7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Zn doped MAPbBr; single crystal with advanced
structural and optical stability achieved by strain
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A mechanistic understanding of perovskite degradation is one of the most urgent issues to push perovs-
kite devices toward commercial applications. Surface coverings will lower the electrical injection and light
extraction efficiency of perovskites. Therefore, structural modification of Zn doped perovskites has been
proposed herein. The Zn doping will induce local lattice strain due to smaller ionic radius. It is interesting
that the lattice structure at atomic resolution has been observed directly through cryo-TEM. Under light
illumination, the photostriction will compensate for the local lattice strain, which leads to structural stabi-
lity as evidence suggests no phase transition in temperature ranges of the temperature-dependent photo-
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luminescence spectra. In addition, MPZB also shows less than 3% decrease in PL intensity after 60 days.
This is because the Zn doping induced the lowest defect density in the MPZB SC (density of trap-states
Nyp = 6.33 X 108 cm™3), which has been confirmed by the high performance of the photodetector. Such
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Introduction

Halide perovskites have a three-dimensional structural frame-
work of ABX;, where A is a monovalent organic cation (e.g.,
methylammonium (CH3;NH;', namely MA"), formamidinium
(CH(NH,)**, namely FA>") or inorganic cation (Cs*, Rb*, K), B
is a metal cation (e.g., Pb/Mn/Sn/Ge/Cu/Sb/Bi/Cd/Zn), and X is
a halide anion (I", Br™, CI"). Its structure can be viewed as a
cubic array of corner-sharing [BX,] octahedra with A located
within the cages or a cubic close-packed [AX;] array with B
located within the holes."” Though halide perovskites have
been known for more than 60 years, they have recently
attracted intensive research interest after their initial appli-
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strain compensation is expected to fundamentally improve the stability of photoelectric devices.

cation in photovoltaics, reported by Kojima et al. in 2009, and
now single-junction organic-inorganic hybrid halide perovskite
solar cells have recorded an efficiency of 24.02%.> This value is
comparable to those of conventional photovoltaics such as crys-
talline silicon, CdTe, GaAs, and CulnGaSe based devices.?
Beyond their application in photovoltaics,® halide perovskites
possess advanced optoelectronic properties, such as a high
absorption coefficient in the visible region, long balanced
hole-electron diffusion length,” high carrier mobility,” and long
carrier lifetime,®° which make them good candidates for light-
emitting diodes (LEDs),"® lasers'" and photodetectors'® etc.
However, there are still several serious problems that
restrict the development of perovskite devices, including the
presence of harmful Pb>* ions and their poor stability in
moisture, high  temperature and intensive light
illumination.">"® Many strategies have been proposed to
improve the environmental stability of perovskite materials,
such as encapsulating perovskites with organic or inorganic
materials,"* adding porous silicon microspheres for better dis-
persion,'® adding a hydrophobic material to increase hydropho-
bicity'® and through passivation to reduce the non-radiative
recombination centers of the material'” etc. However, the
surface coating of perovskites with thick shells will restrict their
efficiency in terms of electrical injection and light extraction. In
addition, for any given perovskite, the structural phase tran-
sition has been commonly observed at different temperatures,
which greatly influenced the performance of optoelectronic

This journal is © The Royal Society of Chemistry 2020
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devices."®' Therefore, it is essential to improve the stability of
perovskite materials through structural modification.

The substitution of cations or halide anions is an effective
method to change the structure of perovskites and this has
recently attracted widespread attention.>>*! For example, the
most well-known organic cations to replace the MA" ion are
the FA" or Cs' ions, which give rise to a tolerance factor () of
0.88 (MA,_,FA,Pbl;) and 0.9 (FA;_,Cs,Pbl;), both higher than
0.83 for MAPbI;."®** The tolerance factor ¢ is used to deter-
mine the stability of the perovskite structure. It is more likely
to form a cubic structure if ¢ is in the range of 0.89-1.0, while
smaller ¢ values give less-symmetric tetragonal or ortho-
rhombic structures.'®'® It should be noted that the black
cubic-phase CsPbl; is not stable at room temperature.*
Moreover, the substitution of halide anions may remarkably
affect the band gap, crystal structure and charge transport of
the perovskite, due to its unique energy band structure caused
by halide anions.'® Therefore, the substitution of Pb>" cation
is one of the most important and promising methods for
improving perovskite stability. To find a non-toxic element to
replace toxic Pb" for improved stability has been a common
goal for researchers.”® However, the formation energy of B-site
cations is higher than those of the A-site cations and X-site
halide ions,® which makes them more difficult to synthesize.*®
There are a wide variety of cations with different atomic radii
that may induce huge changes in perovskites, and the structural
stability of perovskites must consider the octahedral factor
4 related to B site cations.”” Also, the stability of the B-site
doping is still an important issue of concern but lacks experi-
mental support.’** Therefore, the mechanistic understanding
of how cation doping changes the photophysical properties and
stability remains elusive. Research in this area is urgent and
critical to the performance improvement of perovskites.

Zn is a non-toxic element which has a wide range of
sources in nature. Its oxide is also an important material in
the field of optoelectronics.”® In this work, Zn has been incor-
porated into a MPB single crystal (SC). Through the studies of
its structure, optical properties and photostability, it was found
that Zn doping will cause shrinkage of the crystal lattice, result-
ing in enhanced coupling between atoms. Under light illumina-
tion, the photostriction leads to the relaxation of local lattice
strain, and the sample shows improved emission in terms of
temperature and time. Through analyzing the performance of
the perovskite detector, it was found that the Zn doping is also
beneficial to reduce the defect density in the SC, which is essen-
tial for advanced device performance. This work has provided a
basis and reference for Zn doping in perovskite materials which
will promote the development of perovskite applications.

Results and discussion

A hybrid perovskite SC was prepared by an inverse temperature
crystallization method. For the MAPbBr; (MPB) sample, a solu-
tion containing 1 M PbBr, and MABr was prepared in 10 mL of
DMF at room temperature. For the Zn-doped sample
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MAPbD, _,Zn,Br; (MPZB), a solution containing 1 M MABr, 0.9
M PbBr, and 0.1 M ZnBr, was prepared in 10 mL of DMF at
room temperature, as shown in Fig. 1a. The solutions were fil-
tered using a PTFE filter with 0.2 mm pore size. Two milliliters
of the filtrate were placed in a vial and kept in an oven at 80 °C
for six months. The powder X-ray diffraction (XRD) patterns of
the MPB and MPZB samples are shown in Fig. 1b. The
measured diffraction peaks of the MPB SC in this work are in
good agreement with previous reports,® which implies a pure
cubic phase and the crystals of MPB and MPZB both belong to
the cubic pm3m space group at room temperature. Moreover, the
characteristic XRD peaks of all samples show narrow diffraction
peaks indicating a higher degree of crystallinity. In addition, the
Zn and Pb in the MPZB sample were obtained by inductively
coupled plasma optical emission spectroscopy (ICP-OES), and
the weight content ratio of Zn:Pb is 1.55:1000. To verify the
successful Zn doping, transmission electron microscopy (TEM)
characterization has been performed. It is important to note
that the high resolution TEM (HRTEM) characterization of the
SC cannot be measured with traditional TEM due to the
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Fig. 1 Synthesis and structure of the MPZB SC. a. Schematic diagram of
the growth of the MPZB sample. b. XRD patterns of the MPZB and MPB
samples. c. High resolution TEM (HRTEM) image of the single crystal
MPZB along the [111]. zone axis observed by cryo-TEM at liquid N,
temperature. d. Magnified HRTEM image of the region in the yellow
square of ¢ image, overlapped with the corresponding atomic model. e
and f. STEM image and STEM-EDS element mappings.
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immediate damage of the material by the energetic electron
beam. Herein, cryo-TEM was used to determine the structure of
MPZB at the atomic scale. Fig. 1c shows the HRTEM image of
the MPZB structure at the [111] zone. The lattice fringes with a d
spacing of 4.2 A corresponded to the {110}, planes, which agrees
well with the XRD result. Fig. 1d shows the enlarged TEM image
of the area in orange in Fig. 1c and clearly identifies the hexag-
onal lattice of MPZB, which corresponds to the [111]. projection
of the structure model in the cubic structure. These results
demonstrate that the structure of MPZB is still cubic at liquid
nitrogen temperature. The energy dispersive spectrometer (EDS)
mappings are shown in Fig. 1e and f, and imply that Zn atoms
are homogeneously distributed within the MPB matrix. Green
represents the content of Pb and red represents the content of
Zn, both of which can be clearly identified.

The digital photographs of MPB and MPZB SCs are shown
in Fig. 2a. An overview of partial cation exchange in the MPB
SC is shown in Fig. 2b, where the ZnBrs octahedra are schema-
tically depicted by the purple metal-halide octahedra, and the
Pb cations are partially replaced by Zn cations by cation
exchange reactions, resulting in divalent-cation-doped MPB
NCs, namely the MPZB sample. Fig. 2c shows the PL and
absorption spectra of the samples. The PL peak is slightly
blue-shifted after Zn incorporation, which is in good agree-
ment with the blue-shift observed in the UV-vis absorption
spectrum. This blue-shift can be ascribed to the increase of
the band gaps due to the increase of the interaction between B
and X atoms and the decrease of the unit cell volume.*" The
Pb** and Zn*" have different radii, electronic configurations
and properties (Rpp: = 119 pm, electronegativity y = 1.6; Rzp2 =
74 pm, y = 1.7). As Zn*" has a significantly smaller radius than
Pb**, the atomic lattice will suffer from a change in local
strain.>’ According to the absorption spectra, emission at
about 550 nm in MPB and 530 nm in MPZB can be ascribed to
their energy band edge recombination, while the low energy
shoulders come from the reabsorption of the crystal which has
been observed in previous work.>® It has been reported that
the optical properties of perovskites can be modified by some
means such as irradiation®” and doping. While the band gaps
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of ABX; perovskites are known to increase with the decrease of
the unit cell volume,*" and the ionic radius of Zn is smaller
than Pb, the observed blue-shift of the optical transitions is
primarily due to the lattice contraction.

The optical stabilities in terms of the temperature of the
samples have been characterized. As shown in Fig. 3a and b,
pseudo-color maps of the temperature-dependent PL spectra
of the samples have been plotted, while Fig. 3c shows the
extracted PL peak position. This was recorded by using a
Shamrock spectrometer and the samples were placed in a
vacuum chamber under excitation by a 442 nm He-Cd con-
tinuous wave laser. Temperature can be well-controlled inside
the closed-cycle helium cryostat between 40 and 300 K. It can
be seen that there are two peaks (P; and P,) that exist at
different temperatures for both samples, and the P; emission
shows a blue-shift while the P, shows a red-shift, which is con-
sistent with the typical perovskite luminescence and reabsorp-
tion. Therefore, this implies that P; comes from the band edge
emission, while P, comes from the reabsorption of the crystal.
Furthermore, it is worth noting that there is a two-step red-shift
(100-130 K and 200-220 K) for P; in the MPB sample, which
implies the existence of structural phase transition across this
temperature range, namely from orthorhombic to tetragonal
and then to cubic. The structural phase transition temperatures
are similar to previously reported values (150 and 240 K).'® It is
interesting to note that for peak P; in the MPZB sample, no
obvious red-shift can be observed as shown in Fig. 3¢, indicat-
ing the absence of structural phase transition for MPZB. This is
important because advanced optoelectronic device application
requires stable perovskite structures over the operating tempera-
tures.'” The temperature dependent integrated PL intensities of
MPZB can be fitted using the Arrhenius equation:*®

I

1 +Aexp(—i) w

KpT

I(T) =

where I, is the PL intensity at 0 K, Ej, is the activation energy,
and Kg is the Boltzmann constant. The fitted data are shown
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Fig. 2 Basic information of MPZB. a. Digital photographs of the MPB and MPZB samples. b. Schematic overview of partial cation exchange in

perovskites. c. PL and absorption spectra of the MPB and MPZB samples.
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Fig. 3 Temperature-dependent PL of MPZB. a and b. Pseudo-color maps of temperature dependent PL spectra of the MPB and MPZB
samples. c. PL peak position. d. Temperature dependence of the integrated PL intensity of the MPZB sample, and the solid line is the fitting
line. e. Power dependent PL intensity. f. Schematic diagram of the octahedral tilting.

as solid lines in Fig. 3d. Based on the fitting, the activation
energy Ep, for MPZB was found to be 55 + 3.5 meV, which was
very close to the binding energy (40-50 meV) previously
reported for MPB.?® Note that this value is higher than the
thermal energy at room temperature (26 meV) and exciton
binding energy of GaN (25 meV), ensuring the existence of
excitons at room temperature. This conclusion is also verified
by the power dependent PL measurement (as shown in Fig. S1
and S2t). As shown in Fig. 3e, there is a power law dependence
Ipy, = Iy (2)
where a denotes the nonlinear component. The a value can be
determined to be 1.1, confirming the excitonic characteristics
of the spontaneous emission (note that 1 < a < 2 accounts for
the recombination of free excitons and bound excitons).?®
In contrast, for the MPB sample, eqn (1) is only valid for
the temperature range where the perovskite material holds the
same structural phase (as shown in Fig. S3t). This is why we
need perovskite materials to be stable in the operating temp-
erature range for device applications. It is reported that the
optoelectronic properties of perovskites are very sensitive to
their [BX,]'~ octahedral structures.'”>® For example, just
12.5 mol% Mn-doping has the potential to reduce all (100%)
of the cuboctahedral voids for metal ions in the perovskite
lattice, whereas substitution with a smaller anion at the X-site
can influence only four such cuboctahedral voids.> Thus, a
minute amount of the Zn doping in perovskites may be an
effective strategy to mitigate the aforesaid problems. During
the optical measurement at different temperatures, many
voids exist in the MPB sample inside the crystal. The bond

This journal is © The Royal Society of Chemistry 2020

energy is too weak to maintain the cubic structures, and then
the [BXq]'™ octahedral structures will tilt when the lattice
shrinks at lower temperatures and the voids become bigger.
Moreover, the MPB sample possesses an anisotropic strained
lattice, and intensive light illumination or higher temperatures
might lead to the lattice cracking,"® while for the MPZB
sample, the Zn doping in the perovskite not only reduces the
void inside the octahedron, but also enhances the interaction
between octahedra, so that the octahedron retains the cubic
structure when the temperature increases, as shown in Fig. 3f.
In addition, the lattice strain due to Zn doping (the atomic
radius of the Zn is smaller than Pb) will compensate the
volume expansion under light illumination or higher tempera-
tures, and thus it may lead to dramatically improved stability
for the MPZB sample. To further address this hypothesis,
photostability measurement was conducted and will be dis-
cussed next.

Normalized PL emission with temperatures and time is
shown in Fig. 4, where the insets are the digital photographs
of the samples under laser excitation at room temperature. It
can be seen clearly from Fig. 4a that the PL intensity of the
MPB sample decreases more than 2 orders of magnitude from
40 to 300 K, while that of the MPZB sample only reduces
several times. This implies that the MPZB sample has less
surface trapping or thermal activated nonradiative recombina-
tion centers compared to MPB.>® Long-term photostability
tests up to 60 days were performed under illumination by
using a 325 nm continuous wave laser with power density
around 70 mW c¢cm ™. Both samples were adhered to the quartz
substrate and exposed to laser light directly at room tempera-
ture for 4 hours per day. As shown in Fig. 4b, the PL intensity

Nanoscale, 2020, 12, 3692-3700 | 3695
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Fig. 4 Temperature stability and photostability of MPZB. a. Normalized PL intensity with temperatures. b. Measurements of long-term emission

photostability.

of the MPB sample decreases to ~40% after 60 days, while the
intensity of the MPZB sample remains almost the same. This
can also be explained by the local lattice strain compensation.
The MPZB suffers compressive strain due to the distorted lattice,
which balances cations of different sizes. Upon illumination, it
undergoes volumetric expansion in all directions. This process
relaxes the local strain, reducing the defects (such as dislocation
and grain boundary) of the crystallites and improving the lattice
quality of the material and its stability.”® This phenomenon is
crucial for understanding the structural stability of perovskites,
especially for perovskite optoelectronic device application.

The SC possesses a smaller number of grain boundaries,
longer diffusion length and faster mobility than thin films.
Therefore, it is a good candidate for photodetector devices.®
Moreover, compared to conventional semiconductor materials,
including polycrystalline Si (fyps = 10" to 10'* em™),** CdTe/
CdS (eraps = 10" to 10" em™),*° and copper indium gallium

selenide (CIGS) (fgaps = 10" em™) thin films,*" as well as
other perovskite materials, the defect density of the MAPbX;
crystals was the lowest."”® As discussed above, the Zn doping is
indeed responsible for the improved structural stability.
However, there is no report about the effect of Zn doping on
the host’s photoelectron properties. To this aim, a photo-
detector was fabricated based on the MPZB crystal as shown in
Fig. 5a. The size of the MPZB SC photodetector is 2.67 x 2.35 =
6.275 mm® (digital photographs of the photodetector are
shown in Fig. S41), and ~50 nm thick Au electrodes were de-
posited via vacuum thermal evaporation. The current-voltage
(I-V) characteristic of the MPZB sample was measured to evalu-
ate its quality and photoelectric performance, as shown in
Fig. 5b and c. In Fig. 5b, the dark current (/p) of the device
has three regions: an ohmic region, a trap-filled limit (Vigy)
region and a Child’s region of the quadratic voltage depen-
dence. Along with increasing bias voltage, the ohmic region
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Fig. 5 Photodetection properties of MPZB. a. Schematic diagram of the MPZB photodetector. b. Dark current (Jp) of the device. c. The photo-
current increases with illuminated light intensity. d. Photoresponsivity (R) of the MPZB photodetector. e. Reproducible responses to light
illumination. f. The response time of the photoconductor to light illumination.

3696 | Nanoscale, 2020, 12, 3692-3700

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9nr09657d

Nanoscale

followed by the Vg, region, which is determined by the trap-
state density (n¢,p), can be used to estimate the density of the
trap-states according to the formula,’

qnapL?
2€0€

Vrer = (3)
where ¢, is the dielectric constant of the material which is
around 25,° & is the vacuum permittivity of 8.854 x 107"
F cm™", g is the elemental charge, L is the thickness of the MPZB
layer, and the Vigp started at 1.6 V. From the equation, the
density of trap-states nq, = 6.33 x 10° cm™ can be extracted,
which is significantly lower than those well-known perovskite
SCs, as shown in Table 1 (in order to compare the accuracy, these
detectors have similar structures). This is consistent with the
high-resolution XRD measurement results that the as-prepared
MPZB SCs exhibit high crystalline quality. In addition, the results
also indicate the B-site Zn doping is responsible for reducing the
defect density of MPB. This is beneficial to the improvement of
the material’s photoelectric properties by interdicting the process
of light quenching, which is caused by absorbing impurities to
increase radiative recombination centers. The photoresponse
signal of the MPZB SC photodetectors is presented as a function
of the input light intensity under the bias of 1 V as shown in
Fig. 5c. The photoresponse of linear absorption generally
increases linearly with the increase of luminescence. Fig. 5d
shows the photo-responsivity (R) of the device under 1 V bias
with 532 nm continuous laser illumination, and it decreases with
the increased light intensity, which is in accordance with the
photo-gating mechanism. The R is a crucial important figure-of-
merit for photodetectors, indicating the efficiency of the response
of a photodetector to an optical signal, and it is defined as the
ratio of the photocurrent to incident light power,*?

R— b

= Pos (4)

where I, is the difference between the illuminated current
and dark current:

Iph = Tiuminated — Zdark (5)

Table 1 Comparison of optical and electrical properties of perovskites
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P, is the irradiance power density, and S is the effective illumi-
nated area.

At low light intensity (%600 nW), the R ~ 3.9 mAW " can be
measured. Combining the value of the dark current and R, the
detectivity D* can be obtained according to

pr= VA ©)

q-[dark
The calculated D* is about 2.36 x 10*° cm Hz"> W~* Jones
(where A is the active area of the detector). To the best of our
knowledge, these values are within the same order of magni-
tude among the recorded MAPbX; photodetectors with a
similar structure, as shown in Tables 1 and 2.”2*"*° Another

crucial performance of the photodetectors is the response to
light illumination, and it is required to be fast and reproduci-
ble enabling a broader scope of the device application. To
illustrate the light-switching characteristic, the current under
bright and dark conditions was controlled by using a shutter,
and the devices promptly generated photocurrent with repro-
ducible responses to on/off cycles. As shown in Fig. 5e, when
the laser is turned on, the photocurrent is sharply increased
under the applied 1 V bias voltage. The on/off switching was
reproducible without any attenuation for multiple cycles,
showing the favorable stability of the crystal-based detectors.
The response time of the photodetectors to light illumination
was analyzed and is shown in Fig. 5f. The rise and decay times
(defined as the time necessary to reduce/increase the photo-
response from 90 to 10%) were determined to be 23.3 and
24.3 ms, respectively. This responding speed is faster than
those found in similarly structured crystal photodetectors
based on other hybrid perovskites, such as MAPbCl;, CsPbBr;
SC, as shown in Table 2. The faster photo-response of the
MPZB SC photodetector could be attributed to the efficient
charge transfer along the Zn to the [BXc]'~ octahedral struc-
tures, which results from the enhanced bond to bond inter-
action and the lower defect density. Once again, such strain
compensation by the Zn doping under light illumination is
not only responsible for the improved structural stability, but
also for fewer defects, which is beneficial to the photoelectric
properties of perovskites.

Dielectric

Trap density

Carrier mobility

Sample Vg [V] constant (¢)  (7ap) [em™] (), [em* V' s Size [mm] Year  Ref.
Au/Ti SC MAPbCl;/Pt 9.8 23.9 3.1 x 10" 42+9 0.35 2015 33
Au/SC MAPbal;/Au & Au/SC 2.1-10.7 32 3.6 x 10" 24.0 £ 6.8 (electron) 3 2015 7
MAPbal;/Cgo/Ga 164 + 25 (hole)
ITO/SC MAPbal;/MoO;/Au/Ag 24 — 3.3 x10" 2.5 1.63 x2.74x2.74 2015 34
ITO/SC MaPbaBr;/MoO;/Au/Ag 4.6 25.5 5.8 x 10° 38 — 2015 34
Ti/SC CsPbBr;/Ti & Au/SC ~7 (electrons) 22 1.1 x 10" (electrons) 52 (electron) 3x2x1 2017 36
CsPbBr;/Au ~12 (holes) 4.2 x 10" (holes) 11 (hole)
ITO/Thin-Film MAPbBr;/Au/Pt  — — 1.6 x 10" 60 380 nm 2018 37
Au/1D SC MAPbBr; Arrays/Au 1.7 — 1.9 x 10" — 10 pm 2018 38
planar gold interdigital 12.4 25.5 5.2 x 107 81+5 2.6 2018 38
electrodes/SC MAPbBr;
AU/SC MAPDy 0gsZng 015Br3/Au 1.6 25.5 6.33 x 10° 2.67 2019 This
work
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Table 2 Comparison of photodetector properties of perovskite SCs
R,[mAW '] @ Vbias  D* (Jones) @ V bias Response
Single crystal (light source, intensity) (light source, intensity) Peak EQE/gain time [ms] Off/on  Year Ref.
Au/Ti SC MAPbCl,/Pt 46.9 @15V 1.2x 10" — 24/62 1.1x10° 2015 33
(365 nm, 1 W cm™?) (365 nm 1 W cm™?)
Au/SC MAPbal;/Au & Au/SC 35 t0 0.19 @0.62-1.00 V. — 12.6-15.8% (520-810 nm) — — 2015 34
MAPbal;/Cgo/Ga (337 nm, 4 ns width)
Ti/SC CsPbBrs/Ti & Au/SC 28 (550 nm) 1.7 x 10" Over 6% 230/60 10° 2017 34
CsPbBr;/Au
Au/SC MAPbBr;/Ga — 2x10"°@ -4 3%@—4 V 570 nm - — 2015 39
(570 nm@ 6 pW em™?)
Au/SC MAPDBr;/Pt 2@ 0V (white-light) 1.4x10"°@ 0V — 0.07/0.15 — 2016 40
(white-light) (white-light)
100@ +3 V(white-light) 7.1 x10"'@ +3 V
(white light)
4.5 (350 nm) 3x10'°(350 nm)
Au/SC MAPDy 95571, 015Br3/Au 3.9 (532 nm) 2.36 x 10*° — 23.3/24.2 — 2019 This
(532 nm at Vgs=1V) work

Experimental section
Materials

Lead bromide (98%), zinc bromide (98%), methylammonium
bromide (98%) and dimethylformamide (anhydrous, 99.8%)
were purchased from Sigma Aldrich. All salts and solvents
were used as received without any further purification.

Synthesis of MAPbBr; and MAPbZnBr; single crystals

A 1:1 molar solution containing PbBr, and MABr was pre-
pared in DMF for MAPDbBr3;, and a 0.9:0.1:1 molar solution
containing PbBr,, ZnBr, and MABr was prepared in DMF at
room temperature, respectively. The solutions were filtered
using a PTFE filter with 0.2 mm pore size. Two millilitres of
the filtrate were placed in a vial and the vial was kept in an oil
bath undisturbed at 80 °C. All procedures were carried out
under ambient conditions and a humidity of 55-57%. The
crystals used for measurements were grown for six months.

Structure characterization

The crystal structure of the Zn:MAPbBr; and MAPbBr; samples
was characterized by X-ray powder diffraction (XRD) on a
Bruker D8 Discover X-ray diffraction system. The metal con-
tents of Zn and Pb were obtained by inductively coupled
plasma optical emission spectroscopy (ICP-OES), and the
weight content of Zn:Pb in the MPZB sample is 1.55:1000.
Scanning transmission electron microscopy (STEM) and EDS
mapping were performed a Talos FEI, which was equipped
with four detectors. High resolution transmission electron
microscopy (HRTEM) was performed using a cryo-TEM at
liquid N, temperature.

UV-vis absorption and PL characterization

UV-vis absorption spectra were recorded at room temperature
on a CRAIC Technologies UV-Visible-NIR microspectrophot-
ometer. Steady-state PL spectra were measured using a
Shamrock spectrometer (model no. SR-750-D1-R) and detected
using a Newton CCD (model no. DU920P-BU). For the thermal
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stability test, the samples were placed in a vacuum chamber
and excited with a 442 nm He-Cd laser (KIMMON IK57511-G).
The power of the excitation laser is 0.5 mW, and the spot size
is ~0.007 cm®. The temperature was controlled within a closed-
cycle helium cryostat (CRYO Cool-G2B-LT) from 40 to 300 K.
PL decay curves were obtained by using a time-correlated
Hamamatsu H7422-02 photomultiplier tube.

Photodetector characterization

The size of 2.67 x 2.35 = 6.2745 mm® of the MAPbZnBr; single
crystal was used to fabricate a photodetector by depositing
~50 nm thickness Au electrodes via the vacuum thermal evap-
oration method. The I-V characteristic of the device was
measured using a Keithley4800 Source Meter, and the photo-
current was collected by illuminating the devices with 532 nm
continuous laser @1 V. To illustrate the light-switching charac-
teristic, the current under dark and illuminated conditions
was controlled by a light shutter.

Conclusions

In conclusion, we have demonstrated the preparation and
characterization of a non-toxic Zn doped MAPbBr; SC, which
reveals superior optoelectronic properties and environmental
stability. The main reason for the observation is that the intro-
duction of Zn into MAPbBr; SC causes lattice strain (the
atomic radius of the Zn is smaller than Pb), leading to the
enhanced interaction between bonds. In addition, upon light
illumination, the MPZB sample will undergo volumetric expan-
sion in all directions to compensate the local lattice strain,
resulting in improved structural stability even under long-term
intensive light illumination. The Zn doping is also responsible
for fewer defects of the SC, giving rise to less light quenching
during the thermal stability measurement as well as better per-
formance of the detector. This highly stable Zn doped
MAPDBr; SC opens up a new possibility to engineer the pro-
perties of halide perovskite SCs, which might possess highly
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stable optoelectronic properties and may prove beneficial for a
number of applications.
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