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Abstract

During the growth of lead halide perovskite single crystals (SCs) with the conventional
inverse temperature crystallization (ITC) method, the blast nucleation of the precursor
under supersaturation conditions is always unavoidable. In the current study, three kinds
of additives namely methanol (MOE), ethyl alcohol (EtOH), and polyethylene glycol (PEG)
are introduced to regulate the growth of CsPbBrz SCs. Benefiting from the strong anchoring
hydroxy groups (-OH) with the Pb?* species, large-sized CsPbBr; crystals with reduced
defect densities were prepared (PEG-regulated). In addition, the viscosity of the precursor
solution increases after adding PEG additive, which provides a more stabilized environment
for crystal growth. Finally, the photodetectors prepared from our PEG-tuned CsPbBrz SCs
show a responsivity of 2.25 A/W and a detectivity of 6.06 x 10! Jones, demonstrating the
potential of CsPbBr3 SCs for photo-detecting applications.

Keywords: perovskite photodetector; single crystal; suppressed blast nucleation; inverse
temperature crystallization (ITC) method

1. Introduction

Recently, lead halide perovskites with ABXj3 structure are drawing interest due to
their optoelectronic applications [1-5]. Lead halide perovskites can be classified as poly-
crystalline thin films, low-dimensional nanostructures, and single crystals (SCs) [6]. The
polycrystalline perovskite thin films are regarded as the ideal choice for high-performance
solar cells [1,7,8], while the light-emitting devices are based on perovskite low-dimensional
nanostructures [9,10]. As for perovskite SCs with reduced defect densities and extended
carrier diffusion length, they are showing great potential as photodetectors, X-ray detectors,
and y-ray detectors [11-15]. Liu and co-workers demonstrated that the photo-detecting
performance of the FAPbl; SCs was much better than that of the polycrystalline films [6].
C. Su reported the CH3NH;3PbBr; narrowband photodetector displayed high response
under a low bias (=1 V) [16]. An ultraviolet (UV) detector prototype has been demon-
strated by M. Bakr using MAPbCl3 SCs [17]. Despite progressive achievements, the organic
cations (CH3NH3*, FA*, CH(NH,),"), etc.) of the organic-inorganic hybrid perovskite
(OIHP) are extremely sensitive to environmental humidity and oxygen, resulting in poor
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stability [18]. Thus, CsPbBrs SCs with strong chemical bonding stand out and are being
extensively investigated [19-21]. The stability of selective devices can be further enhanced
via encapsulation [22,23].

The performance of the perovskite photodetector is highly dependent on the quality
of the synthesized SCs [24]. Thus, an elaborate control of the nucleation and growth of
the perovskite SCs turns out to be the first step towards high-performance photodetectors.
Generally, the vertical Bridgman method and solution growth method are widely used in
the growth of CsPbBrs SCs [25-29]. X. Tao reported centimeter-scale CsPbBrz SCs with
the modified Bridgman method [25]. H. Zeng suggested that the defect densities of the
Bridgman method-grown CsPbBr3 SCs can be as low as 1 x 10? em ™3 [26]. Despite the
progressive development, the Bridgman method requires high temperature processing and
several post-treatments, which increase the difficulty of the as-synthesized SCs. Moreover,
phase transition is frequently unavoidable in Bridgman-grown crystals, which brings
external defect densities [27].

The solution growth method refers to the nucleation and growth of the precursor in
a supersaturation condition. Inverse temperature crystallization (ITC) and anti-solvent
vapor crystallization (AVC) methods are frequently used in the solution-grown CsPbBrs
SCs. With methanol as the anti-solvent, X. Zhan revealed the 2D nucleation growth of the
CsPbBr; SCs [30]. W. Jie prepared centimeter-scale CsPbBr; SCs with the AVC method
and demonstrated effective light detection in a wavelength region of 365-420 nm [31].
In 2016, M.V. Kovalenko demonstrated that the ITC method can be used for growing
CsPbBr; SCs [30]. Different from the Bridgman method, the solution-grown method can
be processed in ambient conditions with a temperature of less than 150 °C, which is
advantageous for low-cost production. However, the ITC-grown SCs frequently suffer
from tiny crystals with irregular shapes. This is mainly due to the blast nucleation of the
precursors right-reaching the steep part of the solubility curve [30]. Thus, the controlled
release of the solute has become the key issue in the ITC-processed perovskite SCs. M. V.
Kovalenko suggested that a mixed solvent was essential for the ITC-grown CsPbBr3 and
the growth can be controlled via changing temperature [30]. CyOH has been introduced
to reduce the secondary phase (SP) defects in the ITC-grown CsPbBr3 SCs [31]. Y. Feng
demonstrated that the choline bromide (CB) can be used to regulate the growth and the
exposed facet of the synthesized CsPbBrs SCs [32]. X. Zhao further proved the importance
of CB in the growth of CsPbBrs SCs [20]. X. Han proposed that polymer additives with
oxygen groups are effective regulators during the growth of large-sized compositional
varied perovskite SCs. It seems that additive engineering is an effective strategy during the
synthesis of high-quality large-sized CsPbBrz SCs.

In this work, we introduce 2-Methoxyethanol (MOE), anhydrous ethanol (EtOH),
and polyethylene glycol (PEG) as additives to tune the growth of CsPbBrz SCs. The
oxygen-containing additives bond strongly with the lead precursors and contribute to the
gradual precipitation of the solute, and irregularly shaped crystals caused by the blast
nucleation of the precursors are eliminated. With PEG additives, the largest crystal size
of 6 mm x 3 mm X 1 mm with reduced defect densities has been achieved. As for device
performance, the photodetectors prepared from our PEG-assisted SCs show a responsivity
of 2.25 A/W and a detectivity of up to 6.06 x 10!! Jones, showing their advantage for
light-detection applications.

2. Results and Discussion

First, DMSO has been selected as the solvent of ITC-grown CsPbBrs SCs. The molar
ratio of CsBr and PbBr, has been fixed to 1:2 to avoid Cs;PbBrg by-product formation [33].
Shown in Figure 1a, although the seed-assisted method has been used, we receive a vast
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number of tiny crystals after the evaporation of the solvent. While large-sized crystals can
be obtained from the additive-regulated ITC solutions. It seems that the alcohol-based
additives can, to a great extent, suppress the problem of blast nucleation during CsPbBr; SC
growth. The PEG additive turns out to be the most effective, resulting in large-sized single
crystals. The concentration of the PEG additive has also been investigated in detail (Figure
51). Although both contribute to large crystals, the surface of 0.05 g PEG-regulated SCs
shows visible pits, so 0.1 g of additive has been used in our follow-up studies. Using PEG
as additive, we receive a maximum-sized CsPbBrz SC with a length of 6 mm (Figure 1b).
More photographs of the as-synthesized crystals are summarized in Figure S2.
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Figure 1. (a) Photographs of different additive-regulated CsPbBr; SCs. (b) Photographs of the
best PEG-regulated CsPbBr3 SCs. (c) Single-crystal X-ray diffraction analysis of the as-synthesized
CsPbBr3 SCs.

According to Figure 1c, the synthesized CsPbBr; SCs can be indexed to an orthogonal
phase (PDF#54-0751) [34]. The morphological characterizations of the as-synthesized SCs
are listed in Figures S3 and S4. As shown in the scanning electron microscope (SEM) images,
a step-like structure has been detected in the control SCs, indicating the poor quality of the
control SCs. Pinholes and cracks are clear in crystals with EtOH and MOE additives. Only
the PEG additive results in a smooth surface with fewer defects, which is beneficial for
optoelectronic applications. The high quality of the PEG-regulated SCs is also supported
by atomic force microscope (AFM) characterization (Figure 54).

Compared with the control SCs, PL intensity has been dramatically enhanced in
PEG-regulated ones (Figure 2a). In addition, a relatively lower full width at half maxima
(FWHM) of the PL spectrum has been detected in PEG-regulated SCs. Moreover, the sub-
peak at ~560 nm of the control SCs disappeared in the PEG-regulated samples, indicating a
reduced defect density. The TRPL characterization has been listed in Figure 2b. The TRPL
curves follow a bi-exponential decay fitting. The fast time component (71) can be regarded
as surface recombination and the slow time component (77) is bulk recombination. The
average PL lifetime (T4¢) has increased from 14.58 ns to 20.13 ns, and can be calculated via
the following equation:

A1T12 + A2T22

1 @ "£72 1
A + A M

Tave
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Figure 2. (a) Steady—state photoluminescence (PL) and (b) transient PL (TRPL) spectrum of the
control and PEG—regulated CsPbBr3 SCs. Current—voltage (J—V) characteristics of the control
(c) and PEG—regulated (d) CsPbBr3 SCs.

The above PL characterization supports the improved quality of the PEG-regulated
CsPbBrz SCs. With the assistance of the space charge limiting current (SCLC) analysis, the
defect density (N t,p) of the synthesized SCs can be calculated with the following equation:

Ntmp = 2eeVrrL/ (edz) (2)

where ¢ is the relative dielectric constant of CsPbBrs (x22), ¢y is the vacuum dielec-
tric constant, e is the electron charge, and d is the thickness of the as-prepared SCs
(dsamplel ~ 0.08 cm; dsample2 ~ 0.10 cm). The Ny of the control CsPbBrs SCs has
been calculated to be 5.0 x 10'° cm~3 (Figure 2c), similar to previous reports. However, this
has been reduced by an order in PEG-regulated CsPbBr3 SCs (5.5 x 10° cm~3, Figure 2d),
among the lowest trap densities reported to date (Table S1).

According to previous research, the poor solubility of CsBr is responsible for the
blast nucleation of the ITC-grown CsPbBrs SCs [35]. Figure 3a suggests that the solubility
of CsBr can be greatly enhanced after adding PEG additives. Thus, the blast nucleation
of the precursors at high temperatures can be largely eliminated. In addition, the PEG
additive promotes the formation of large-sized crystal nuclei (Figures 3b and S5), which
is also beneficial for the growth of large SCs. According to Figure 3c, the viscosity of
the precursors has been improved, which slows down the precipitation rate of additive-
regulated precursors.

Raman and Fourier transform infrared spectrometer (FTIR) analysis has been used to
clarify the role of PEG-assisted growth. Raman analysis has been performed by exciting the
precursor solution with a 532 nm laser at room temperature. The peak at low wavelength
can be assigned to the Pb-Br bond [36]. This peak has been reduced after introducing
PEG, indicating the stabilization of the Pb-Br bond after introducing the PEG additive.
Figure 4b records the FTIR data of the precursor solutions. The peak at a wavenumber
of 1032 em™1, which belongs to the S=O bond of DMSO, has been shifted to 1029 cm™!
after introducing CsPbBr; precursors. This downshifting tendency can be explained by
the interaction between Pb?* and the S=O bond [37]. A similar down-shifting tendency
has been detected for the FTIR peak near 1105 cm~!. According to previous research, this
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peak is due to the stretching of the O-H and C-O-H bond [38]. This down-shifting can
be explained as follows: the electrons have been dragged from the Pb?* ions to the OH-
species, which weakens the C-O bond and in turn, shifts the vibration frequency towards
low wavenumbers [39]. The strong interaction between the OH- species and the Pb* can
also be confirmed by XPS analysis (Figure S6).
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Figure 3. (a) The saturation solubility curves of the CsBr precursors in different solutions with
temperature variations. (b) The dynamic light scattering (DLS) curves of the growth solution with
different additives. (c) The viscosity of the control and additive-regulated precursors.
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Figure 4. (a) Raman spectrum of the control and PEG—regulated CsPbBr; precursor solution.
The signal has been normalized according to the peak located at ~700 cm ™! (Pb-Br interaction).
(b) Fourier transform infrared spectrometer (FTIR) analysis of the PEG dissolved in DMSO and PEG
with CsPbBrz DMSO solution. (c¢) Graphical illustration of the PEG-regulated CsPbBr3 SC growth.

To investigate the potential of the as-grown SCs for photodetector applications, a
planar-structured photodetector has been used (Figure S7). A 50 nm gold electrode has
been deposited on the surface of the CsPbBrz SCs with thermal evaporation. The distance
of the electrode has been set to 75 um using a pre-designed mask. The devices have been
measured by a two-probe station equipped with a wavelength and power-tuned light
source. The dark current of PEG-regulated devices is two orders of magnitude lower
than that of the control devices (Figure 5a), highlighting the low defect densities of the
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PEG-regulated SCs. After light illumination, under a bias of 5 V, the current of the PEG-
regulated SCs has jumped from 6.46 x 1072 A (dark) to 1.94 x 10> A (light illumination),
corresponding to an on—off ratio of 3003. This on-off ratio is much higher than that of the
control device (73), having approximately 40 times of enhancement. In addition, the current
increases steadily with the increased light intensity (Figure 5b). The chopped transient
photocurrent response has been listed in Figure 5c,d. The device exhibits remarkable
operational stability under repeated on/off cycles. A current spike has been detected
right after the lamp has been turned on, possibly due to the ion migration. After that, the
incident current decreases until the mobile ions reach the equilibrium point (stabilized
current) [28,38]. The rise time and fall times of the PEG-regulated photodetector during one
chopped cycle have been calculated to be 36 ms and 14 ms, pointing to the fast response of

our devices. Finally, taking the responsivity (R) and detectivity (D) into consideration, R

can be defined as follows: o — 1
P = iDark
R=——7=" 3
. ©)
where Ip is photocurrent, Ip,, is dark current, and P is the intensity of the incident light.
The D can be calculated by the following equation:

bR "

2elpgyk
S

Here, ¢ is the elementary charge and S is the effective area of the electrode.
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Figure 5. (a) Dark and light current—voltage (J—V) characteristics of the control and PEG—regulated
CsPbBrj device, and a 405 laser with a light intensity of 0.54 mW /cm? has been used. (b) Light-
dependent ] —V characteristics of the PEG—regulated CsPbBr3 device, and the light intensity has
been varied from 0.10 mW/cm? to 5.35 mW /cm?. (c) The on—off current characteristics of the
PEG-regulated CsPbBrj; device with different light intensities. (d) The response curve of the PEG—
regulated CsPbBr; device with 2.67 mW /cm? illumination and a bias of 5V. The responsivity (e) and
detectivity (f) curves of the two selective SC photodetector devices.

With a light intensity of 0.54 mA/cm? and 5 V bias, the R has been calculated to be
0.37 A/W of the control SCs. This has been increased to 1.26 A/W in PEG-regulated SCs
under the same condition (Figure 5e). The R of the PEG-regulated SCs has been further
enhanced to 2.25 A/W with weak light illumination (0.1 mW/ cm?). This indicates the
potential of PEG-regulated SCs for weak light detection. As for D, this has been increased
from 2.02 x 10! Jones (control) to 3.39 x 10! Jones (PEG-regulated). A weak light also
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promotes the D towards 6.07 x 10! Jones in PEG-regulated SCs (Figure 5f). Listed in
Table S2, the measured R and D are among the highest values reported to date, highlighting
the good quality of our synthesized PEG-regulated SCs. As for the stability concern, the
photocurrent of our PEG-regulated SCs has decreased by only 5.8% after being kept in
ambient conditions with a relative humidity of 60% for two months (Figure S8). This
superior stability can be attributed to the suppressed ion migration of the perovskite
SCs [40-42].

3. Experiments
3.1. Material

Dimethyl sulfoxide (DMSO, AR) was purchased from Hushi chemicals (Shanghai,
China). Anhydrous ethanol (EtOH, AR) was ordered from Fuyu Reagent (Tianjin, China).
Lead bromide (PbBry, >99.0%), cesium bromide (CsBr, >99.5%), and 2-Methoxyethanol
(MOE, >99.5%) were purchased from Macklin (Shanghai, China). Polyethylene glycol
(PEG—2000) was bought from Aladdin (Shanghai, China). All reagents and materials were
used directly without further purification.

3.2. Growth of CsPbBr3 SC

The CsPbBr3 SCs used in this study were grown using the seed-assisted ITC method.
Firstly, the growth solution was prepared by dissolving 2 mmol PbBr, and 1 mmol CsBr in
2 mL DMSO. The solution was first stirred at 70 °C until completely dissolution. Subse-
quently, 0.1 mL of ethanol, 0.1 mL of 2-Methoxyethanol, and 0.05-0.1 g of PEG-2000 were
added to the precursor solutions separately. The precursor solution was filtered with a
0.22 um filter and transferred to a clean vial. After heating the precursor solution at 110 °C
for sufficient time, the CsPbBrs SCs nucleated and grew with the evaporation of the DMSO
solvent. In terms of the seed-assisted growth, tiny CsPbBrs nuclei have been received
from the supersaturated precursor solutions and transferred to another growth solution as
the seed crystals. The obtained CsPbBr3 SCs were washed with hot DMF and dried in a
vacuum drying oven for storage. All experiments were performed in ambient conditions.

3.3. Characterization

The structure of the as-grown CsPbBrz SCs were characterized by the X-ray diffraction
(XRD; Bruker, Karlsruhe, Germany). To investigate the optoelectronic properties of the
synthesized CsPbBr; SCs, the steady-state PL spectrum has been measured by Edinburgh
FLS980 (Edinburgh Instruments Ltd., Livingston, UK)with an excitation wavelength of
400 nm. The TRPL measurements have been performed with Edinburgh FL980 using an
excitation wavelength of 405 nm. The absorption spectra were collected by the UV-VIS
spectrophotometer (Agilent Technologies, carey-8454; Agilent Technologies, Santa Clara,
CA, USA). Au electrode has been deposited on the CsPbBr3 SCs with thermal evaporation.
The viscosity of the precursor has been measured with a rotational rheometer (Anton Paar
MCR92; Anton Paar GmbH, Graz, Austria) at 25 °C. The shear rate range has been set
at 0.1-1000 s~!. Five datasets have been collected and the results have been recorded
in Figure 3c. The shape of the electrode has been controlled by a pre-designed mask.
The current-voltage (J-V) curves of the Au/CsPbBrs/Au-structured photodetectors were
recorded with the Keithley 2400 (Solon, OH, USA) source measurement unit.

4. Summary

In summary, we introduce an additive-tuning strategy to solve the blast nucleation of
ITC-grown CsPbBr3 SCs. First and foremost, the oxhydryl groups on PEG bond strongly
with the PbBr,("~2~ clusters, which reduces the number of nucleation species during
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crystal growth. In addition, the high viscosity of the PEG additive is also beneficial for
the smooth growth of the SCs, resulting in defectless crystals. Finally, our PEG-regulated
CsPbBr; SCs show good responsivity (2.25 A/W) and detectivity (6.07 x 10" Jones) to
weak light, demonstrating their significant potential in the field of optoelectronic devices.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules30224423 /s1; Figure S1: The influence of PEG concen-
tration on the quality of the ITC-grown CsPbBrs SCs; Figure S2: Photographs of the as-synthesized
CsPbBrj SCs; Figure S3: Surface-view SEM images of the control, EtOH, MOE, and PEG-regulated
CsPbBr3 SCs; Figure S4: Atomic force microscope (AFM) characterization of the control (a—c) and
PEG-regulated CsPbBr; SCs (d—f). a, d. three-dimensional surface images; b, e. two-dimensional
surface images; ¢, f. Height profile; Figure S5: Side-view and bottom-view of the mother solution with
1.1 mmol/mL CsBr precursors; Figure S6: X-ray photoelectron spectroscopy (XPS) Pb 4f orbital curve
of the control and PEG-regulated CsPbBr3 powder; Figure S7: Photographs and device structure of
the as-prepared photodetectors; Figure S8: Stability evaluation of the PEG-regulated SC devices after
a two-month storage; Table S1: The defect state concentration of CsPbBrz SCs reported by different
researchers; Table S2: The summarized responsivity (R) and detectivity (D) values of the CsPbBr3
SCs for photodetection applications. Refs. [20,43-56] are cited in Supplementary Materials.
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