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ABSTRACT: Control of the forward and inverse reactions between perovskites and
precursor materials is key to attaining high quality perovskite materials. Many
techniques focus on synthesizing nanostructured CsPbX3 materials (e.g., nanowires)
via a forward reaction (CsX + PbX, — CsPbX3). However, lower solubility of
inorganic perovskites and complex phase transition make it difficult to realize the
precise control of composition and the length of nanowires using the conventional
forward approach. Herein, we report a self-assembly inverse growth of CsPbBr3; micro-
nanowires (MWs) (CsPb,Brs — CsPbBr3 + PbBr2 1) by controlling phase transition
from CsPb2Brs to CsPbBr;. Two-dimensional (2D) structure of CsPb,Brs serves as
nucleation sites to induce the initial CsPbBrs MW growth. Also, phase transition allows
crystal rearrangement and slows down the crystal growth, which facilitates the MW
growth of CsPbBr; crystals along the 2D planes of CsPb;Brs. A CsPbBr; MW
photodetector constructed based on the inverse growth shows a high responsivity of
6.44 A W! and detectivity of ~10'? Jones. Larger grain size, high crystallinity and
bigger thickness can effectively alleviate the decomposition/degradation of perovskites,
which leads to storage stability over 60 days in moisture (45% relative humidity) and

operational stability over 3000 min under illumination (400 nm, ~20.06 mW c¢m™).
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1. INTRODUCTION

Inorganic perovskite materials (CsPbX3, X = I, Br or Cl) have shown a great
potential for applications in solar cells, light-emitting diodes (LEDs), photodetectors
(PDs) and lasers because of their remarkable physical and chemical characteristics (e.g.,
tunable bandgap, strong optical absorption, high carrier mobility and long diffusion
length) and low-cost fabrication.!-® Besides inorganic perovskite based thin films and
quantum dots, nanowires (NWs) / micro-nanowires (MWs) exhibit outstanding
performance in optoelectronic devices. Because of the confined carrier transport in one-
dimensional channels/structures, it has been reported that fast charge transport could be
realized to improve the electric performance.” In addition, compared with perovskite
thin films, these NWs tend to have large grain size and less grain boundaries, which
would reduce the trap /defects density and recombination rate resulting in a long carrier
lifetime of photogenerated carriers and low leak current.”!! For example, Eaton and
coworkers synthesized inorganic single crystalline perovskite CsPbBr; NWs with well-
defined facets, which is beneficial for the high quality laser cavities.!? The Fabry-Pérot
lasing was detected in CsPbBrs NWs with a low threshold (5 uJ cm). In parallel, Yang
and coworkers developed single-crystalline CsPblz nanorods with a uniform diameter
(~150 nm) and length (~2 um).!* These high quality single-crystalline nanorods show
a reduced trap density and enhanced carrier mobility leading to high performance PD

with a responsivity of 2920 A W! and a fast response time (trise/Tran) (the photocurrent
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increase from 10% to 90% (Trisc) and decrease from 90% to 10% (tran) of maximum) of
50/150 ps.

Several advanced techniques have been developed to synthesize perovskite NWs,
including solution-phase synthesis and chemical vapor deposition (CVD).!#17 The
solution method is the simplest strategy, yet showing great advantage in the fabrication
of NW arrays because a precise ratio of precursor materials can be controlled and it
only requires low-temperature synthesis processes (< 80 °C).'% ' For instance, Zhang
and coworkers used an anion-exchange method to realize the CsPbX3 alloy NWs by
controlling the reaction between CsPbBr; NWs and halide precursors.?’ However, the
solution growth methods are usually affected by the solvent, surfactant and low-
solubility of inorganic perovskite precursor materials, which has a significant influence

7.2 In contrast, CVD as an

on the formation/nucleation process and optical properties.
alternative process provides advantage to be solvent-free and direct growth on the
substrates.?> 23 The vapor-based method employing vacuum systems allows researchers
to achieve a stoichiometric and highly crystalline NWs due to the absence of any
solvent or surfactant.’>2* In addition, impurities in precursor materials can be removed
from the sublimed precursors at a high temperature during evaporation.? Furthermore,
the composition, diameter, length and growth direction of NWs can be controlled by

t,26 substrates,!” growth pressure/temperature.?®

experimental conditions such as catalys
27 Specifically, highly oriented NWs can be realized via a vapor-phase epitaxial growth

on the crystalline substrates such as sapphire and mica substrates.”® Chen and co-

workers prepared high-quality CsPbBrs NWs along the [001] directions on mica (001)
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substrates through a vapor-phase epitaxy technique.?® In addition, the horizontally
oriented CsSnX3 (X = Br, I) NWs / MWs along [001] were realized on mica substrates
via a vapor phase growth by Jin, Chen and coworkers.?’ Despite the great results
achieved by vapor phase synthesis, the formation of NWs is favorable only at a high
temperature (~600 °C) or with the aid of catalyst in a high vacuum system, which
represents an obstacle for their commercial application (especially on flexible
substrates).26 30-32

Most of inorganic perovskite NWs/MWs in recent reports are synthesized by a
forward reaction mechanism.?% 3? In this technique, CsX and PbX: are dissolved in a
solvent (e.g., octadecene or DMF/DMSO0)!% 2% or evaporated in a vacuum system!”- 2°
at the optimized temperature in order to attain the final products of CsPbX3 NWs as
follows (forward reaction): CsX + PbX> — CsPbXj. The low solubility of inorganic
perovskite materials in solvents when considering solution-based processes or the high
evaporation temperature (~600 °C) as well as the capital cost of vacuum systems
employed for vacuum-based processes (e.g., CVD), and the complex Cs-Pb-X phase
diagram are not attractive for mass production of NWs using this forward route.?% 22 2%:
34,35 How to realize NWs/MWs with an ultralong length over 100 um with simple and
controllable processing is a challenge but a prerequisite for integrated semiconductor
devices.*¢ It is worth noting that many derivative phases exist in the Cs-Pb-Br phase
diagram such as the two-dimensional (2D) structure of CsPb,Brs and the zero-

dimensional phase of Cs4sPbBres.’’° They easily convert to 3D CsPbBr3 under certain

conditions as follows (inverse reaction): CsPb,Brs — CsPbBr3; + PbBr2; CssPbBrs —
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CsPbBr3 + 3CsBr,*” #! and also can serve as nucleation sites to further promote the
continuous growth of CsPbBr;3 following the Ostwald ripening mechanism.* 43

In this work, we developed a catalyst/template-free and inverse growth of CsPbBr3
MWs taking advantage of the synergy effect of a derivative phase transition and
Ostwald ripening. The CsPb2Brs precursor layer was first deposited on the substrates
via vacuum vapor deposition and then annealed in air. CsPb;Brs films were converted
to CsPbBr3 (accompanied by volatilization of PbBr>) during post-annealing because of
the inverse reaction between CsPbBr3 and the CsPb2Brs derivative phase (CsPb2Brs —
CsPbBr; + PbBr; 1) and thermodynamic stability of CsPbBrs; (Figure 1a). During the
annealing process, the 2D CsPbaBrs serves as nucleation sites, and the intermediate
phase of CsPb,Brs@CsPbBr; effectively slows down the crystal growth of CsPbBr3
compared with forward growth. In parallel, the 2D layer structure of CsPb2Brs can also
serve as a template during the phase transition/decomposition from the 2D CsPb,Brs to
the 3D cubic CsPbBr; phase, which provides enough space and allows the crystal
rearrangement (2D — 3D) in the structure. The above characteristics facilitate
continuous growth of CsPbBr; crystals along the preferred orientation to form CsPbBr3
MWs with an ultralong length of ~510 pm. Based on this inverse growth of CsPbBr3
MWs, high performance photodetectors were realized with a high responsivity of 6.44
A W and a response time of 301/242 ms. The devices also exhibited outstanding
storage stability over 60 days in air (relative humidity RH ~ 45%) and operational
stability under monochromatic light (400 nm, ~20.06 mW c¢m2) over 3000 min (Table

1) because of larger grain size, high crystallinity and bigger thickness. This inverse



1 growth of CsPbBr; MWs from the derivative phase offers a new way to fabricate

2 perovskite NWs/MWs and shows potential for applications in future integrated devices.
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4 Figure 1. (a) The formation mechanism of CsPbBr; MW from CsPb,Brs film after annealing at 450
5  °C for 1 h. SEM image of (b) the CsPb,Brs film (250 °C) and (c) CsPbBr; MW. (d) XRD patterns

6  of the CsPboBrs film (250 °C) and CsPbBr3 NW. (e) EDS mapping of a CsPbBr; MW.

8  Table 1 Comparison of inorganic perovskite nanowires from previous works and this work.

Material Formation Method Template Length Height R D* Operational  Storage  Ref
direction (nm) (nm) (AW (Jones) Stability Stability
[min] [h]
CsPbBr; Inverse Vapor No ~510 1360 6.44 2.88x10"2 3000 1440 This
Mw work
CsPbIzsNR  Forward  Solution No ~2 — 2920 5.7x10" 720 168 13
CsPblz Forward  Solution No <20 — — — 140 — 44
NwW
CsPblz Forward  Solution No >325 — 0.745 3.46x10'° — — 33
NwW
CsPbBr3 Forward Vapor Yes ~1500 — 4400 — — — 17
NwW




CsPbBr; Forward Vapor No ~40 — 3306 7.9x10" — — 26
NW
CsPbBr3 Forward Vapor No ~20 ~420 0.001 — — — 28
NW
CsPbBr3 Forward  Solution No ~12 — — — — — 45
NW
Cs3Sb,Clyg Forward  Solution No ~0.29 4 3616 1.25x10° — — 46
NW
CsPbl; Forward  Solution Yes >150 250 1294 2.6x10M — 720 h 10
NW
CsPblz Forward Vapor Yes ~10 ~1000 0.0067 1.5x10" — — 23
nanoarrays
CsPbBr3 Forward Vapor No <30 20~1000 — — — — 11
nanoarrays
CsPbBr3 Forward  Solution Yes >28 200 1377 — — — 19
nanoarrays
CsPbCl; Forward Vapor — — — 0.1309 1.4 x 10" — 720 h 4
film
CsPbBr3 Forward Vapor — — — 0.375 2.96 x 101 — 1560 h 39
film
CsPbBr3 Forward  Solution — — — 0.64 — — 12 47
film
Cs3Cuals Forward  Solution — — — 0.0649 6.9x10!" — — 48
film
1 Operational stability is defined to be the stability when the device is under a bias and
2 continuous light illumination.
4 2. RESULTS AND DISCUSSION
5 To grow CsPbBr; MWs, we first deposited the CsPb2Brs thin film on the substrates,
6  which served as a precursor layer. As seen in Figure 1a, CsPboBrs showed a 2D layer
7  structure and was synthesized by excess PbBr: as follows:
8 CsBr + 2PbBr; — CsPb,Brs
9 CsPbBr3 + PbBr, = CsPb,Brs
10  Therefore, we first deposited the CsPb,Brs film with a thickness of 1 um on the Si (100)
11 /SiO7 (300 nm) substrates by sequential vapor deposition as discussed in our previous
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works.*! ¥ Then, we annealed the as-prepared films at 250 °C (20 min) in order to
achieve high crystalline CsPb,Brs grains. The scanning electron microscopy (SEM)
image of the CsPb,Brs film in Figure 1b showed a uniform and compact layer with high
crystallinity after annealing. The atomic Cs/Pb/Br ratios determined by energy
dispersive X-ray spectroscopy (EDS) mapping in Figure S1 was 1:2.3:5.2 in good
agreement with the stoichiometry of the CsPb2Brs phase. The structure of CsPb2Brs was
determined by X-ray diffraction (XRD). As seen in Figure 1d, characteristic peaks at
11.67°, 18.83°, 23.39°, 24.03°, 27.77°, 29.36°, 33.34°, 35.44° and 37.90° were assigned
to (002), (112), (210), (202), (114), (213), (310), (312) and (313) diffraction planes of
the tetragonal CsPb:Brs phase at 250 °C, respectively, (Figure S2). After annealing
CsPb;Brs films at 450 °C for 1 h, ultralong CsPbBr; MWs (~510 pm) were obtained on
the Si (100)/SiO; substrates (Figure 1c, S3). As shown in Figure 1d, the CsPbBrs MW
showed a cubic phase (Figure S2). The peaks at 15.19°, 21.55°, 26.48°, 30.64°, 34.37°,
and 37.77° can be assigned to (100), (110), (111), (200), (210) and (211) lattice planes,
respectively. From the SEM images in Figure 1c, we found that the MWs were
composed of grains connected to one another. The average grain size was over 5 pm.
Additionally, the CsPbBr; MW also exhibited a height of 1.36 pm measured by atomic
force microscopy (AFM) as shown in Figure S4, which was about 36% thicker than the
precursor thickness of CsPbaBrs layer, because of the growth of crystals and structure
reconstruction during annealing following the Ostwald ripening mechanism.*> 4 The
length to height ratio of MW was 375. To further evaluate the chemical composition of

MWs, we conducted EDS mapping on a single CsPbBrs MW (Figure le, S5). The single
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MW was mainly composed of Cs, Pb and Br elements showing a uniform distribution.
In addition, the Si and O elements were also detected suggesting the presence of a Si0O»
film around the MW. The EDS line scan was conducted to analyze the composition of
the MW in Figure S6. A uniform elemental distribution of Cs, Pb and Br along the axial
direction could be inferred with the estimated atomic Cs/Pb/Br ratios of 1:0.91:2.84,

which was consistent with the stoichiometric ratio of the CsPbBr3 phase.

" (010
5 B
(102,

Figure 2. (a) STEM image resolving the lattice fringes and (b) SAED pattern of a CsPbBrs MW. (¢)
STEM image and corresponding EDS mapping of (d) Cs, (g) Pb and (h) Br. (¢) Simulated lattice
image and (f) SAED pattern of a CsPbBr; MW.

Based on Figure 1c, S4, our MWs exhibited a polycrystalline structure with oriented
grains due to the self-assembly growth from the CsPb.Brs film to CsPbBrs MWs during
decomposition (inverse growth). However, each of the perovskite grains showed a
single crystalline structure with a large grain size. To evaluate the crystallinity of the

inversely grown CsPbBr3; MWs, we conducted scanning transmission electron
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microscopy (STEM) and selected-area electron diffraction (SAED) measurements
(Figure 2a, b). The lattice fringes with a spacing of 5.8 A and 2.6 A in Figure 2a,
respectively, correspond to the lattice spacing of (010) and (102) planes, along [201]
zone axis of CsPbBr3; (PDF#54-0752), which suggested the single crystalline nature of
the grains in the CsPbBr; MWs. In addition, a simulation was calculated to find out the
atom stacking along the [201] direction (Figure 2e). It was shown that the simulation
agreed well with the collected STEM image (Figure 2a). The simulated SAED pattern
(Figure 2f) also agreed well with the image in Figure 2b. Furthermore, a model of atom
stacking image was added in Figure 2e, indicating that the rows with the dark contrast
in Figure 2a might be derived from the secondary diffraction of the (010) plane.
Importantly, the EDS mapping in Figure 2c, d, g and h showed a uniform element

distribution of Cs, Pb and Br with the element ratios of 1:1:3 (Figure S7).

10
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Figure 3. (a) XRD patterns of samples at different annealing temperatures. (b) SEM images of the
as-prepared CsPb,Brs film grown at 250 °C, 300 °C, 350 °C, 400 °C, 450 °C, for 20 min at each
temperature, and 450 °C, for 1 h, respectively. (c) Schematic illustration showing the inverse growth
of the samples from the CsPb,Brs film to CsPbBr; MWs.

To further understand the inverse growth of CsPbBr; MWs, we first investigated
the forward and inverse reactions between CsPbBr; and CsPb.Brs and the
corresponding changes of structure and morphologies. The thermally evaporated
compact pristine layer was depicted in Figure S8, which showed small size grains and

low crystallinity at room temperature and 200 °C. The yellow color of sample (Figure

11
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S9) suggested the co-existence of CsPbBr; and derivative phases in the pristine film
(Figure 3a, Figure S10a, b). As the annealing temperature increased, the color of as-
prepared film gradually turned white (250 °C) and the grains grew quickly from 100
nm to 1 pum (Figure 3b) because of diffusion and reaction between precursor materials
of CsBr and PbBr,, which indicated the appearance of CsPb.Brs in the as-prepared film.
Subsequent increase of temperature (300 °C) led to further grain size growth of
CsPbyBrs with some grains reaching more than 5 pm (Figure 3b, c, Steps (1) and (2)).
CsPb;Brs is a PL-inactive semiconductor material with a wide bandgap of ~2.9 eV,
indicating that it shows almost no photoluminescence under 365 nm irradiation as seen
in Figure S8.°% 5! However, the CsPb,Brs phase is unstable at high temperature or
humidity conditions and induces the self-decomposition (inverse reaction, CsPb2Brs —
CsPbBr3 + PbBr; 1) as discussed before.*® Therefore, when the annealing temperature
increased further, starting from the grain boundaries, the large CsPboBrs grains
decomposed to several small CsPbBr3 crystallites forming the CsPb2Brs@CsPbBr;3

intermediate phase.*!3!

The green color could be detected at the edge of the film under
365 nm irradiation in Figure S9 (~300 °C), which corroborates the formation of
CsPbBrs. In this case (Figure 3c, step (3)), CsPb2Brs served as extra heterogeneous
nucleation sites and also provided sufficient CsPbBr; that was originated from self-
decomposition. PbBr; has a lower melting temperature (357 °C) than CsBr (630 °C).*!
Therefore, when the annealing temperature was close to this melting temperature (~350

°C), the excess PbBr» was melted/vaporized gradually, which would reduce the

concentration of PbBr2 and promote decomposition of CsPb;Brs in a controlled way. In

12
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parallel, because of the volatility of PbBr; at a high temperature of 916 °C, PbBr: at
grain boundaries or edges began to evaporate slowly. Therefore, it would take a long
time to complete this process. According to the Ostwald ripening theory, the small
CsPbBr3 particles generated during decomposition had a high surface energy and tend
to dissolve and grew together to become a large particle in a closed system to reduce
this energy (Figure 3c, step (3) and (4)).*> The largest size of CsPbBr; was 10 pm
(Figure 3b). It was noted that the appearance of phase transition from CsPb2Brs to
CsPbBr; with volatilization of PbBr», instead of the direct forward reaction from CsBr
and PbBr, could slow down the formation of CsPbBr; crystals at a high temperature.
As the treatment temperature rose to 400 °C, CsPbBr; with large grain sizes with high
crystallinity and some aligned grain boundaries could be detected in Figure 3b.
Correspondingly, the XRD data in Figure S10e revealed that the CsPbBr; crystal phase
is the major phase in the film after treatment at 400 °C, although there still existed a
few remnant peaks corresponding to the CsPb2Brs phase or other intermediate states. In
addition, it was noticed that the relative intensity of CsPbBr3; (100)/ (200) peaks was
much higher than that of CsPbBr3; (110) peak in comparison with the CsPbBr3 standard
PDF card (PDF # 54-0752), which indicated that the CsPbBr3 crystals were grown
along the (100) direction. Enhanced photoluminescence with green color was observed
under 365 nm irradiation (Figure S9), which could be explained by the formation of
high quality of CsPbBr3 crystals and consumption of the indirect bandgap material of
CsPb;Brs, reducing the nonradiative recombination and improving the charge transport

process.>? As we continued to heat the sample to even higher temperatures, for example,

13
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450 °C, the SEM image in Figure 3b presented a high crystallinity and aligned grains.
The corresponding XRD patterns in Figure S10f displayed two main peaks at 15.20°
and 30.66° indexed to the CsPbBr3 (100) and (200) crystal planes, suggesting the high
crystallization of the CsPbBr; phase with an orientation along (100) and disappearance
of CsPbyBrs (Figure 3c, step (5)). This preferred growth was possibly because the
consumption of 2D CsPb,Brs provided enough space for the crystal rearrangement from
a 2D layer to a 3D cubic structure.*! Besides, CsPbBr; has a higher
decomposition/evaporation temperature (~580 °C) than PbBr,.>* The volatile PbBr; as
a byproduct further facilitated the proposed phase transformation process and no
external residues remained in the final products, which allowed us to achieve a high
quality CsPbBr;3 crystals. Upon subsequent extended annealing time (from 20 min to
1h at 450 °C, Figure 3b), the CsPbBr3 grains continuously grew and PbBr; desorbed
preferentially from the edges of CsPbBr; grains leading to physical separation from the
adjacent grains. After one hour annealing at 450 °C, a long CsPbBr; MW were obtained.
Additionally, if the annealing time was prolonged to 1.5 h, some MWs break into
several disconnect MWs with short length as seen in Figure S11. To realize MWs with
long lengths, we also investigated the influence of the thickness of the precursor
CsPb;Brs film on the length of CsPbBrs MWs, because the formation of MWs depended
on decomposition of CsPb,Brs. As we gradually increased the film thickness of
CsPb;Brs from 200 nm to 1000 nm, both the length and the diameter of the CsPbBr3
MWs increased (Figure S12-S13). This could be explained as the thicker layer was

beneficial for the growth of the compact perovskite film compared with the thin layer
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growth, which resulted in the formation of perovskite grains with larger sizes during

high temperature annealing.
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Figure 4. (a) Schematic illustration showing a CsPbBrs MW photodetector. (b) I-V curves of the

CsPbBr; MW photodetector under dark and light (400 nm, 30 uW c¢m?) condition. SEM image of

device is shown as the inset, and the scale bar is 40 um. (c) Energy band diagram of device. (d) -V

curves and (f) I-t curves of the CsPbBrs MW photodetector under light with a wavelength of 400

nm and different intensities. (e¢) Photocurrent and g) responsivity/detectivity of the device as a

function of irradiated intensities. (h) I-t curves of the CsPbBr; MW photodetector under different

bias at 400 nm, 20.06 mW cm™. (i) Response time of the device during one-cycle.

A single CsPbBrs MW photodetector (PD) was fabricated as depicted in Figure 4a.
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80 nm Au layer was deposited on the top surface of MW with a 100 um spacing by a
shadow mask to construct a device (Figure 4b, inset). The well distribution of grain size
ranges from 3 um to 11.5 pm (Figure S14) ensure light capture and carrier transport. In
addition, as mentioned above, despite the MW shows us a polycrystalline structure,
each grain is single crystal structure, which indicates lower trap defects in the grains.
Figure S15 shows the photoresponsivity spectrum of a CsPbBr; MW under a fixed bias
voltage of -5 V. As we can see, the device exhibits a high photoresponsivity in the region
between 350 and 600 nm, which is consistent with the absorption spectrum. Figures 4b
and S16 show the photocurrent-voltage (I-V) curves of the CsPbBr; MW PD under 400
nm light irradiation and dark conditions. A linear relationship suggested that an Ohmic-
contact between MW and electrode was formed, which would accelerate the carrier
transport under built-in electric field (Figure 4c). The photocurrent of the device
increased by more than one order of magnitude under 400 nm (~30 uW cm) irradiation

compared to dark current. The corresponding responsivity (R) and detectivity (D*) are

extracted from the equation as follows:34
Lighe—1
R — llghtPAdark (1)
D =S =R [ @
n 2qlgark

where Ijight and lqark are the photocurrent and dark current, respectively. P is the power
intensity; q is the elementary charge; A is the active area; B is the electrical bandwidth
of noise measurements; i, is the noise current. Here, the MW is regarded as a

rectangular-shaped structure and the corresponding active area is estimated as
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follows:?® A = a x b; a is the width of the nanowire (1 um) and b is the length of the
channel (100 pm). The dark current and photocurrent were —6.35x101" A and
—-9.66x107'% A under a bias of —3 V, respectively. The lower dark current is ascribed to
1) High crystallinity of each grain shows low defects; ii) The existence of grain
boundaries (GBs) serving as energy barriers for carrier transport under a bias voltage
in dark condition, which could effectively suppress the dark current of CsPbBrs MW
PD.%7 On the other hand, under incident light irradiation, excessive photo-generated
holes could quickly migrate to GBs due to the p-type of perovskite materials, which
could effectively lower the energy barrier height and promote carrier transport under
the internal electric field.>” It is assumed that the dark current is dominated by the shot
noise for estimating detectivity.>> Therefore, the corresponding R and D" are estimated
to be 6.44 A W-! and 2.88x10'? Jones (Jones = cm Hz"? W), respectively. To further
evaluate the performance of the CsPbBr; MW PD, we conducted the photocurrent-
voltage tests under different light intensities from 30 uW ¢m to 20.06 mW c¢m™ under
400 nm illumination (Figure 4d). The photocurrent rose sharply as the light intensity
increased and the photocurrent of the device showed a strong dependence on the
irradiation intensity with a best fitting of [=P°, where I and P are the photocurrent and
irradiation, respectively. 6 is a proportionality constant related to recombination
processes of photo-generated carriers. By fitting the curve in Figure 4e, we extracted 0
= 0.81 for 400 nm irradiation that is close to the ideal value of 1, which suggested low
recombination in the device and exhibited a good linearity for light detection.’® In

addition, the device also showed an excellent response characteristic measured by the
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time-dependent photocurrent (I-t) at various intensities (from 0.03 mW c¢m™ to 20.06
mW cm) under a bias voltage of =3 V (Figure 4f). The photocurrent increased sharply
when the light was turned on and also dropped fast when the light was turned off.
Importantly, the CsPbBrs MW PD showed a stable and repeatable current under the
light ON/OFF process upon the increase in power intensity. It was worth noting that the
R and D" values, as seen in Figure 4g, decreased significantly with the enhancement of
irradiation power intensity. This reduction could be explained by the increased carrier
recombination by deep traps or surface defects when the device was under strong light
irradiation.”® Besides the power intensity, the operational bias voltage also showed
influence on the device. We compared the I-t curves of the device under -0.5V, -1V,
-2 V and -3 V under 400 nm, ~20.06 mW cm™ irradiation. The corresponding
photocurrent improved monotonously from 1.02 nA to 11. 8 nA and showed a stable
and repeatable states under light ON/OFF process (Figure 4h). Moreover, the response
speed is another key parameter for PDs, which reflects the sensitivity to the incident
light. As depicted in Figure 41, the device showed a fast response time of 301/242 ms
under 400 nm irradiation.

The stability of inorganic perovskite devices is affected by several factors
including interface diffusion, phase transition to the non-perovskite structure, light
irradiation and thermal/humidity conditions. To investigate the storage stability, we
placed the device in air (RH ~ 45%) for over two months without any encapsulation.
As depicted in Figure 5a, the device exhibited excellent durability against humidity and

a long-term stable and repeatable performance under light ON/OFF cycles.
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Furthermore, investigation of operational stability of devices under continuous light
illumination is also important considering practical applications. Song and coworkers
reported a CsPbBr3 single crystal PD and found that the device are able to keep almost
the same photocurrent as the initial value (loss of only 2.1%) over 360 min.*° Here, we
studied the operational stability of CsPbBr; MW PDs under 400 nm (20.06 mW cm)
illumination at bias voltage of —3 V. The photocurrent of the device remained ~70% of
the initial performance after 3000 min (Figure 5b), which shows enhanced stability than
the previous reports (Table 1). This performance improvement is originated from the
larger grain size, high crystallinity and bigger thickness. Decomposition of perovskite
materials usually starts at GBs after long term illumination, where water and oxygen
easily penetrate into the perovskites resulting in continuous decomposition/degradation
because of weaker chemical binding and ion migration at GBs in low crystallinity
perovskites.!> © Different from many GBs in the polycrystalline thin films, the less
GBs in the MWs can effectively alleviate the moisture attacks. Besides, the extra top
layer of the high-quality crystallites in the thicker grains (Height ~ 1.36 pm) of the
MWs naturally protect the inner crystallites from degradation in comparison of thin

height of single crystal NWs (Table 1).5!
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Figure 5. (a) I-t curve of the CsPbBrs MW photodetector taken shortly after fresh fabrication (black
curve) and after storage in air (RH ~ 45%) (blue curve) for over two months (400 nm, ~20.06 mW
cm). (b) Operational stability of the CsPbBr; MW photodetector under a bias of —3 V and light
illumination (400 nm, ~20.06 mW c¢m?).
3. CONCLUSION
In summary, we demonstrated an inverse growth method to achieve ultralong
CsPbBr; MW (~510 pum) by controlling the decomposition of 2D CsPb,Brs layer. This
inverse growth mechanism allowed us to control the length of nanowire by regulating
the thickness of CsPb,Brs precursor layer. The high temperature procedure also ensured
us to obtain a high crystalline CsPbBrs MW with large grain size. An outstanding
performance of CsPbBrs MW photodetector was realized with an impressive

responsivity of 6.44 A W-! and detectivity of ~10'? Jones. Importantly, the device

exhibited an excellent storage stability (RH~45%) for more than two months and
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operational stability for over 3000 min. Overall, this inverse growth of CsPbBr; MW
displayed to be a simple, yet controllable and versatile technique to make highly

crystalline lead halide perovskite MWs and high performance photoelectronic devices.

METHODS

CsPbBr; nanowires and photodetectors. All chemicals were purchased from TCI
(99%). The p-type silicon (100) substrates with a 300 nm thermal oxide layer (SiO)
were purchased from Nova Electronic Materials. The substrates were cleaned by
acetone, ethyl alcohol and deionized water, respectively. First, the 304 nm CsBr and
696 nm PbBr; films were sequentially deposited on the substrates by thermal
evaporation with a rate of ~1 A/s to achieve 1 um CsPb,Brs layer in the vacuum
chamber with a vacuum degree of ~10- Pa. The density and Z factor of CsBr were set
as 4.44 g cm™ and 1.414, respectively. The corresponding parameters of PbBr, were
6.69 g cm™ and 1.000, respectively. The thickness of films is well monitored by the
quartz crystal microbalance. To synthesize the CsPbBr3 nanowires, the as-prepared
samples were annealed at 450 °C for 1 hour. Thermally evaporated 80 nm gold
deposited on the MWs was used as electrodes. The devices were defined by a metal
shadow mask with a width of 100 pm. The STEM samples were prepared by the same
procedure on the silicon dioxide grids (TedPella, 40 nm membrane thickness) with a
thickness of 30 nm precursor layer. The thickness of CsBr and PbBr; precursor layers

were 9 nm and 21 nm, respectively.

Characterization. Surface morphologies were investigated by a field emission
scanning electron microscopy (SEM, Helios NanoLab G3 UC) and a scanning
transmission electron microscopy (STEM, JEM-ARM 200F). A silicon dioxide grid
(purchased from TED PELLA, INC.) was employed in STEM. The crystal structure
was determined by X-ray diffraction (XRD, Bruker AXS GmbH, Karlsruhe, Germany)

equipped with Cu wavelength A = 1.54 A from 10 to 40° two theta degrees. AFM
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measurements were performed in tapping mode with a frequency of ~ 71 KHz using an
Asylum AFM (Asylum Co. MFP-3D-SA-DV-OQ). The scanning area of sample was
5x5 um?. All the electrical tests were conducted in the Lakeshore probe station (CRX-
6.5K), the corresponding data were collected by a semiconductor parameter analyzer
system (Keithley 4200-SCS). Monochromatic light was produced by a portable solar
simulator combined with a 400 nm filter slice (THORLABS, FGKOI1S). The light
intensities were calibrated by a power meter (THORLABS). All the procedures were

performed in air (~45% relative humidity and 25 °C) without any encapsulation.
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