpendicular to the samples, namely appearing in the
30–150 cm�1, 700–1400 cm�1, and 2800–3200 cm�1 ranges.

To study the optical anisotropy of 3AMPy2PbI6, we used
polarization-resolved optical microscopy of μm-thick flakes.
For this purpose, we used an optical microscope with fixed line-
arly polarized light at the incidence (IN), and another linear
polarizer (analyzer) at the collection path (OUT), with tunable
angle from 0° (aligned with the IN polarizer) to 180°. The sample
was fixed on the stage of the microscope in two different orien-
tations, namely at angles at which the crystal axis and the IN
polarization are different from and equal to 0°, 90°, or their multi-
ples, respectively. The apparent color of the flake is the result of
thin film interference due to the thickness of the flake and the Si/
SiO2 substrate, and therefore regions of different thickness
appear with different colors. These colors depend on the orien-
tation of the flake to the polarization direction and on the respec-
tive alignment (parallel or perpendicular) of the polarizer and the
analyzer. When the sample axis is not at 0° (parallel to the IN
polarization) nor at 90° (perpendicular to the IN polarization)
(Figure 3b), we can observe a progressive change of color as
the OUT polarizer is rotated from 0° to 90°, recovering the initial
color at 180°. On the contrary, when the crystal axis of the sample

Figure 3. a) Polarization configuration used for taking the optical images. The polarization of the excitation light (IN) is fixed horizontally and sets the
zero-degree reference. The sample is fixed and the polarizer at the collection path (OUT) is rotated. b) Optical images of a 3AMPy2PbI6 flake (�3 μm
thickness) oriented at an angle different from 0° or 90° with respect to the input polarization. Each picture is taken at a different angle of the output
polarization. A clear change of color is observed as the polarization is rotated. c) Optical images of a 3AMPy2PbI6 flake aligned (�5°) with the input
polarization. In this case the flake follows the isotropic behavior of the substrate and blacks out at cross configuration. The scale bar is 15 μm.
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is roughly parallel to the IN polarization (Figure 3c), only a
change of light intensity is observed, which is due to the
polarizers progressively acquiring a cross configuration of their
fast axis. The same behavior is observed when the crystal
is perpendicular to the IN polarization (Figure S7, Supporting
Information). By rotating the sample under the microscope with
a piezoelectric motorized stage, we observed that the samples
black out approximately at �10° from the parallel or perpendic-
ular orientation with respect to the IN polarization, while the
change of color is maximum at 45°. This optical anisotropy is
originating from birefringence,[41] due to the biaxial orthorhom-
bic crystal structure. The light incident on the sample at an angle
different from the parallel or perpendicular is refracted into two
transversal components travelling through the material at differ-
ent speed, which induces a wavelength-dependent phase differ-
ence. This leads to interference between the two components
when they recombine at the exit of the material, being destructive
or constructive for some wavelengths depending on the polari-
zation, thus giving the change of color that we see in the
images.[42] On the contrary, when the optical axis is aligned par-
allel or perpendicular to the IN polarization, the incident light
does not split into two components, behaving as an isotropic
material. Likewise, seeing no difference in color when the crystal
is oriented parallel or perpendicular to the IN polarization
excludes linear dichroism as the origin of optical anisotropy in
this material, since this effect arises when there is a different
absorption coefficient between these two axis.[43,44]

We also explored the optical and excitonic properties of
3AMPy2PbI6 by performing detailed PL characterization.
Excited by a 405 nm laser, bulk crystals and flakes show a broad
PL emission centered around 642 nm (Figure 4a) with a FWHM
of 140 nm at room temperature, which maintains the 50% of its
PL emission after 10 days (see Figure S11, Supporting
Information for degradation test). This broadband emission is
a characteristic feature of STEs, which arise due to strong
electron-lattice coupling and lattice distortions in the isolated
[PbI6]

4� octahedra.[13,16,45] As mentioned in the introduction,
such behavior is commonly observed in 0D HOIPs, where the
lack of electronic coupling between octahedra leads to highly
localized excitons and broad emission. Interestingly, the PL
emission of 3AMPy2PbI6 is redshifted compared to its 2D
(3AMPyPbI4, �560 nm)[29] and 3D (3AMPyPb2I6, �545 nm)[5]

counterparts (see Table S2, Supporting Information for a com-
parison among the three materials). This systematic shift may
be due to a combination of structural reduction from 3D to
0D and the presence of STE, highlighting the impact of structural
changes on optical properties. In addition, the PL emission
is significantly broader than in the 2D and 3D phases
(FWHM= 33 nm and 54 nm, respectively), further supporting
the presence of STEs in the 0D structure. These trends highlight
how dimensionality governs the excitonic landscape and emis-
sion properties in the 3AMPy-PbI2 family. Notably, while blue
to green PL emission is more commonly observed in 0D lead
halide HOIPs, and red PL emission often requires mixed-A site

Figure 4. a) Representative PL spectrum of a 3AMPy2PbI6 crystal at room temperature. The inset is an optical image of a crystal. The horizontal line
indicates the orientation of the polarization of the excitation light. The sample is rotated and a PL spectrum is recorded every 15°. The normalized intensity
is shown in panel b) with the fitting to the mean value. c) Analysis of the peak center (in circles) and FWHM (in squares) of the PL peaks as a function of
temperature for two 3AMPy2PbI6 crystals. d) Fluorescence lifetime decay fitted to a biexponential function (solid red line). The inset shows the same data
on a semi-logarithmic scale, confirming the multi-exponential behavior of the decay. e) Dependence of the PL (Pout) on the excitation power (Pin). The low
power regime is fitted to a linear function (solid blue line). The inset with a semilogarithmic scale highlights the transition between the low-power and
high-power regimes.
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cation strategies (Table S3, Supporting Information), here we
show red PL emission achieved with a single aromatic diammo-
nium cation.[16] This makes our results particularly noteworthy
and underlines the critical role of A-site cation selection in tuning
the optical response.[16]

We checked the angle dependence of the PL intensity as the
sample is rotated under illumination with a fixed linear polariza-
tion at 0° (inset of Figure 4a), and different polarization config-
urations at the collection path, namely unpolarized, parallel, and
perpendicular to the incident polarization. In all the cases, the PL
intensity is isotropic (Figure 4b), meaning that exciton emission
does not depend on the crystallographic orientation of the mate-
rial. The isotropic nature of the emission is consistent with the
0D structure, where the isolated octahedra lack directional
electronic coupling.

Temperature has, instead, a significant effect on the PL prop-
erties (Figure 4c and Figure S8, Supporting Information). The
FWHM of the emission increases with increasing temperature,
while the PL intensity decreases. On the other hand, the PL emis-
sion peak shifts slightly to longer wavelengths as the temperature
increases from 100 K, reaching a maximum at 200 K. Above this
temperature, the peak shifts back to shorter wavelengths. The
shift below 200 K can be explained by the usual temperature
behavior of STEs. At low temperature, the STEs are strongly
localized. However, as the temperature increases, thermal energy
reduces the confinement, leading to a lower-energy emis-
sion.[13,45,46] The slight structural changes in the moieties
at 200 K (Figure S1, Supporting Information) suggest that the
lattice distortions may partially relax at higher temperatures,
allowing STEs to emit at slightly higher energies above
200 K.[13,17,45,47]

To further investigate the excitonic behavior, we performed
time-resolved PL measurements. The PL decay curve of
3AMPy2PbI6 flakes exhibits a biexponential behavior
(Figure 4d), with a fast component (τ1= 0.43 ns) related to free
exciton recombination and a slower component (τ2= 2.71 ns)
associated to trap-state or STE emission. Additionally, power-
dependent PL measurements indicate the nature of the excited
energy carriers (Figure 4e). The PL response scales linearly with
excitation power up to �1 μW, supporting the exciton recombi-
nation as the PL origin. At higher power, the increase is less
steep, suggesting the onset of other mechanisms such as
Auger recombination that limit the radiative efficiency. As
expected for a low-dimensional system, these results confirm

the presence of excitonic excited states. Furthermore, to verify
the low-dimensional nature of the system, we carried out tran-
sient PL microscopy (TPLM) experiments that show a lack of
exciton diffusivity (Figure S9, Supporting Information), suggest-
ing highly localized exciton dynamics in this material.

In summary, the non-monotonic temperature dependence of
the PL peak, combined with the biexponential decay and power-
dependent PL results, suggest the presence of excitonic excited
states in 3AMPy2PbI6. The highly localized exciton dynamics, as
evidenced by the lack of diffusivity in TPLM experiments, further
underscores the 0D nature of the material. These findings high-
light the role of STEs in shaping the optical properties of
3AMPy2PbI6. However, other mechanisms may also contribute
to the observed redshifted and broadband PL. In particular, the
biexponential decay observed in time-resolved PL measurements
suggests the presence of trap-assisted recombination pathways,
with the slower component likely associated with localized trap
states. Additionally, although the octahedral distortion in
3AMPy2PbI6 is relatively low, as is the case of other 0D Pb-based
HOIPs (see Table S3, Supporting Information), even subtle dis-
tortions can influence the local electronic structure and band
edges. Previous studies have shown that such distortions can
modulate the density of states and enhance charge localization,
contributing to redshifted PL emission.[48] Therefore, while STEs
remain the dominant emission mechanism, trap states and
minor band structure modifications due to octahedral distortion
may also play a synergistic role.

For electrical transport measurements, we exfoliated
3AMPy2PbI6 flakes and transferred them to a n-doped Si/SiO2

substrate with Pt prepatterned electrodes (Figure 5a). We mea-
sured these samples under vacuum (10�6 hPa) to prevent degra-
dation under ambient atmosphere. As usually the case for
HOIPs,[5,49–51] the sample is not conductive under dark condi-
tions. However, it is possible to measure a photo-induced current
when the sample is illuminated with a 405 nm laser (Figure 5b,
see Figure S10, Supporting Information for white light illumina-
tion results), and the intensity of this photocurrent increases with
the power of the excitation light. Moreover, to investigate the
effect of the light power, as well as the time response of the pho-
tocurrent, we measured the drain-source current as a function of
time for different powers of the light, under a drain-source volt-
age of 5 V (Figure 5c). The sample shows a response faster than
the experimental resolution of 1 s, which keeps stable in time for
powers up to 9.3 μW. When the power is increased above

Figure 5. a) Schematics of the device made from an optical image. The 3AMPy2PbI6 flake is stamped on a n-doped Si/SiO2 substrate with Pt electrodes.
b) Output characteristic of the device in dark and under illumination with a 405 nm laser at 9.3 μW and 200 μW respectively. c) Drain-source current on the
device under an applied voltage of 5 V and different power of the 405 nm laser.
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100 μW, there is a slow increase in the photocurrent following
the fast response, which may suggest a heating effect.

3. Conclusion

In this work, we expand the phase diagram of 3AMPy-Pb-I by
successfully synthetizing 3AMPy2PbI6 bulk crystals correspond-
ing to a 0D HOIP phase, with an orthorhombic lattice formed by
isolated [PbI6]

4� octahedra separated by 3AMPy cations, as con-
firmed by XRD analysis. This demonstrates the structural versa-
tility of this kind of HOIP materials and the possibility to access
different crystal phases by modifying the crystal growth condi-
tions. Temperature-dependent XRD measurements did not
reveal any structural phase transitions in the range 100–373 K.
Furthermore, Raman spectroscopy measurements demonstrated
the presence of narrow modes associated with vibrations of the
[PbI6]

4� octahedra. In addition, linearly polarized Raman spec-
troscopy measurements allowed us to determine the axis of pref-
erential crystal growth, which coincides with the maxima or
minima of the angle-dependent intensity of several vibrational
modes associated with the inorganic lattice and the organic cat-
ion. Regarding the optical properties of 3AMPy2PbI6, we observe
the presence of birefringence by polarization-dependent optical
microscopy, associated with the two optical axes corresponding to
its orthorhombic crystal structure. In contrast, PL emission was
found to be isotropic, but most interestingly, it is broader
and shifted towards longer wavelengths than the 2D
3AMPyPbI4

[29] and 3D 3AMPyPb2I6
[5] phases or other pure A site

cation 0D lead halide HOIPs.[16] This highlights how structural
changes and the choice of the A site cation can influence the
emission properties. From temperature-dependent PL, time-
resolved PL, and TPLM measurements, we can ascribe the
observed PL emission to exciton recombination and trap states
localized in the octahedra. Furthermore, we integrated mechani-
cally exfoliated flakes into proof-of-concept photodetectors and
observed photoconduction under UV and white light illumina-
tion. Therefore, our results reveal the potential of these 0D
HOIP materials to develop emitters and detectors with
on-demand optical properties originating from the presence of
isolated octahedra, in a different wavelength range than their cor-
responding 3D, 2D, or 1D crystal phases. In addition, this study
adds a new member to the family of 0D hybrid lead halides and,
most importantly, provides a broader understanding of 0D
HOIPs’ structural, vibrational and optical properties for their
future development and applications.

4. Experimental Section

Synthesis of the Bulk Crystals: We mixed 231mg of PbI2 (99.999% trace
metals basis, perovskite grade) with 2.5mL of hydroiodic acid (HI, 57% w/w
aqueous) in a vial and heated the solution at 240 °C under constant
magnetic stirring until dissolution. In another vial placed in an ice bath,
we neutralized 52 μL of 3-(aminomethyl)pyridine (3AMPy, 99%) with
500 μL of HI solution. When the mixture PbI2/HI was dissolved, we incor-
porated it into the 3AMPy/HI mixture and we heated back at 240 °C and
stirred until dissolution. Then, the stirring and heating were stopped,
and the solution was left to cool down until crystals appeared. Before reach-
ing room temperature, orange crystals started to form. Then, we quickly
isolated the grown crystals by filtration on a Büchner funnel using paper

filter (Fisherbrand Grade 111 Cellulose) by vacuum suction and dried inside
a vial during at least 8 h at room temperature under reduced pressure using
a vacuum pump before being used for the fabrication. All the reagents and
solvents were purchased from Sigma Aldrich-Merck and used as received
without further purification.

XRD Characterization and Analysis: A translucent intense yellow, plate-
shaped crystal was mounted on the goniometer head of a three-circle
Bruker D8 QUEST diffractometer equipped with a PHOTON III photon
counting detector and with an Oxford Cryostream 1000. The diffractome-
ter used MoKα radiation (λ= 0.71076 Å). Complete datasets (four
w-scans) were collected at 110, 150, 200, 250, 300, and 373 K over the
reciprocal space up to�28.3° in θ (corresponding to a�0.75 Å resolution)
with exposures of 5 s per frame. All data were integrated with SAINT
V8.40B;[52] a Multi-Scan absorption correction using SADABS 2016/2
was applied.[53] The structure was solved by the intrinsic phasing method
with SHELXT 2018/2 and refined by full-matrix least-squares methods
against F2 using SHELXL-2019/2.[54,55] All nonhydrogen atoms were
refined with anisotropic displacement parameters. All C-bound hydrogen
atoms were refined isotropic on calculated positions using a riding model
with their Uiso values constrained to 1.5 times the Ueq of their pivot atoms
for terminal sp3 carbon atoms and 1.2 times for all other carbon atoms.

The compound is stable, and it retains the same orthorhombic crystal
structure in the 110–373 K temperature range.

For all temperatures, very good residual parameters were obtained;
smooth changes can be observed as a function of temperature. In partic-
ular, cell volume and anisotropic thermal displacement parameters
linearly decrease when cooling down, while atomic positions change only
slightly.

Crystallographic data for the structure at RT (see Tables S4 and S5,
Supporting Information) have been deposited in the Cambridge
Crystallographic Data Centre;[56] the .cif files for the other investigated
temperatures are provided as Supporting Material.

[CSD-2 374 339 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.UK/data_
request/cif.]

Powder XRD Characterization and Analysis: XRD patterns were recorded
on a Malvern-PANalytical 3rd generation Empyrean X-ray diffractometer,
equipped with a 1.8 kW X-ray tube (CuKα= 0.15406 nm) operating at 40 kV
and 45mA, W/Si elliptic focusing mirror, GaliPIX3D solid-state pixel area
detector. The sample was sealed between two foils of 7 μm-thick Kapton
lined with vacuum grease. The diffraction patterns were acquired at room
temperature in transmission geometry and 1Dmode using a transmission
spinner sample stage (rotation speed = 2 rps). Whole-powder-pattern
decomposition refinement based on the Pawley method was performed
with HighScore Plus 5.2 to confirm the space group.

Mechanical Exfoliation and Deterministic All-Dry Viscoelastic Stamping:
We exfoliated the bulk crystals inside a glovebox with Ar atmosphere, using
scotch tape (Nitto blue tape, BT-150 E-KL). The flakes were then trans-
ferred to a piece of polydimethylsiloxane (PDMS, Gelfilm from Gelpak)
and examined under an optical microscope (Nikon DS-Ri2). We stamped
the selected flakes on Si/SiO2 300 nm substrates by means of an all-dry
viscoelastic stamping system,[57] which allows to place them deterministi-
cally, e.g., on top of pre-patterned contacts. XRD measurements were car-
ried out using an Empyrean diffractometer (Malvern Panalytical) equipped
with a Cu cathode on exfoliated flakes fully covering a Si/SiO2 substrate.

Raman Spectroscopy and PLMeasurements: Raman spectroscopy and PL
measurements were performed with a Renishaw inVia Qontor micro-
Raman instrument with a 50� objective, using a laser of 532 nm for
Raman, and a laser of 405 nm for PL as excitation source, and a diffraction
grating of 2400 lines/mm. Angle-resolved micro-Raman measurements
were done placing the sample on a rotating piezoelectric motor
(Thorlabs, ELL18/M rotation stage) controlled by the ELLO software. A
half-wavelength plate (HWP) (Renishaw) was added to the optical path
of excitation to achieve vertical (V) or horizontal (H) linear polarized light,
with respect to the polarizer set at V at the detection path, so that a parallel
or perpendicular configuration can be set. For collecting temperature-
dependent spectra, we put the samples into a Linkam vacuum chamber
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(10�6 hPa) cooled by liquid N2, which allows to measure in the range
80–300 K. A 50� objective (Nikon, WD 11mm, N.A. 0.60) was used to
focus the laser on the sample, with a spot size of 1 μm. Python codes
and the Wire 5.4 (Renishaw) software were used to analyze the data.

For measurements at low Raman shift (30–200 cm�1), we used a
Renishaw inVia micro-Raman instrument, equipped with an edge filter
at 30 cm�1, using a 532 nm laser as excitation source, a diffraction grating
of 3000 lines/mm, and a 50� long distance objective. Angle-dependent
linearly polarized measurements were obtained with the similar set up
as described above (Thorlabs, ELL18/M rotation stage—PC controlled
by ELLO software, laser polarization controlled by a HWP and a fixed polar-
izer at the spectrometer for parallel and perpendicular configurations).

Polarized-Resolved Optical Microscopy: Optical images with different
polarization configurations were acquired with a Leica DM4000M micro-
scope, using linear polarizers at the incidence and collection paths.
Images were taken keeping the incident polarization fixed in the horizontal
direction and rotating the polarizer at the collection path from 0° to 180°.
Additionally, a rotating motorized stage was implemented, to rotate the
sample while keeping the polarization fixed in the parallel or cross
configuration.

Standard PL Lifetime Measurements: Samples were excited with a pulsed
375 nm laser (PicoQuant LDH-D-C-375, driven by a PDL 800-D controller,
40MHz), which was focused down to a near-diffraction-limited spot. The
PL was collected using a high numerical-aperture objective (Nikon CFI
Plan Fluor, NA = 1.3), and the excitation laser was filtered out using a
dichroic beamsplitter (SemRock FF376-Di01-25X36). The fluorescence
was then projected onto an avalanche photodiode (APD, Micro Photon
Devices PDM, 20� 20 μm detector size). The laser and APD are synchro-
nized using an electronic time-correlated single photon counting board
(PicoHarp 300, a time-to-digital converter with a minimum time resolution
of 4 ps).

Power-Dependent PL Measurements: Samples were excited using a
375 nm laser source (PicoQuant LDH-D-C-375) driven by a PDL 800-D
controller and focused down to a near-diffraction limited excitation spot
(�500 nm FWHM) using a high numerical-aperture objective (Nikon CFI
Plan Fluor, 100 X, NA = 1.3). The laser was operated in continuous wave
(CW) mode, and the output power was adjusted manually by inserting a
neutral density filter wheel (ThorLabs NDF) into the beam path. PL from
the center of single crystalline flakes was collected using the same objec-
tive, and the excitation laser was filtered out using a dichroic beamsplitter
(SemRock FF376-Di01-25X36). PL spectra were acquired using a Princeton
Instruments SpectraPro HRS-300 imaging spectrograph coupled with an
EMCCD camera (PI-MAX, Princeton Instruments). The PL (Pout) was
extracted by the integration of the PL spectra collected.

Transient PL Microscopy: As described previously,[58,59] TPLM allows the
extraction of the excitonic transport properties. The hybrid perovskitoid
crystal was mechanically exfoliated using the scotch tape (Nitto Tape)
method. After several exfoliation steps, the perovskite was transferred
on a glass slide; flakes of �100 nm thick and several tens of microns
in size were obtained. TPLM was subsequently performed by imaging
through the glass slide with a 100x oil immersion objective (Nikon CFI
Plan Fluor, NA= 1.3). TPLM uses a near-diffraction-limited exciton popu-
lation generated using a 375 nm pulsed laser diode (PicoQuant LDH-D-C-
375, PDL 800-D; 40MHz, 7 μJ cm). The excitation laser was filtered out
using a dichroic beamsplitter (SemRock FF376-Di01-25X36). The fluores-
cence emission was subsequently imaged with large magnification (330x)
onto a scanning avalanche photodiode (APD, Micro Photon Devices PDM,
20� 20 μm detector) to collect the emission from the exciton population.
As a result, the demagnified image of the APD had an effective area of
60� 60 nm (20 μm/330), which was scanned through the middle of
the exciton population in 27 steps, recording a time trace in every point.
The laser diode and APD were synchronized using a Pico-Harp 300 timing
board for time-correlated single-photon counting. The time binning of the
measurement setup was set to 4 ps.

Photocurrent Measurements: The sample was bonded with Al wire to a
puck inside the Linkam chamber, electrically connected to a Keithley 2634B
Source Meter. Measurements were taken under dark conditions and using
a white lamp (its spectrum is available in Figure S10, Supporting

Information) and 405 nm laser from the Raman instrument as illumination
source, focused on the sample by a 50� objective. I(V)s were recorded in a
computer using a LabVIEW program and I(t)s via a Python interface.

Statistical Analysis: All experimental data were collected from multiple
independent samples (XRD: 2 powder samples, 2 single crystals, 2 exfoli-
ated flakes; Raman spectroscopy: 2 flakes and 3 crystal samples per con-
figuration; PL spectroscopy: 4 flakes and 5 crystal samples for temperature
studies; Devices: 3 flakes). Data processing included background subtrac-
tion for Raman spectra (Renishaw WIRE v5.4). In Figure 4b, results are
presented as mean values of three measurements with error bars repre-
senting standard deviation. All raw data were analyzed using Python 3.9.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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