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1 Introduction

Organic-inorganic hybrid perovskites, such as
CH;NH,Pbl;, have recently stimulated great interest
in the photovoltaic and optoelectronic fields as they
demonstrate improved power conversion efficiencies

ABSTRACT

Cesium lead iodide (CsPbl), in its black perovskite phase, has a suitable bandgap
and high quantum efficiency for photovoltaic applications. However, CsPbl,
tends to crystalize into a yellow non-perovskite phase, which has poor
optoelectronic properties, at room temperature. Therefore, controlling the phase
transition in CsPbl; is critical for practical application of this material. Here we
report a systematic study of the phase transition of one-dimensional CsPbl,
nanowires and their corresponding structural, optical, and electrical properties.
We show the formation of perovskite black phase CsPbl; nanowires from the
non-perovskite yellow phase through rapid thermal quenching. Post-transformed
black phase CsPbl; nanowires exhibit increased photoluminescence emission
intensity with a shrinking of the bandgap from 2.78 to 1.76 eV. The perovskite
nanowires were photoconductive and showed a fast photoresponse and excellent
stability at room temperature. These promising optical and electrical properties
make the perovskite CsPbl; nanowires attractive for a variety of nanoscale
optoelectronic devices.

and can be fabricated using low-cost solution processes
[1-4]. Although the efficiency of hybrid perovskite
photovoltaic devices has exceeded 20%, the organic
cation MA* is susceptible to environmental degradation
from moisture and heat [5-8].

Recently, all-inorganic nanoscale perovskite structures
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(CsPbX;), including quantum dots, nanowires, and
nanoplates, have been obtained using colloidal synthesis
or low temperature solution processing [9-12]. These
nanostructured inorganic perovskites show greatly
improved stability, as well as promising optical and
electrical properties [11, 13]. Among these materials,
CsPbl; shows the unique combination of a suitable
bandgap, high quantum efficiency, and long radiative
lifetime for photovoltaic applications [11]. The black
perovskite phase (B-CsPbl;) is stable above 300 °C
[14, 15] and shows the desired photovoltaic behavior.
This material undergoes a phase transition to a
yellow non-perovskite phase (Y-CsPbl;) with poor
optoelectronic properties upon cooling to room tem-
perature [16]. The transformation into the yellow phase
limits further fundamental studies and applications
of the desired black phase. Therefore, enhancing the
stability of the black CsPbl; phase at room temperature
has attracted great interest. A colloidal synthesis method
yielded meta-stable black CsPbl; nanocrystals, but these
recrystallized to the yellow phase upon extended
storage or removal of capping ligands [9, 17]. Recently,
a new purification process was reported to reduce
the loss of ligands on the CsPbl; quantum dot surface
and to increase the stability of the black phase under
ambient storage [18]. Chloride doping has also been
shown to enhance the stability of perovskite phase
CsPbl;, but the effect of chloride incorporation requires
further investigation [19]. In order to stabilize the
black CsPbl; phase more effectively, the intrinsic
phase transition behavior of this material should be
systematically investigated, which has not yet been
undertaken.

One-dimensional (1D) nanowires (NWs) are con-
sidered a good platform for studying solid-solid
phase transitions [20]. NWs are single crystals with
the advantage of a controllable morphology, which
can eliminate the contribution of domain boundaries
and morphological variation [21]. In addition, as the
size of the material is reduced to the nanoscale,
NWs can show enhanced phase stability, and possess
optoelectronic properties superior to those of bulk
counterparts [22, 23]. Therefore, understanding the
phase transition of CsPbl; nanowires not only reveals
intrinsic properties of the material, but also enables
the development of nanostructures for photonic and
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electrical devices.

Here we report a systematic study of the structural
phase transition of CsPbl; nanowires between the
yellow and black phases. The corresponding dramatic
structural change induced significant differences in
the optical and electronic properties. The B-CsPbl;
nanowires showed about a 100-fold increase in
photoluminescent emission efficiency and a decrease
in the bandgap from 2.78 to 1.76 eV, compared to
Y-CsPbl;. Unlike Y-CsPbl;, B-CsPbl; nanowires showed
strong photoconductance and a fast photoresponse,
demonstrating potential for photovoltaic and photo-
detector applications. B-CsPbl; nanowires exhibited
excellent stability when stored in an inert atmosphere.

2 Experimental

CsPbl; nanowires were synthesized using a surfactant-
free solution process, by dipping a Pbl, film into a
Csl-methanol solution (for additional details, see
the Electronic Supplementary Material (ESM)). From
scanning electron microscopy (SEM) analysis (Fig. 1(a)),
it can be seen that the product contained only nano-
wires, which formed a mesh network. The diameter of
the CsPbl; nanowires could be adjusted by changing
the concentration of the CsI-methanol solution (Fig. S1
in the ESM). The X-ray diffraction (XRD) patterns of
the as-grown nanowires were assigned to the non-
perovskite orthorhombic phase Y-CsPbl; (Fig. 1(b));
no patterns from the Pbl, or Csl starting materials
were observed. The Pbls octahedra are edge-shared in
Y-CsPbl,;, forming a 1D chain structure along the [010]
direction (Fig. 1(c)). The anisotropic crystal structure
was attributed to the growth of the nanowires in a
preferred direction. Selected area electron diffraction
(SAED) of individual nanowires further indicated
that the as-grown nanowires were single crystalline
and the growth direction of the non-perovskite phase
was [010] (Fig. 1(d) and Fig. S2 in the ESM).

In order to achieve the phase transition to the
perovskite phase, the Y-CsPbl; nanowire film was
heated up to 310 °C for 10 min in a glovebox; the color
change from yellow to black was observed (Figs. S3(a)
and S3(b) in the ESM). The film remained black when
the sample was rapidly quenched to room temperature
(for details, see the ESM). The quenching rate was about
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Figure 1 Synthesis and structural characterization of Y-CsPbl; nanowire mesh. (a) SEM image of the Y-CsPbl; nanowire mesh grown

on a glass substrate. (b) XRD patterns of as-grown CsPbl; nanowire mesh with the standard diffraction pattern of the orthorhombic
CsPbl; indicated by the dark lines. (c) Schematic diagram of the structure of Y-CsPbl; (grey = Pb atoms; purple = I atoms; green = Cs
atoms). (d) SAED pattern of an individual nanowire confirming the orthorhombic CsPbl; phase. The inset shows a TEM image of the

same nanowire.

150 ‘C's™ (measured using an infrared thermometer).
The XRD patterns of the black film showed no peaks
corresponding to the Y-CsPbl; phase or any products
from decomposed CsI and Pbl,, confirming the success
of the phase transition (Fig. S5(a) in the ESM). However,
the XRD patterns could not be assigned to the highly
symmetric cubic phase, which has been observed in
situ at 310 °C [24]. The obvious split peaks at about
14°, 20°, and 28° and the smaller peaks between 20°
and 28° indicated a lower symmetry orthorhombic
perovskite phase. Such a phase has been previously
observed in nanostructured CsPbl; produced using an
anion exchange reaction or chemical vapor deposition
[25-27]. The structure of the orthorhombic perovskite
phase is similar to the ideal cubic phase, where Pbl;
octahedra are slightly distorted and corner-shared in
three dimensions (Fig. 2(a)). CsPbl; should be in an
ideal cubic phase at 310 °C, but the lattice probably
relaxed and distorted during the quenching process,

forming an orthorhombic perovskite structure. The
crystal structure of individual B-CsPbl; nanowires was
further confirmed by transmission electron microscopy
(TEM) characterization (Fig. 2(b)). Additional TEM
analysis is provided in Fig. 54 (in the ESM). In addition,
simulated XRD patterns based on the B-CsPbl; structure
matched our experimental patterns (Fig. S5(b) in the
ESM). Therefore, both XRD and TEM characterizations
confirmed that the CsPbl; nanowires underwent a
structural phase transition from the non-perovskite
phase to a perovskite phase, where the perovskite
phase could be stabilized by fast thermal quenching.

3 Results and discussion

The different crystal structures of the Y-CsPbl; and
B-CsPbl; phases result in distinct band structures and
optical properties. The PL spectrum of the Y-CsPbl,
nanowires showed two broad peaks centered at

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 2 Structural characterization of B-CsPbl;. (a) Schematic diagram of the structure of the black orthorhombic CsPbl;; the Pblg
octahedra are slightly distorted compared to the ideal cubic perovskite structure. (b) SAED patterns of an individual B-CsPbl; nanowire,
which match the simulated black orthorhombic phase well. The scale bar is 5 nm™". The inset shows a TEM image of the same nanowire.
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Figure 3 Comparison of the optical properties of Y-CsPbl; and B-CsPbl; nanowires. (a) Normalized PL of a Y-CsPbl; (black line) and
a B-CsPbl; (red line) nanowire under the same laser excitation power; the Y-CsPbl; intensity was 100 times higher than that of the
B-CsPbl. (b) and (c) Optical PL images of a Y-CsPbl; and B-CsPbl; nanowire, respectively. (d) and (g) SEM images of a Y-CsPbl; and
B-CsPbl; nanowire, respectively. The corresponding cathodoluminescence images ((¢) and (h)) showing emission using an 85 nm band-pass
filter centered at 510 nm (in false green color) and ((f) and (i)) with a 50 nm band-pass filter centered at 700 nm (in false yellow color).

about 450 and 530 nm (Fig. 3(a)), which was similar
to that observed for CsPbl; nanowires that we
synthesized previously using a colloidal method [10].
The high-energy peak likely comes from excitonic
emission, while the low-energy peak is probably due
to self-trapped excitons (STEs) [10]. The formation of
STEs probably results from strong exciton—-phonon

interaction in the 1D chain structure of the Pbl,
octahedral [28]. When the Pbl; octahedral changed
from a 1D double chain structure to a 3D network,
the bandgap of the B-CsPbl; nanowires reduced from
2.79 to 1.76 eV. The PL intensity increased accordingly
about 100-fold. Unlike the strong self-trapped emission
in Y-CsPbl;, B-CsPbl; nanowires showed dominant
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band edge emission, indicating fewer excitonic traps
in the perovskite structure [29]. In order to better
characterize the spatial distribution of emissive sites
of individual Y-CsPbl; and B-CsPbl; nanowires, we
used cathodoluminescence microscopy (CL). This
technique provides excellent spatial resolution of the
photon emitted from a sample when excited by a
focused electron beam [30]. Since Y-CsPbl; nanowires
exhibit a broad emission in the range 450-750 nm
(Fig. S6(a) in the ESM), the CL mappings in the 467.5—
552.5 and 675-725 nm ranges both showed uniform
emission (Figs. 3(d)-3(f)). However, the B-CsPbl;
nanowires showed only a narrow emission centered
around 700 nm (Fig. S6(b) in the ESM). Therefore, the
CL mapping of a single B-CsPbl; nanowire showed
only uniform emission in the 675-725nm range
(Figs. 3(g)-3(i)). The absence of an emission signal from
467.5 to 552.5 nm indicates that the entire nanowire
was converted to the B-CsPbl; phase.

The structural phase transition also significantly
alters the electrical properties of the materials [31].

(@)

1111

Considering this, we investigated the electrical pro-
perties of Y-CsPbl; and B-CsPbl; nanowires in darkness
and under one sun (AM1.5) illumination. Individual
Y-CsPbl; and B-CsPbl; nanowires were transferred to
fabricated Au bottom contacts using a micromani-
pulator (Fig. 4(a)). All electrical measurements were
carried out in a vacuum chamber at 77 K. Figure 4(b)
shows the results of the conductance of individual
Y-CsPbl,
illuminated conditions. The Y-CsPbl; nanowire was

and B-CsPbl; nanowires in dark and

found to be insulating under dark conditions with a
current of the order of 107 A at 10 V bias. Almost no
photocurrent was detected when the Y-CsPbl; nanowire
was illuminated. The poor photoconductance is
consistent with previous reports of the non-functionality
of Y-CsPbl; for photovoltaic applications [32]. The
B-CsPbl; nanowire also showed high resistivity
under dark conditions, but was several times more
conductive than the Y-CsPbl; nanowire. The current
under illumination increased about 100 times compared
to the dark current, indicating a significant contribution

(b) *° Dk
— 30 —— B-CsPbl3 dark
“!& / —— B-CsPblz AM 1.5
- f —— Y-CsPblj dark

20
—— Y-CsPbiz AM 1.5

104

(c) 50

of wh Mo
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100 120
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Figure 4 Electrical characterization of Y-CsPbl; and B-CsPbl; nanowires: (a) a nanowire transferred onto Au electrodes. The gap between
the electrodes was 1 um. (b) Conductance of the nanowires in darkness and under one sun (AM1.5) illumination (blue: dark Y-CsPbl;;
magenta: AM1.5 Y-CsPbl;; black: dark B-CsPbls; red: AM1.5 B-CsPbls). (¢) Photoresponse of B-CsPbl; measured under AM1.5 at 10 V
and 77 K. (d) Stability of photocurrent under AM1.5 at 10 V and 77 K.
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from the photogenerated carriers. The photoresponse
of B-CsPbl; nanowires was fast, with an on/off con-
ductance ratio of 10* (Fig. 4(c)). The photocurrent
showed no significant decay, even when the device
had been continuously illuminated for more than
2 h (Fig. 4(d)). Such excellent stability, along with
the promising optoelectronic properties, makes the
B-CsPbl; nanowires a promising material for device
applications such as photovoltaics and photodetectors.

Figure 5 shows the stability of the B-CsPbl;
nanowires in an inert atmosphere. The B-CsPbl;
nanowires remained in the perovskite phase showing
red PL emission for 4 weeks, indicating that their
intrinsic stability is high. The excellent phase stability
of the B-CsPbl; nanowires at room temperature was
probably due to a strain effect from the rapid thermal
quenching [33, 34]. Surface strain should be significant
due to the large surface area of the NWs. The high-
quality single crystal structure with a low defect
density likely contributed to the phase stability.
However, the mechanism for the excellent phase
stability needs further investigation. Conventional
phase-change memory materials, such as Ge,Sb,Tes,
produce metastable amorphous structures upon
rapid thermal cooling, and transform to the stable
crystalline structure after subsequent reheating [35].
Similarly, we found B-CsPbl; transitioned back to the

i Nano Res. 2017, 10(4): 1107-1114

yellow phase when reheated to 200 °C in a glovebox.
This phase transition was also confirmed by XRD
measurements (Fig. S8(a) in the ESM). The PL emission
of a B-CsPbl; nanowire changed from red to weak
blue after heating to about 200 °C, indicating a phase
transition from B-CsPbl; to Y-CsPbl; (Figs. S8(b)-58(d)
in the ESM). Therefore, the B-CsPbl; nanowires were
in a meta-stable phase at room temperature. Although
the Y-CsPbl; phase is energetically favorable at room
temperature, the B-CsPbl; phase can be kinetically
trapped through the quenching process. At a tem-
perature as high as 200 °C, B-CsPbl; nanowires gain
enough thermal energy to overcome the thermodynamic
barrier (around 4.4 kJ-mol™) to convert to the yellow
phase (Fig.S8(e) in the ESM). The bi-stability and
reversibility of the black and yellow phases makes
CsPbl; nanowires potentially useful in phase-transition
memory devices [36, 37].

4 Conclusion

In summary, we systematically studied the structural
phase transition and associated optical and electrical
properties of non-perovskite Y-CsPbl; and perovskite
B-CsPbl; nanowires. Perovskite B-CsPbl; nanowires
showed a lower bandgap, stronger PL emission, and
higher photoconductance than the Y-CsPbl; phase.

(a) 0 day
14 days
28 days
ST TN N TR Y
400 500 600 700 800

Wavelength (nm)

Figure 5 Excellent stability of B-CsPbl; nanowires in an inert atmosphere. (a) Normalized PL spectrum of as-fabricated B-CsPbl;
nanowires, and after storage in a Ny-filled glovebox for 14 and 28 days. The inset shows the portion of the spectrum from 400 to 500 nm,
indicating no PL emission from the Y-CsPbl;. PL images of B-CsPbl; nanowires (b) as fabricated, (c) after 14 days, and (d) after 28 days.
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Additionally, B-CsPbl; nanowires showed good stability
at room temperature. This study unveiled important
fundamental properties of the structural phase tran-
sition in CsPbl; nanowires. The ability to control the
phase transition of this material thermally may be an
advantage for future applications such as photovoltaic,
photodetector, and memory devices.
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