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ABSTRACT: This work presents a detailed investigation of seed and nucleation-
assisted growth methods for the inverse temperature crystallization (ITC) of
methylammonium lead bromide single crystals. We have demonstrated that low-
temperature seed-assisted growth results in significant improvements in both optical
and electrical responses of the material compared to the nucleation-assisted growth.
Specifically, the space charge limited current method reveals a reduced trap-filled
limit voltage of 0.287 V for the seed-assisted crystal compared to 0.923 V for the
nucleation-assisted one, resulting in differences in trap density values. Temperature
dependence space charge limited current analysis confirms these results, showing
trap densities of 9.47 × 109 cm−3 for seeded crystal growth compared to 3.21 × 1010 cm−3 for the nucleation-assisted growth, as well
as a lower trap energy level for the seeded crystal. The study also highlights that the low-temperature seed-assisted growth has a
positive impact on the optical and crystalline properties of the material with improved photoluminescence response and a lower
lattice strain determined by X-ray diffraction. Furthermore, the study demonstrates that this improved crystallization method has a
significant influence on the photodetector properties of the crystal, leading to higher detectivity and responsivity values for the seed-
assisted approach.

1. INTRODUCTION
Organic lead halide perovskites have skyrocketed in the
photovoltaic field in the past decade. The high performance of
perovskite solar cells,1,2 light-emitting diodes,3 and photo-
detectors4 is based on their tunable optical, charge transport,
and high absorption properties.5 The most extensive research
with perovskite materials has been performed on polycrystal-
line thin films. However, the grain-boundary free perovskite
single crystals hold superior optoelectronic properties due to
their lower trap densities and longer diffusion lengths.6,7 These
single crystalline perovskites can be used in numerous
applications, such as electronic eyes,8 image sensing in the
medical field,9 or photonic synapses.10

Apart from the excellent optoelectronic properties of Pb-
based perovskite single crystals, numerous works are being
performed to grow Pb-free perovskite single crystals to address
the issues of sustainability and toxicity.11 Sn-based perovskite
single crystalline photodetectors have been employed for
narrow bandgap photodetection12 and NIR imaging.13 Various
shape control techniques to achieve single-crystalline thin films
or nano/micro rods have also been developed to integrate the
perovskite single crystals efficiently in the final optoelectronic
devices.14 However, in each case, sufficient quality of the
perovskite single crystals is necessary.

Unfortunately, the crystalline growth process to obtain high-
quality single crystals can be hard to control. Numerous
growth techniques have been developed to obtain the
optimum crystal properties for each application, e.g., solution
temperature lowering (STL),15 antisolvent vapor-assisted
crystallization (AVC),16,17 slow evaporation (SE),17 and
inverse temperature crystallization (ITC)18 methods. Among
them, the ITC (first introduced by Saidaminov et al.) is one of
the most used growth methods. It is a nucleation-assisted
growth process based on the retrosolubility phenomenon of
perovskite, where its solubility decreases with increasing
temperature.18 This method allows the growth of high-quality
perovskite single crystals, drastically reducing the synthesis
time. However, the faster growth kinetics of ITC results in
multiple nucleations and, hence, the formation of polycrystals,
which overall affects the process reproducibility.15 It has been
claimed that the seed-assisted growth process, where a small
seed crystal serves as the nucleation center for further growth,
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results in strain-free methylammonium lead bromide
(MAPbBr3) single crystals with improved process reproduci-
bility. However, using this method, still the formation of
polycrystals could not be inhibited completely because of the
high temperature, i.e., 85 °C.19 Seed-assisted growth has been
widely employed in the literature as the method to grow larger
single crystals. However, it has never been analyzed in depth
how the seed-assisted growth method affects the final
optoelectronic properties of the single crystal itself and as a
photoconversion device compared to the ones grown via
nucleation-assisted growth.20,21 Interestingly, Sargent et al.
have explored the seed-assisted growth for formamidinium lead
iodide (FAPbI3)-based thin film perovskite solar cells showing
that the perovskite seed crystals embedded in the PbI2 film act
as nuclei to improve the crystallization during the perovskite
formation. These films with seeded growth have shown lower
trap density, resulting in highly efficient and stable solar cells
with a power conversion efficiency of 21.5%.22

Here, we introduce a low-temperature seed-assisted ITC
method for the growth of MAPbBr3 single crystals. Based on
this method, we have extensively analyzed the actual effects of
the seed-assisted growth on the final optoelectronic properties
of the MAPbBr3 single crystals, in comparison with the
nucleation-assisted method. We have demonstrated that it is
possible to decrease the temperature established for the
MAPbBr3 growth until 65 °C, and still large, high-quality single
crystals can be obtained in a short time, avoiding multiple
nuclei formation. X-ray diffraction (XRD) analysis has revealed
a lower crystal lattice strain for seeded crystals, confirming that
the slower crystallization kinetics and directed growth via
seeding result in high-quality single crystals compared with the
nucleation-assisted crystals grown at a much higher temper-
ature, i.e., 80 °C. Higher band-to-band radiative recombination
is observed during steady-state photoluminescence (PL)
analysis. A very low trap density in seeded single crystals is

demonstrated by the space charge limited current (SCLC)
method, confirming that the seed-assisted growth at a lower
temperature helps to reduce the defects in the final crystal
significantly. Further analysis by temperature-modulated SCLC
(TM-SCLC) confirms these results, showing a higher trap
energy level in the case of nucleation-assisted crystals. These
differences are revealed as well in a final proof of concept for
the application as photodetectors. The much higher
responsivity of 5.49 A W−1 and detectivity values of 5.35 ×
1011 jones for seeded crystals are obtained compared to
unseeded single crystals having a responsivity and detectivity of
1.78 A W−1 and 4.64 × 1010 jones, respectively. These findings
highlight how low-temperature kinetics during seed-assisted
ITC can have a major impact on the final properties and
applications, such as photodetectors.

2. RESULTS AND DISCUSSION
MAPbBr3 single crystals with dimensions of 5−7 mm and 2
mm thickness were synthesized by the seed-assisted (seeded)
and nucleation-assisted (unseeded) growth methods. For the
seed-assisted growth, 1 M perovskite precursor solution in
DMF was heated in the first step to a temperature of 45 °C at a
ramp of 40 °C/h, and then a seed of MAPbBr3 single crystal
was introduced into that solution (see Figure 1a). (For the
synthesis of seed crystals, see the Experimental Section). After
the seed was introduced, the temperature was increased to 65
°C at a ramp of 20 °C/h in the second step, and the seed was
kept growing for almost 6 h until the desired size was achieved,
as shown in Figure 1b. For nucleation-assisted growth, the
temperature of the 1 M MAPbBr3 solution was increased in
one step to 80 °C at a ramp of 4.5 °C/h, as shown in Figure 1c.
After nucleation, the solution was kept at that temperature for
about 4 h to grow unseeded single crystals of the same
dimensions (Figure 1d). Comparing both protocols, it took

Figure 1. Schematics of MAPbBr3 single crystal growth via the ITC method where perovskite precursor enclosed in a vial is placed in an oil bath on
a heating plate. (a) Seed-assisted growth of MAPbBr3 single crystal by two-step heating, first to 45 °C at a rate of 40 °C/h, where a seed crystal is
introduced, and then the solution is heated to 65 °C/h at a rate of 20 °C/h and kept there for almost 6 h. (b) Photograph of a seeded MAPbBr3
single crystal. (c) Nucleation-assisted growth of MAPbBr3 single crystal by one step heating to 80 °C at a rate of 4.5 °C/h, and after nucleation the
solution is kept at that temperature for almost 4 h. (d) Photograph of an unseeded MAPbBr3 single crystal.
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almost 7.5 h to complete the whole process for seed-assisted
growth and almost 16 h for nucleation-assisted growth.
It has been observed that in nucleation-assisted growth fast

heating can cause multiple nucleation centers, leading to small
crystallites that can lump together to produce polycrystals
(Figure S2). The crystal growth in a solution system is mainly
governed by the solute deposition rate on the crystal surface
and the diffusion rate of the solute in the solution. A higher
solute diffusion rate, as compared to the deposition rate, leads
to an excess of solute precipitation in the form of many small
crystallites and polycrystals. Keeping in mind the relationship
between diffusion rate and the temperature20

=D D
H

RT
exp0

i
k
jjj y

{
zzz (1)

where D is the diffusion rate, D0 is the diffusion constant, ΔH
is the diffusion activation energy, R is the gas constant and T is
the solution temperature. It is clear that in nucleation-assisted
growth a constant high temperature of 80 °C for MAPbBr3
increases the diffusion rate, resulting in crystal imperfections.20

To avoid unnecessary nucleation and to have a good quality
single crystal, the temperature should be controlled in such a
way that a balance between the solute deposition rate and
diffusion rate can be maintained. However, at a lower
temperature, it is very challenging to overcome the nucleation
energy for the formation of nuclei, which can later grow into
larger crystals. The reason behind this is the low super-
saturation of 1 M MAPbBr3 solution at this lower temperature,
which hinders the solute to crystallize. Liu et al. have reported
that at a lower temperature of 60 °C nucleation-assisted ITC
took over 2 weeks to reach sufficient supersaturation for
nucleation and subsequent growth.23

This can be prevented with the help of seed-assisted growth.
A small seed does not need to overcome the nucleation energy,
as no supersaturation is needed to form a nucleus. Because a

seed crystal itself is larger than the critical radius, it keeps on
growing below the supersaturation limit. At a much lower
temperature of 65 °C, the diffusion rate does not rise to a limit
where extra solute results in further nucleation and thus the
growth of multiple crystals simultaneously. With this approach,
the reproducibility of the ITC method increases because no
polycrystals are formed. Above all, a crystal of 5 mm × 5 mm
with a thickness of 2 mm is achieved in just a few hours at a
low-temperature profile (see Figure 1b).
To study the structural changes that occurred owing to the

different growth protocols, XRD analysis is performed on
seeded and unseeded MAPbBr3 single crystals. Sharp and
intense XRD reflections along (100), (200), and (300) planes
confirm the formation of a highly crystalline perovskite cubic
phase in seeded single crystals (see Figure 2a). However, for
unseeded single crystals, an immense decrease of almost 100-
fold in the XRD peak intensity has been observed, indicating
lower crystallinity. In the case of unseeded growth, the overall
crystallization kinetics are faster because of the higher
temperature at 80 °C. As already mentioned, this leads to a
much higher solute diffusion rate affecting the overall
crystalline quality of the single crystals.20 For seed-assisted
growth, the seed crystal acts as a surface on which the dissolved
solute can grow. This templated growth at a much lower
temperature, i.e., 65 °C, helps to maintain a steady solute
diffusion rate, yielding highly crystalline single crystals.24

The full width at half-maximum (FWHM) analysis of each
reflection provides the lattice strain of both crystals using the
tangent formula (details in the Experimental Section). As
expected, higher FWHM has been calculated for unseeded
single crystals which, consequently, leads to higher lattice
strain within them. Table 1 summarizes the FWHM and lattice
strain values of both seeded and unseeded single crystals.
These results follow the literature trend, where it was

claimed that the nucleation-assisted grown (unseeded) single

Figure 2. (a) XRD pattern of as-grown seeded (green) and unseeded (red) MAPbBr3 single crystals. Spatially resolved PL mapping for (b) seeded
and (c) unseeded single crystals. (d) Steady-state photoluminescence spectra of seeded and unseeded MAPbBr3 single crystals measured at an
excitation wavelength of 405 nm. (e) Transiently resolved photoluminescence.
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crystals have higher internal strain than the seeded ones.19

Lattice strains, in turn, can accelerate ionic migration within
the perovskite crystal, causing higher defect concentration and
leading to nonradiative recombination processes.25

A sharp band edge was observed via steady-state absorption
measurements for seeded and unseeded single crystals. Figure
S3 reveals that no difference can be observed through the
absorbance spectra in both cases. From their respective Tauc
plots, the band gap value is the same, determined to be 2.19
eV, which is following the literature.18

The spatially resolved PL mapping shows a higher PL
intensity with a more homogeneous distribution in the seeded
crystal compared to the unseeded crystal (Figures 2b and 2c).
This reconciles with the benefit of the seed-assisted method,
promoting aligned growth with reduced bulk defects. The
mapped area is further probed with steady-state PL and time-
resolved PL (TRPL) measurements. The PL maxima are
observed at 540 nm for both cases with no shift in the peak
position (Figure 2d). The intensity for steady-state PL is
higher for the seeded crystal, which is in accordance with PL
mapping. These results further strengthen our findings from
XRD analysis that the higher strain in the unseeded crystals is
the cause of higher defect concentration, which consequently
increases the nonradiative processes, quenching the PL
response.

The TRPL measurement in Figure 2e shows two obvious
features: a rapid decay within the first 3−5 ns, followed by an
almost monoexponential slower decay. The fast decay (τ1)
corresponds to nonradiative recombination arising from the
presence of a large number of surface defects. The lifetime τ1 is
1.8 ns in the seeded as compared with 1.2 ns in the unseeded
crystal. This improvement in lifetime is associated with a lower
density of surface traps in seeded single crystals. As already
mentioned, the seed crystal helps to direct the crystal growth
limiting the uncoordinated species within the crystal lattice
acting as traps for free carriers. The longer lifetime (τ2) is
associated with bulk radiative recombination. Lower τ2 values
in the case of seeded crystals primarily suggest a lower quality
of the bulk. Alternatively, it may also be low due to the
scattering from the different seeded interfaces. However, it is
difficult to comment on the bulk behavior under low-energy
excitation. Also, the excitation wavelength of 405 nm
insufficiently excites the bulk. It is therefore more adequate
to probe the bulk by two-photon absorption, i.e., λex > 800 nm.
In two-photon absorption, the penetration depth is close to the
crystal thickness, where the generated charge carriers are
homogeneously distributed throughout the crystals.26

The space charge limited current (SCLC) is a steady-state
method used to analyze the charge transport properties of a
semiconductor material by recording the dark current as a
function of the applied voltage (I−V curve measurements). In
this technique, the defect states are probed with external
charge carriers, and by doing that the defect density, their
position within the band gap, and the charge carrier mobilities
are determined. A typical SCLC trace consists of mainly three
regimes, following the Mott−Gurney law for a sandwiched
configuration: the Ohmic, the trap-filled limit (TFL), and the
Child regime.27 Both seeded and unseeded single crystals are
characterized by the SCLC method to determine the trap
densities in both cases.

Table 1. FWHM Values and Calculated Lattice Strain
Corresponding to Different XRD Reflections for Both
Seeded and Unseeded Single Crystals

FWHM (deg) lattice strain (%)

peak position 2θ (deg) seeded unseeded seeded unseeded

14.92 0.064 0.085 0.193 0.270
30.10 0.038 0.129 0.045 0.204
45.85 0.035 0.070 0.026 0.067

Figure 3. SCLC measurement curve with all the three regimes (i.e., Ohmic, traps filling limit (TFL), and Child regime) (a) for seeded MAPbBr3
single crystals with a lower VTFL = 0.287 V, (b) for unseeded MAPbBr3 single crystals with a higher VTFL = 0.923 V, (c) VTFL statistics for 4 different
MAPbBr3 single crystals, and (d) density of traps (ntrap) statistics for 4 different MAPbBr3 single crystals.
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The differences in steady-state PL as well as in the TRPL
analysis found for the seeded and unseeded crystals help us to
predict significant changes in both trap densities and carrier
mobilities. The higher-order pattern of the crystal lattice found
for the seeded crystal must be associated with a reduced charge
carrier trapping, favoring a longer diffusion length, which is
proportional to the carrier mobility. Therefore, both types of
single crystals with a thickness of 2 mm are sandwiched
between two carbon electrodes deposited by the doctor-blade
coating of carbon paste (see Figure S1) to perform SCLC
analysis. A schematic of the device is shown in Figure 3a
(inset). At lower bias, an Ohmic behavior (I ∝ Vn=1) is
observed, where the current increases linearly with the rise in
applied bias. With further increase in the applied bias, there is a
nonlinear increase in the current (I ∝ Vn>3) providing evidence
of a trap-filled limit.
This regime is governed by the onset voltage of the trap-

filled limit regime (VTFL). Here, almost all of the available traps
are filled by the injected charge carriers. VTFL is directly
proportional to the density of traps ntrap given by the following
equation:28

=n
V

eLtrap
TFL 0

2 (2)

where ε0 (8.85 × 10−12 F/m) represents the vacuum
permittivity, εr the relative dielectric constant (εr = 25.5 for
MAPbBr3),

18 VTFL the onset voltage of the trap-filled limit
regime, e the charge of the electron (1.6 × 10−19 C), and L the
thickness of the single crystal (2 mm). In the case of seeded
single crystals, the trap-filled limit appears at VTFL = 0.287 V,
which is much lower than that for the unseeded single crystals
at 0.923 V, as shown in Figures 3a and 3b. A lower VTFL results
in a lower trap density (ntraps), 1.98 × 108 cm−3, for seeded
crystals, unlike the unseeded ones with ntraps = 6.37 × 108
cm−3. For seeded crystals, all traps are filled below 1 V, and the
I−V trace enters the trap-free Child regime where I ∝ Vn=2.
However, for unseeded crystals, the trap-filled limit was
extended even until 10 V (see Figure 3b), and still no Child
regime was obtained. Going beyond 10 V, which may harm the
crystals and thus requires a careful revision of the current
measurement setup, would be an important future avenue to
further record the I−V trace for unseeded single crystals. This
limits the carrier mobility calculation. Higher trap density in
unseeded MAPbBr3 single crystals further complements the
cause of the lower photoluminescence response. In addition to

that, statistics are done by measuring I−V traces (see Figure
S4) for four different seeded and unseeded single crystals. As
expected, all of the seeded crystals have shown quite lower
VTFL and, hence, lower trap densities as compared to that of
unseeded single crystals, as shown in Figures 3c and 3d.
To confirm these results and further analyze the electronic

characteristics of both crystals, we performed temperature-
modulated SCLC (TM-SCLC) measurements. With this
method, a quantitative evaluation of the density of trap states
in the bandgap can be performed with higher energy
resolution. Moreover, the determination of both the
distribution of localized states (traps) and their energy can
be evaluated due to the spectroscopic character of the method.
The conditions for the measurement are completely set as
previously published in ref 29 (see the Experimental Section
for details). For these measurements, both seeded and
unseeded MAPbBr3 single crystals are sandwiched between
thermally evaporated gold electrodes (further details in the
Experimental Section). The data obtained with this method
confirm the SCLC results discussed above, adding insights
regarding the band gap rather than just the microscopic
mobility and density of traps. In this way, the basic properties
of perovskite single crystals can be determined from temper-
ature-modulated current−voltage (I−V) characteristics (see
Figure 4a).29−31

The dependence of drift mobility μd on the applied voltage
V can be determined from current density =j I

S
(where S is

the active area of a sandwiched crystal contact) using the
equation30

= = jL
V(1 )(2 )d 0

3

0 r
2 2 (3)

where μ0 is the microscopic mobility (the mobility of free
charge carriers in delocalized states), = =m j

V
1 d ln

d ln
is a slope

of the I−V trace (see Figure 4), L is the thickness of perovskite
crystal, and the parameter Θ is defined as = +

n
n n

f

f t
, where nf

is the concentration of free charge carriers and nt is the
concentration of trapped charge carriers. The parameter Θ = 1
for two cases: (a) when the material will be electrically neutral
(i.e., Ohmic regime, nt = 0) or (b) in Mott−Gurney’s law
(Child regime).
The microscopic mobility μ0 (for seeded and unseeded

crystals) is then estimated as the maximum drift mobility in the

Figure 4. (a) TM-SCLC spectra for seeded and unseeded MAPbBr3 single crystals (at an elevated temperature of 308.15 K). Solid lines represent
the I−V model consisting of a monoenergetic transport band and one monoenergetic trap to describe the experimental dependences of the
concentration of free and trapped charge carriers for the studied perovskite. Schematic diagram of the energy levels illustrating the parameters
obtained from the TM-SCLC method (b) for seeded MAPbBr3 single crystals and (c) for unseeded MAPbBr3 single crystals.
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Ohmic region and/or in the region where Mott−Gurney’s law
is valid. Subsequently, the concentration of free charge carriers
nf and trapped charge carriers nt (on the applied voltage) are
calculated (using the determined microscopic mobility) as
follows:30

=n
e V

Lj
(2 )f

0 (4)

=n
V

eL
(1 )(2 )

t
0 r

2 (5)

Finally, the position of the Fermi’s level (EF) with respect to
the valence band and the position of the trap states (Et) with
respect to the Fermi’s level can be obtained using eqs 6 and 7,
respectively:30
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where T is the temperature (in kelvin), e is the electron charge,
kB is Boltzmann’s constant, Ev is the energy of the valence

band, = *N 2 m k T
hv

(2 )B
3

6 is the density of states in the valence

band, h is Planck’s constant, m* is the effective mass of holes

(for MAPbBr3 is
*m

me
0.25, where me is the mass of the

electron),32 and Nt is the density of electronic states (for
thermal energies higher than 3kBT). In the Ohmic region, EF
can be rewritten as EF0, corresponding to the position of
Fermi’s level in the thermodynamic equilibrium. All the
determined parameters using TM-SCLC spectroscopy for both
seeded (L = 2.2 × 10−3 m) and unseeded (L = 2.0 × 10−3 m)
crystals with T = 308.15 K, S = 9.0 × 10−6 m2, εr = 25.5, Ec =
−3.36 eV, Ev = −5.58 eV, and Eg = 2.22 eV are summarized in
Table 2.
As previously reported in ref 33, two factors must be

considered when evaluating the energy levels of a system: the
position of Fermi’s level and the position of trap states,
specifically the deep trap state. The determined parameters
from TM-SCLC measurements are demonstrated through
energy level diagrams of seeded and unseeded samples, as
presented in Figures 4b,c. These band diagrams for both
seeded and unseeded further strengthen our findings from
steady-state PL. In the case of the unseeded single crystal, the
trap state is at 0.157 eV with respect to Fermi’s level, whereas
for the seeded crystal, the trap state lies at an energy of 0.130
eV. This shows that the traps in the unseeded MAPbBr3 single
crystal are 25 meV higher as compared to the seeded crystal.
Hence, a trap state at higher energy with respect to the Fermi’s
level may lead to higher nonradiative recombination, reducing
photoluminescence response as in the case of unseeded single
crystals (see Figure 4c). In addition to that, a lower trap
density (nt) of 9.47 × 109 cm−3 is calculated in seeded crystals,
whereas unseeded MAPbBr3 crystals have resulted in a higher
nt of 3.21 × 1010 cm−3. The results obtained by TM-SCLC are

Table 2. Optoelectronic Properties of Seeded and Unseeded MAPbBr3 Single Crystals Determined by TM-SCLC

μ0 (m2 V−1 s−1) EF − Ev (eV) nf (cm−3) Et − Ev (eV) Et − EF (eV) nt ≈ Nt (cm−3)

seeded 0.03 0.66 2.39 × 108 0.790 0.130 9.47 × 109

unseeded 0.7 0.66 3.26 × 108 0.815 0.157 3.21 × 1010

Figure 5. Dark and under-illumination I−V curves at varying illumination intensities of 2, 3, and 5 mW cm−2 using a 473 nm LED light source.
Applied bias goes from −5 to 5 V for MAPbBr3 single crystals (a) seeded and (b) unseeded. (c, d) Responsivities and detectivities of seeded and
unseeded single crystals at 5 mW cm−2 illumination intensity and a bias of 5 V.
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in accordance with the SCLC calculations and further highlight
the potential of seed-assisted growth, where one can achieve
high-quality crystals with significantly reduced defect states.
Another important aspect regarding the electrode material for
these single crystalline devices has been observed. A similar
trend in the trap densities with both carbon electrodes (for
SCLC measurements) and gold electrodes (for TM-SCLC
measurements) confirms the high reproducibility of the low-
temperature seed-assisted growth for MAPbBr3 crystals.
Vacancy-assisted ionic defects can act as traps for charge

carriers in perovskite materials. Ionic diffusion results in the
appearance of lattice defects, which have important implica-
tions for the long-term stability and performance of perovskite-
based devices such as solar cells, LEDs, or photodetectors.
Because of the difference in lattice strain and trap densities,
both seeded and unseeded crystals are further characterized to
study photodetector properties to comprehend the effect of
their growth procedures when they interact with light of
different optical powers. Photodetector sandwiched devices
(see the inset of Figure 5a) are measured under varying
illumination intensities of 2, 3, and 5 mW cm−2 using a 473 nm
LED light source at an applied bias from −5 to 5 V. Figures 5a
and 5b show I−V curves under dark and illumination for both
seeded and unseeded crystals, respectively.
The dark current in photodetectors arises due to the thermal

excitation or generation of charge carriers caused by the defect
states of lower ionization energy within the material. To have
an efficient photodetector, dark currents should be as low as
possible. Photodetectors with lower dark currents are favorable
for detecting low optical powers.34 As expected, a low dark
current of Idark of 6.01 × 10−6 A is observed in the seeded
crystals, whereas a much higher Idark of 4.36 × 10−4 A was
recorded in the case of unseeded single crystals. Higher dark
currents can be directly correlated to the presence of higher
defects in unseeded single crystals. Furthermore (see Figures
5a and 5b), under an illumination intensity of 5 mW cm−2 the
recorded photocurrent Iph was 25.2 times higher than the Idark
in the case of seeded single crystals. Contrary to that, Iph was
only two times higher than that of Idark for unseeded single
crystals. As a result, higher responsivities and detectivities were
obtained for the seeded crystals. Figures 5c and 5d show the
responsivities and detectivities calculated at an increasing bias
from 0 to 5 V, respectively. A seeded MAPbBr3 single crystal
has shown a maximum responsivity of 5.49 A W−1, and in the
case of an unseeded crystal, a responsivity value of 1.78 A W−1

was calculated at 5 V. Correspondingly, a higher detectivity
value of 5.35 × 1011 jones was obtained for the seeded crystal,
while the unseeded crystal showed 4.64 × 1010 jones. These
findings confirm that MAPbBr3 seeded crystals can be efficient
photodetectors with lower dark currents compared with
unseeded crystals.

3. CONCLUSION
In conclusion, we have demonstrated how differences in the
growth method of perovskite single crystals can have a
tremendous effect on their final optoelectronic properties. We
have compared the conventional nucleation-assisted ITC
versus a newly developed low-temperature seed-assisted ITC
method for the growth of MAPbBr3 single crystals. We have
shown that the seed-assisted method helps to lower the crystal
growth temperature from 80 to 65 °C, slowing down the
overall growth kinetics of the ITC process. The result is higher
crystallinity for the seeded crystals with a greatly reduced

lattice strain. These less strained seeded MAPbBr3 crystals have
led to lower nonradiative recombination due to a significantly
lower trap density, proved by the TM-SCLC method. The
implication of these findings in direct technology as photo-
detectors is also proven, obtaining higher detectivity and
responsivity responses for the seeded MAPbBr3 crystals. These
results highlight the importance of understanding and
controlling the crystallization process of perovskite single
crystals. A thorough analysis of the influence of the growth
parameters on the final optoelectronic properties is essential to
implement these materials as photodetectors at an industrial
level, contributing as well to a better understanding of
perovskite operation mechanisms.

4. EXPERIMENTAL SECTION
4.1. Materials and Reagents. Lead bromide (≥98%) was

purchased from Sigma-Aldrich. N,N-Dimethylformamide DMF (extra
dry, 99.8%) was purchased from Acros Organics. Methylammonium
bromide (MABr) was purchased from Greatsolar (Australia). All salts
and solvents were used as received without further purification.
Carbon paste (DN-CP01) for contact was purchased from Dyenamo.
4.2. Synthesis of MAPbBr3 Single Crystals. 1 M MAPbBr3

precursor solution was prepared by dissolving MABr and PbBr2 (1:1)
in DMF. The powders were completely dissolved in the solvent by
using a vortex shaker at room temperature. The solutions were further
filtered using a 0.2 μm pore size PTFE filter. For nucleation-assisted
growth, the solution was placed in an oil bath and slowly heated to 80
°C at a rate of 4.5 °C/h in one step. After nucleation, the single crystal
was grown for approximately 4 h until it reached a size of
approximately 5 × 5 × 2 mm3.

In the case of seeded growth, first, seed crystals were synthesized by
heating the perovskite precursor solution to 80 °C for 1 h. When
small crystals reached a size of approximately 1 × 1 mm2, they were
taken out of the solution and washed with DMF. Each seed crystal
was carefully inspected under a magnifying glass to make sure that all
dimensions are intact and that it is a high-quality seed crystal. For
further growth, each seed crystal was then introduced to a separate
vial of fresh 6 mL MAPbBr3 precursor solution at a temperature of 45
°C. In the second step, the temperature of the precursor solution was
then increased to 65 °C at a rate of 20 °C/h. The seed crystal was
kept in the solution for approximately 6 h until it reached a size of
approximately 5 × 5 × 2 mm3. In both cases, crystals were taken out
of the solutions, rinsed with DMF, and then dried.
4.3. Fabrication of MAPbBr3 Single Crystalline Devices. For

SCLC measurements and photodetector characteristics, single
crystalline devices were fabricated by depositing the carbon electrodes
on both faces of MAPbBr3 single crystals via doctor blade coating of
carbon paste, as shown in Figure S1a. For TM-SCLC measurements,
100 nm gold electrodes of 2 × 2 mm2 were deposited on both faces of
single crystals by thermal evaporation (see Figure S1b).
4.4. Measurement and Characterization. The UV−vis spectra

of the single crystals were measured with a PerkinElmer LAMBDA
1050. The lattice strain from XRD was calculated by using the
Software Data Viewer from Malvern PANanalytical. The basis behind
this calculation is the tangent formula:

= B
lattice strain

4 tan
struct

Bstruct describes the structural broadening, which is the difference in
integral profile width between a standard (std) and the sample to be
analyzed (obs):

=B B Bstruct obs
2

std
2

Bobs is the breadth obtained from the sample to be analyzed, and Bstd
is the breadth obtained from the standard sample, which does not
exhibit any structural broadening effects.
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Micro-photoluminescence mapping was performed using a fiber-
based scanning confocal microscope, with the samples placed in a
vibration-free closed-cycle cryostat (AttoDRY800 from Attocube AG,
with 50 × 50 μm2 piezomotor scanners at RT). A continuous-wave
(pulsed) excitation laser with a wavelength of λ = 405 nm was used to
excite the sample, providing spectral and μ-TRPL measurements.
Excitation and detection were performed using a 50X microscope
objective with a long working distance and a numerical aperture of
NA = 0.5, which was placed outside the cryostat. The sample emission
was long-pass filtered, dispersed by a double 0.3 m focal length grating
spectrograph (Acton SP-300i from Princeton Instruments), and
detected with a cooled Si CCD camera (Newton EMCCD from
ANDOR) for recording the μ-PL spectrum of a silicon single-photon
avalanche photodiode detector APD (from Micro Photon Devices)
connected to a time tagger (Time Tagger Ultra, from Swabian
Instruments) for μ-TRPL measurements.

I−V measurements for SCLC were performed using an Autolab
GSTT302N potentiostat by applying a bias from 0 to 10 V in the dark
in a face-to-face electrode configuration (C/MAPbBr3/C). To check
the reproducibility of the method, the same SCLC measurements
were performed on four different MAPbBr3 single crystals. According
to ref 29, I−V characteristics within the TM-SCLC measurements
were performed using a voltage range from 0 to ∼50 V with a 1 mV
step. The temperature was changed at the same time from 30 to 40 °C
(5 min for both the heating and cooling process). The measurement
took almost 2 days. For photodetector properties, illumination was
done by using a SINUS-70 solar simulator comprising 21 LEDs of
different wavelengths. The LED channel at 473 nm (green) was used
to illuminate the single-crystal devices. The responsivity (R) and
detectivity (D*) at 5 mW/cm2 were calculated using the following
equations:

= * =R
I I

P S
D R

eI
;

(2 )
ph dark

irra dark
1/2

where Iph is the photocurrent, Idark is the dark current, Pirra is the
power of the incident light intensity, S is the surface area of the
crystals, and e is the electron charge (1.6 × 10−19 C).
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