Downloaded viaCITY UNIV OF HONG KONG on October 11, 2019 at 04:29:01 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano 2019, 13, 6060-6070

Direct Vapor—Liquid—Solid Synthesis of All-
Inorganic Perovskite Nanowires for High-
Performance Electronics and Optoelectronics

You Meng,Jﬂi§ Changyong Lar_l,T’” Fangzhou Li,T SenPo Yip,m’§ Renjie Wei,"® Xiaolin Kang,T’T"§

Xjuming Bu,’ Ruoting Dong, J Heng Zhang,_r’i’§ and Johnny C. Ho* ™%

§1J—

"Department of Materials Science and Engineering, *State Key Laboratory of Terahertz and Millimeter Waves, and "Centre for
Functional Photonics, City University of Hong Kong, Kowloon, Hong Kong

ISchool of Optoelectronic Science and Engineering, University of Electronic Science and Technology of China, Chengdu 610054, P.

R. China

1Shenzhen Research Institute, City University of Hong Kong, Shenzhen 518057, P. R. China

Supporting Information

Controlled synthesis of lead halide perovskite (LHP)

nanostructures not only benefits fundamental research but also offers
promise for applications. Among many synthesis techniques, although
catalytic vapor—liquid—solid (VLS) growth is recognized as an effective
route to achieve high-quality nanostructures, until now, there is no
detailed report on VLS grown LHP nanomaterials due to the emerging
challenges in perovskite synthesis. Here, we develop a direct VLS growth
for single-crystalline all-inorganic lead halide perovskite (i.e., CsPbX;; X
= Cl, Br, or I) nanowires (NWs). These NWs exhibit high-performance
photodetection with the responsivity exceeding 4489 A/W and
detectivity over 7.9 X 10" Jones toward the visible light regime. Field-
effect transistors (FET) based on individual CsPbX; NWs are also
fabricated, where they show the superior hole mobility of up to 3.05 cm?/
(V s), higher than other all-inorganic LHP devices. This work provides
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important guidelines for the further improvement of these perovskite nanostructures for utilizations.
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n recent years, all-inorganic lead halide perovskites (LHPs)
have been regarded as promising fundamental building
blocks for next-generation electronics and optoelectronics
because of their excellent material stability, high optical
absorption, and long carrier diffusion length.l_3 Since then,
various methods were explored to fabricate these all-inorganic
LHP materials in different morphologies, such as nanocryst-
als,”® nanowires (NWs),4’3 and nanoplates.()’7 In particular, one-
dimensional (1D) LHPs were demonstrated to exhibit many
interesting properties, which attract wide attention to their
further development for many advanced technologies.” ™"
Generally, the vapor-phase synthesis methods are always
adopted to prepare the 1D LHP nanostructures for the better
crystalline quality and lower defect density as compared with the
solution-phase synthesis techniques.'>~"* For instance, Chen et
al. developed the van der Waals epitaxial growth of all-inorganic
cesium lead halide (CsPbX;; X = Cl, Br, or I) NW networks on
mica substrates, and demonstrated their optoelectronic
applications in photoluminescence wave-guiding and photo-
detectors."” Also, the guided growth of ultralong CsPbBr; NWs
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were realized by Shoaib et al. through the graphoepitaxy
procedure on annealed M-plane sapphire substrates, enabling
the easy fabrication of LHP NW parallel arrays.'®'” More
recently, Fan and co-workers reported the air-stable cubic-phase
CsPbl; NWs synthesized inside anodic alumina membrane
(AAM) templates by a chemical vapor deposition (CVD)
method.""” All these representative examples suggested the
feasible manipulation of the crystalline phase and morphology of
these obtained LHP NWs. However, all the reported CsPbX;
micro-/nanowires were simply synthesized by the noncatalyzed
vapor—solid (VS) growth process, instead of the catalytic
vapor—liquid—solid (VLS) growth mechanism. Such a non-
catalyzed VS growth process is well-known for its inferior growth
of nanostructures, especially for the uncontrolled radial growth
along the NW sidewalls.”’
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Figure 1. (a) Schematic diagram illustrating the VLS growth process of CsPbX; NW (X = Cl, Br, or I) using the Sn catalysts. (b) SEM image of
the vertical CsPbBr; NWs grown on SiO,/Si substrates. (c) Titled SEM images of different individual CsPbBr; NWs grown with the Sn catalytic
seeds. (d) Typical scanning TEM image of an individual CsPbBr; NW and corresponding EDS mapping of Cs, Pb, Br, and Sn elements. (e) EDS
line scan of the Sn-catalyzed CsPbBr; NW. Inset gives the corresponding TEM image with the white dashed line indicating the scanning path.

On the other hand, the catalytic VLS mechanism has been
proven to be exceptionally controllable, allowing the reliable
growth of various high-quality and complex low-dimensional
nanostructures.”' ~** It can effectively produce highly crystalline
nanomaterials with precise regulation over microstructural
morphology, crystal phase, surface feature, and so on.”* > It
also permits the modulation of chemical composition along the
axial and/or radial direction of VLS-grown NWs to achieve
nanoscale heterostructures.”” These VLS-grown nanohetero-
junctions have facilitated many cutting-edge applications, e.g,
high-mobility electron or hole gas systems, multijunction solar
cells, and high-sensitivity photodetectors.”’~*’ It is noted that all
these fascinating features enabled by the VLS process are not
quite attainable by other NW growth methodologies. To date,
the VLS process has been extensively reported for the synthesis
of all kinds of inorganic semiconductor nanomaterials, including
group IV, III-V, and II-VI semiconductors. For LHPs, Meyers
et al. demonstrated self-catalyzed VLS growth of lead halide
(PbX,; X = Cl, Br, or I) NWs by using liquid Pb catalysts.*’
Through a chemical conversion procedure, the as-prepared
PbX, NWs were converted into polycrystalline methylammo-
nium lead iodide (MAPbL;) perovskite NWs with randomly
oriented domains and rougher surfaces, owing to the strain
induced by volume expansion during the conversion. Never-
theless, to the best of our knowledge, owing to the challenging
requirement of growing ternary material systems, there is still no
report on the direct VLS synthesis of low-dimensional
organometallic or all-inorganic LHPs.

Here, we develop and report the VLS growth of crystalline all-
inorganic CsPbX; (X = Cl, Br, or I) NWs. Specifically, large-area
vertical perovskite NW arrays with a uniform diameter of ~150
nm are successfully synthesized by using Sn catalysts. In order to
understand the growth kinetics of these CsPbX; NWs, the effect
of various process conditions (i, growth pressure, growth
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temperature, catalyst density, and growth rate) on the NW
growth are thoroughly investigated. With a relatively narrow
growth process window, it is important that the grown CsPbX,
NWs are defect-free and single-crystalline. When configured
into photodetectors and field-effect transistors, these CsPbX;
NW devices exhibit the respectable performance with high light-
to-dark current ratio, large photoresponsivity, and decent
mobility. All these results evidently indicate the technological
potency of these VLS-grown CsPbX; NWs for high-perform-
ance electronic and optoelectronic applications.

RESULTS AND DISCUSSION

In this study, the CsPbX; (X = Cl, Br, or I) NWs were grown on
Si0,/Si substrates (270 nm thick thermal oxide) via a direct
VLS growth process. Briefly, Sn nanoparticles with a diameter of
~150 nm were first deposited onto the substrates as catalysts
through a drop casting method. Then, a two-zone tube furnace
was utilized for the NW growth. The source powder of CsPbX;
was prepared by mixing CsX and PbX, with a molar ratio of 2:1
and was annealed at 420—460 °C for 30 min at atmosphere
before being placed into a tube furnace. The prepared source
powder was placed in the high-temperature zone with the
temperature setting of 430—470 °C, while the substrate
predeposited with Sn catalysts was put in the low-temperature
zone with the temperature setting of 290—330 °C. During the
NW growth, the CsPbX; powder was vaporized at elevated
temperatures and carried to the low-temperature zone by argon/
hydrogen gas (Ar/H, = 80:15) to initiate the VLS growth
process. As illustrated in the schematic diagram in Figure 1a, the
Sn catalyst would exist in the liquid state due to its low melting
point of 232 °C and get supersaturated through the addition of
vapor-phase precursors, i.e., Cs, Pb, and X (X = Cl, Br, or I),
inducing the growth of CsPbX; NWs at the liquid—solid

interface.”’ By maintaining these conditions for a duration of
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Figure 2. (a) TEM image and (b) corresponding SAED pattern of a typical VLS-grown CsPbBr; NW. (¢, d) HRTEM images of the CsPbBr; NW
body. (¢) HRTEM image and (f) corresponding SAED pattern of the VLS-grown CsPbBr; NW tip.

60—300 min, there was a good yield of NWs growing on the
substrate (Figure S1). The details of the NW growth are
provided in the Methods section.

Afterward, the morphology of grown CsPbBr; NWs was
carefully evaluated by scanning electron microscopy (SEM). It is
clear that the vertical growth of CsPbBr; NWs is observed on the
substrate (Figure 1b), whereas distinctive spherical-like catalytic
seeds are witnessed in the tip region of individual NWs (Figure
1c), designating the VLS growth process here. When the control
experiments are performed without using any Sn catalyst, no
NWs are grown on the substrate under the same process
conditions, further confirming the necessity of predeposited Sn
catalysts to yield the NW growth (Figure S2). This also shows
the potential of defining the locations of the nanowire growth via
simply manipulating the catalyst position. Notably, based on the
detailed energy-dispersive X-ray spectroscopy (EDS) mapping
(Figure 1d), the catalytic tip of the CsPbBry NW is composed
mainly of Sn and Pb, while the NW body is made up of Cs, Pb,
and Br with a uniform distribution. This high Pb content of the
tip is anticipated due to the relatively low Sn—Pb eutectic
melting temperature of 183 °C for the efficient supersaturation
process of the catalyst tip.”” In contrast, the low equilibrium
solubility of Cs and Br in liquid Sn would lead to the low
elemental content of Cs and Br in the tip during NW growth. In
this case, the NWs are confirmed to grow via the VLS
mechanism through supersaturation of Cs and Br in a liquid
Sn—Pb catalyst. The composition quantification is also
performed along the axial direction of the NW (Figure le),
which further verifies the uniform elemental distribution of Cs,
Pb, and Br, having a composition ratio of 1:1:3 and being in
agreement with the stoichiometric ratio of CsPbBr; (Figure S3).
It should also be noted that the NW body composes a trace
amount of Sn, which is below the detection limit of EDS (Figure
S3). Chemical doping of metal (e.g, Mn**, Zn*", Sn**, Sb**, and
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Bi**) into LHPs has been proven to be a relatively effective
approach to solve the issues of instability and toxicity, while
providing additional tunable physical and chemical proper-
ties.””*” In a recent work, LHPs incorporating the lighter-
element Sn would lead to an upshift in the longitudinal optical
(LO) phonon frequencies, which is advantageous for the high
charge-carrier mobility.”* The effect of these Sn residuals on the
NW properties are still in the process of thorough investigation.
In any case, similar VLS growth processes are also demonstrated
with CsPbCl; and CsPbl; NWs, where the distinctive catalytic
tips are clearly observed, indicating the NWs grown with the
VLS mechanism here (Figures S4 and SS). In principle,
perovskite NWs can also be grown via the formation of PbX,
NWs followed by the in situ chemical conversion into
perovskites. Characteristically, these converted perovskite
NWs exhibit the polycrystallinity with randomly oriented
domains and rougher surfaces, owing to the strain induced by
volume expansion during the chemical conversion.'”**** As
shown in the TEM images in Figures 2, 4, S4, and S5, single-
crystalline CsPbX; NWs with smooth surfaces are obtained by
using our direct VLS growth process; therefore, it can also
probably rule out the possibility of our perovskite NWs grown
via the in situ chemical conversion from PbX, to perovskites.
At the same time, the crystallinity of VLS-grown CsPbBr;
NWs was also evaluated with transmission electron microscopy
(TEM) and selected-area electron diffraction (SAED) in detail
(Figure 2a and 2b). According to the SAED patterns collected
from multiple NWs, almost all of the NWs are grown with an
orientation of [100]. As supported by the density functional
theory (DFT) calculations, since the surface free energy of
(100) planes of CsPbBr; is lower than that of other planes,
CsPbBr; NWs are expected to grow along the [100]
direction.”®*” When the SAED patterns are collected along
the NW axial direction, the same growth direction of [100] is
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Figure 3. Titled SEM images of VLS-grown CsPbBr; NWs with (a) different growth pressure and (b) different NW density. (c) Temperature-
dependent and pressure-dependent VLS-growth window for CsPbBry; NWs. (d) Diameter statistical distribution of the as-grown CsPbBr; NWs.
(e) Length of CsPbX; (X = Cl, Br, or I) NWs as a function of the growth time.

confirmed, suggesting the excellent crystallinity without any
phase inversion defects along the entire length of the NW. This
is also consistent with the high-resolution TEM (HRTEM)
result that the continuous lattice fringes are visibly observed
across the NW body (Figure 2c), providing additional evidence
for the crystallinity and growth characteristics of NWs.
Explicitly, Figure 2d exhibits the clear lattice fringes with a
spacing of 5.8 A, which corresponds to the lattice spacing of
{100} planes of the cubic CsPbBr; crystal. This cubic phase is
also in perfect agreement with the XRD result, which will be
discussed later. All these results can further confirm the VLS-
grown CsPbBr; NW having a defect-free single-crystalline
characteristic. Importantly, as shown in Figure S6, the XRD
patterns and normalized PL spectra of CsPbBr; NWs illustrate
the existence of diffraction peaks from their cubic phase as well
as a sharp emission characteristic peak at 539 nm, even after 60
days of storage in ambient conditions. These observations can
evidently indicate the excellent material stability of CsPbBr;
NWs fabricated by the VLS growth process.
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Meanwhile, we try to evaluate the crystallinity of the catalytic
seed existing in the NW tip. Evidently, the polycrystalline nature
with obvious crystal boundaries are observed in the HRTEM
image (Figure 2e), while the corresponding diffraction spots
appear in a complicated manner in the SAED pattern (Figure
2f). These polycrystalline seeds are quite commonly observed
for the VLS growth of high-quality semiconductor NWs.**
Because the melting point of Sn (232 °C) or Sn—Pb (183 °C) is
lower than the growth temperature (310 °C) of CsPbBr; NWs,
it is anticipated that the molten catalytic seeds would become
solidified in a polycrystalline phase after termination. The
marked interplanar spacings in HRTEM image (Figure 2e) are
measured to be 2.2 and 2.9 A, which are close to the (231)
interplanar spacing of 2.208 A and (211) interplanar spacing of
2.924 A for PbBr, (JCPDS No. 31-0679). The corresponding
diffraction spots of (231) and (211) planes are also found in the
SAED pattern (Figure 2f), further indicating the possible
formation of PbBr,. From the viewpoint of a recrystallization
process, the existence of PbBr, is probably due to the abundant
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Figure 4. (a) XRD patterns and (b) normalized PL spectra of the VLS-grown CsPbX; (X = Cl, Br, or I) NWs. HRTEM images and EDS mappings

of the VLS-grown (c, e) CsPbCl, and (d, f) CsPbI; NW.

Pb content in the catalytic seeds as well as the high melting point
of PbBr, materials. However, we do not exclude the existence of
Sn—Pb alloy, SnBr,, and/or LHPs in the same catalytic seeds. In
an alloying situation for multicomponent eutectics, the theory of
the VLS or vapor—solid—solid (VSS) mechanism is far from
clear. Earlier works have reported that the NW growth model
significantly depends on the growth pressure, thermal history,
catalyst diameter, material flux, etc.;*”*" however, there are still
many unexplained phenomena and inconsistencies in the
current theory. Additional investigation of the catalytic seed
and the liquid—solid interface during VLS growth is needed for
the subsequent development of VLS-grown LHPs.

For the VLS NW growth, the most important phenomenon is
the selective crystal growth at the liquid—solid interface, which
dictates the properties of the NWs obtained.”””' This process is
somewhat different from the noncatalyzed epitaxial growth of
micro/nanowires, in which the crystal growth happens at the
vapor—solid interface.'”'” During the VLS process, the growth
is typically determined by the supply of vapor source, which is
controlled by the growth temperature and/or growth pressure.”
Although there has already been a number of studies focusing on
the VLS growth kinetics for other nanomaterial systems, the
VLS growth kinetics on emerging CsPbX; NW materials are still
very crucial to be investigated for the subsequent material
property enhancement. Comparison experiments performed at
low pressure (0.5 Torr) demonstrate clearly that both NWs and
particles are found to coexist on the growth substrates. With the
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increasing pressure while holding the other process parameters
constant, the density of NWs continues to increase even though
there still have a small amount of particles. When the growth
pressure is raised to a certain threshold value (1.5 Torr), the
high-density vertically aligned NWs can be produced as given in
Figure 3a. Thus, the high growth pressure is beneficial to
suppress the evaporation of source materials to yield an eflicient
VLS growth.'® However, for a relatively high growth pressure
(>S Torr), short NWs with the length of only several
micrometers are obtained due to the limited supply of the
source vapor.*®

Besides the process pressure, since the CsPbX; NW growth
occurs via crystallization from the liquid catalyst droplets, the
NW density is also determined by the density of catalyst droplets
located on the substrates. As depicted in the SEM images in
Figure 3b, it is obvious that the NW density can be adjusted in a
highly controllable way by altering the catalyst density, which
again confirms the VLS growth mechanism here. This finding
can further advocate the potential of deterministic NW growth
and integration via simply manipulating the catalyst position.
Moreover, the NW nucleation and morphology are as well
sensitive to the growth temperature (Figure 3c). The samples
grown at the temperatures ranging from 300 to 340 °C indeed
show a high yield of NW growth, while the sample grown at the
temperature below 300 °C would mainly lead to the growth of
particles or plates instead of the NW morphology (Figure S7).
The appearance of these particles or plates at the low growth
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Figure 5. (a) I-V curves of CsPbX; (X = Cl, Br, or I) NW PDs with and without the light illumination (9 mW/cm?). Inset shows the SEM image
of the as-fabricated NW PD. (b, c) Output current as a function of time under the chopped light illumination (9 mW/cm?) and a bias voltage of §
V. (d) Photocurrent, (e) responsivity, and (f) detectivity of CsPbX; NW PDs as a function of the incident light intensity.

temperature is possible due to the increased precursor
decomposition, the lower kinetic barrier for nucleation, and
the decrease of adatom diffusion length.”” The existence of
catalytic nanoparticles is also clearly observed at the edge region
of these particles and plates, which reveals that the low growth
temperature gives the competing VLS and VS growth of
nanomaterials at the same time (Figure S7). In contrast, the high
growth temperature (350 °C) seems to make the CsPbBr; NWs
hard to nucleate; therefore, only short NWs and small particles
are obtained as witnessed in Figure S8. With the optimal
conditions, the uniform and vertical CsPbBr; NW growth can be
effectively achieved within a relatively narrow process window
(Figure 3c). This narrow window may contribute to the growth
challenge here and explain the reason why there has been limited
reporting on VLS growth of all-inorganic LHP nanomaterials.
When the growth is optimized, the average NW diameter
obtained is around 150 nm that is roughly equal to the diameter
of Sn catalysts employed in this work (Figure 3d). This suggests
that the diameter of these VLS-grown CsPbX; NWs can be
controllably modified by just altering the catalyst diameter.*® In
the future, the thinner NWs can be grown with the smaller
catalyst nanoparticles. In addition, the length of CsPbX; NWs is
found to be directly proportional to the growth time, supporting
that the NW growth is a time-dependent process (Figure S9).
We also compare the corresponding growth rates of all three
kinds of CsPbX; NWs as compiled in Figure 3e. The CsPbl;
NWs show the higher growth rate (4.17 nm/s) than that of
CsPbBr; NWs (2.78 nm/s) and CsPbCl; NWs (1.40 nm/s).
From the viewpoint of their material properties, this growth rate
dependence is highly consistent with the compound melting
points of CsPbX; (476 °C for CsPbl,, 567 °C for CsPbBrj, and
615 °C for CsPbCl,) that are generally indicative of the strength
of their atomic interactions (i.e., the bond strength). The bond
strength has been proven to play an important role in regulating
the interfacial energies and hence critically determines the
activation energy barrier height for the NW nucleation (i.e., the
growth rate). As a result, increasing the bond strength can widen
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the VLS growth window but reduce the NW growth rate. Similar
observations have also been reported in the metal oxide material
systems.26

In this case, similar VLS growth processes were also
successfully optimized for the synthesis of CsPbl; and CsPbCl,
NWs. In order to verify their structural quality, X-ray diffraction
(XRD) patterns were collected for all CsPbX; NWs. As shown in
Figure 4a, all the sharp diffraction peaks can be indexed to the
perovskite phase of CsPbX;, including cubic CsPbCl; (JCPDS
No. 84-0437, Pm3m (221), a = 5.605 A), cubic CsPbBr,
(JCPDS No. 854-0752, Pm3m (221), a = 583 A), and
orthorhombic CsPbl; (Pnam (62), a = 8.856 A, b = 8.576 A, ¢
= 12.472 A).*' Notably, the CsPbl; NWs are crystallized in the
orthorhombic space group at room temperature, adopting a
distorted perovskite structure with tilted {PbBr¢}*~ octahedra.
This is slightly different from CsPbBr; and CsPbCl; NWs, which
adopt a cubic crystal structure. For the CsPbX; systems, the
formation of the perovskite-type structure is greatly dependent
on the ionic radius match of Cs, Pb, and halide (Cl, Br, or I) ions.
It has been reported that the larger halide ionic radii are often
favorable for the formation of the orthorhombic structure, which
is attributed to the effective ionic radii that are incompatible with
the Goldschmidt tolerance factor (GTF).*"** Thus, owing to
the large ionic radius of iodine and hence the structural
instability, the CsPbl; NW would tend to crystallize in an
orthorhombic structure that is thermally stable at room
temperature.

After the successful growth of CsPbX; NWs, their optical
properties were also investigated. As presented in the
normalized photoluminescence (PL) spectra in Figure 4b, all
CsPbX; NWs exhibit a single emission band with the spectral
peaks shifted from 422 nm (for cubic CsPbCly), 539 nm (for
cubic CsPbBr;), to 740 nm (for orthorhombic CsPbl;), which
covers almost the entire visible range. Simply by tuning the
halide composition, this wide emission range can designate the
practical utilizations of these CsPbX; NWs for high-perform-

ance broadband photonics or optoelectronics.”"* Furthermore,
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the crystallinity of VLS-grown CsPbl; and CsPbCl; NWs were
also evaluated as given in Figure 4c and 4d. The HRTEM images
clearly reveal that the CsPbCl; and CsPbl; NWs consist of
defect-free, single-crystalline cubic and orthorhombic phases,
respectively, which is consistent with the XRD results as
discussed above. Importantly, these NWs exhibit the smooth
surface with amorphous native oxide layers that are the common
features of VLS-grown NWs.”**® EDS mappings were as well
performed on the CsPbCl; and CsPbl; NWs, where the uniform
elemental distribution and ideal Cs/Pb/X composition ratio of
1:1:3 are obviously observed. All these results explicitly suggest
that the VLS growth process can be generally employed for the
synthesis of high-quality inorganic LHP nanostructures.

As the VLS NW growth can be optimized especially for the
reduced defect concentration (e.g, grain boundaries and
structural disorders), these highly crystalline perovskite NWs
can allow us to shed light on their intrinsic material properties
and hence potential utilizations. In order to demonstrate their
optoelectronic applications, single CsPbX; (X = Cl, Br, or I)
NWs were configured into photodetectors (PDs), while
corresponding current—voltage (I—V) curves of these NW
PDs were measured with and without the light illumination as
shown in Figure Sa. It is also noted that laser diodes of 532, 450,
and 405 nm were used as the light source for the photodetection
measurement of CsPbl;, CsPbBr;, and CsPbCl; NW PDs,
respectively. The SEM image of a typical single CsPbX; NW PD
with a channel length of 10 ym is shown in the Figure 1b inset.
The linear relationships of I-V indicate that the contacts
between the CsPbX; NW and Au electrodes are ohmic-like.
Specifically, all the PDs with similar NW channel diameters of
~150 nm give the low dark currents (I4,,) of 0.1—1 pA under a
bias voltage of S V, which is probably originated from the
minimized free carrier concentration in high-quality VLS-grown
LHP NWs.** When illuminated at an intensity of 9 mW/cm?
under the same bias conditions, the light current (I]ight) increases
by more than 4 orders of magnitude to 8.6 nA, 7.4 nA, and 2.6 nA
for CsPbl;, CsPbBr;, and CsPbCl; NW PDs, respectively. Also,
they all exhibit excellent stability and reliability with the on/off
switching measurement (Figure Sb and Figure S10). The
response times (i.c., rise time and recovery time), defined as the
time for the photocurrent (Iph = Iyghe — Ijp) to vary from 10% to
90% of the peak current, are found to be less than 50 ms (Figure
5c). All these results can indicate the excellent device
performance in their corresponding emission band of wave-
lengths. Simultaneously, the relationship between I, and
incident light intensity is found to obey the power law model
of I, o P¥, where P is the light intensity and k is an empirical
value.* Through the nonlinear fitting, we can obtain the k values
of 0.95, 0.88, and 0.45 for CsPbl;, CsPbBr;, and CsPbCl; NW
PDs, respectively. The CsPbl; and CsPbBr; NWs have similar k
values, while that for the CsPbCl; NW is the smallest, indicating
its higher rate of carrier recombination during the photo-
detection process, agreeing well with its smallest photocurrent
among all NW materials as presented in Figure Sa. This
sublinear relationship between Iy, and light intensity resulted
from the complex processes of electron—hole generation,
trapping, and recombination, which is typically observed for
semiconducting materials.***

On the other hand, responsivity (R) and specific detectivity
(D*) are other important figure-of-merits to quantify the device
performance and sensitivity of PDs, which are defined as R =
Ligy/(PA) and D* = RAY?/(2ely,4)"?, where A is the effective
irradiated area on the NW and e is the electronic charge.*® Here
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we use the cross-sectional area (A = L X d; L is channel length, d
is NW diameter) to estimate the effective irradiated area of the
CsPbX; NW PDs.*” Figure 5d to 5f depict the values of L R,
and D* at different light intensity. It is clear that both R and D*
increase dramatically with the decreasing light intensity. Under a
low light intensity of 0.2 mW/cm?, the R values of the CsPbX,
NW PDs are as high as 4489, 3306, and 1183 A/W, accordingly,
while the corresponding D* values are up to 7.9 X 102, 6.0 X
10", and 6.6 X 102 Jones, for CsPbl;, CsPbBr;, and CsPbCl,,
respectively. Table 1 summarizes the key device performance

Table 1. Key Device Performance Parameters of CsPbX; (X =
Cl, Br, or I) NW PDs

Lighe (0A)  Lig/Isarc R (A/W)  D* (Jones) Gain
CsPbl, 8.6 10*-10° 4489 7.9 x 10" 1564
CsPbBr;, 74 10*-10° 3306 6.0 x 10" 1530
CsPbCl, 2.6 10*-10° 1183 6.6 X 10" 792

parameters of all current NW PDs. Impressively, these
extraordinarily high R and D* values are better than those for
other all-inorganic low-dimensional perovskite PDs reported in
the literature (Table S1) and even comparable to those of the
inorganic—organic hybrid ones (Table S2), which demonstrate
the superior material quality of the VLS-grown single-crystalline
CsPbX; NWs developed in this work.">''*7*% For single-
crystalline LHP NW photodetectors, it is commonly accepted
that this respectable photodetection performance resulted from
the low trap-state density, long carrier diffusion lengths (on the
order of 10 ym), and long carrier lifetimes (0.1—1 ps) of NWs,
exceeding those of most conventional semiconductors.”*

Apart from photodetectors, field-effect transistors (FETs) are
another important type of technological device. However, since
the as-fabricated one-dimensional single-crystalline perovskite
micro-/nanowires are usually firmly connected with the
substrates (e.g, mica and sapphire)'>~"” or inserted within the
engineered templates (e.g., porous alumina membrane),' ™' it
is challenging to directly disperse them from the substrates or
templates to carry out fabrications of multiterminal devices and
importantly to evaluate the fundamental electrical properties of
individual NWs. Benefiting from the VLS growth process
developed here, bottom-gate top-contact (BGTC) FETs based
on single CsPbX; (X = Cl, Br, or I) NWs could be easily
constructed and characterized, allowing us to investigate their
charge transport characteristics at room temperature. In order to
obtain CsPbX; perovskite NWs laid down on the substrates for
device fabrications, a dry transfer method was used to configure
CsPbX; NWs onto the 270-nm-thick SiO,/Si substrates (Figure
S11). Shadow masking was then utilized to define the source and
drain regions, while 5/80 nm thick Ti/Au electrodes were
deposited by electron beam evaporation.

Figure 6a displays the typical transfer characteristics (IdS—Vgs
curves) of different kinds of CsPbX; NW devices with the gate
voltage (Vgs) sweeping from 15 to —45 V and the constant
source—drain voltage (V) at S V. All NW FETs show the
dominant p-type behavior with a slight n-type conductance at
positive gate voltage, while the current on/off ratios (I,,/ L) are
found to be 10°—10°. As shown in the representative output
characteristic (I3;—Vy, curves) of CsPbBry NW devices in Figure
6b, Iy, gradually increases when Vi, decreases from 0 Vto =20V
with a step of —5 V, which further confirms the dominant p-type
conducting characteristics of CsPbX; NWs. This p-type behavior
could be attributed to two reasons. First, it is possibly due to the
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Figure 6. (a) Transfer characteristics of the typical single VLS-grown CsPbX; (X = Cl, Br, or I) NW FETs using logarithm y-coordinate. (b)
Output characteristics of the single VLS-grown CsPbBr; NW FETs. (c) Transfer characteristics of the single CsPbX; NW FETs using linear y-

coordinate.

acceptor-like interface trapping states located at the amorphous
oxide shells that are observed in HRTEM images (Figure 4c and
4d). Owing to the enhanced surface-to-volume ratio of NWs, the
abundant oxide trap states fully deplete electrons in the NWs
and hence result in the p-type conduction. Similar interface
trapping effects have also been reported in GaAs NWs and their
devices.”*" In the future, p- to n-channel switching behaviors
could be achieved in LHP NWs via the careful manipulation of
interface trapping states. Second, it may be resulted from a self-
doping process related to the residual Sn species existing within
the NW lattice. To be specific, based on the EDS analysis of
CsPbX; NWs, the NW body is composed of a trace amount of
residual Sn species from the catalysts (Figure S3). When these
Sn or Sn** species are oxidized, the resulted Sn*" ions could act
as a p-type dopant in a process referred as “self-doping”; as a
result, they contribute to the p-type conducting characteristics of
CsPbX; NWs here.*” Next, field-effect mobility (yg) in the
linear regime can be calculated with the analytical equation of /,t
=1L gm/(C Vg), where L is the channel length, g, i
transconductance (defined as dI;/dV, ), and C, is the gate
capacitance. The value of C, is obtalned from the ﬁmte element
analysis software COMSOL tailored for the cylinder on-plane
model.*® With the same device fabrication condition and device
geometry, the hole field-effect mobility values are estimated to
be 3.05, 2.17, and 1.06 cm?/(V s) for CsPbl;, CsPbBr,, and
CsPbCl; NW FETs, respectively. The Frohlich coupling
mechanism can explain the differences of charge carrier mobility
for ionic (polar) semlconductors (e.g., GaAs), which also works
well for CsPbX; here.** It has been reported that Frohlich
interactions were found to be enhanced in APbBr; with respect
to APbl; (for A = MA, FA), which was attributed to the higher
ionicity of the Pb—Br bond as compared with the Pb—I bond.”’
Thus, the room-temperature mobility is anticipated to decline
across the halide series from CsPbl; to CsPbCl;, which is
possibly due to the increasing ionicity of the Pb—X bond. This
Frohlich coupling may as well explain the smallest photocurrent
value obtained for CsPbCl; PDs as discussed above. It is also
worth noting that the reported hole mobility values here are
even more superior than many other semiconductors, such as
metal oxides and (pseudo) halides used for p-channel FETs.>”
These high field-effect mobility values measured at room
temperature could be attributed to the defect-free single-
crystalline nature of our VLS-grown all-inorganic perovskite
NWs.

Furthermore, the device threshold voltage (V) can be
extracted from the slope and x-axis intercept of IV, curves
(Figure 6¢),>® in which the V;, values are found to be —10.9,
—13.9,and —21.5V for the FETs based on CsPbl;, CsPbBr;, and
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CsPbCl; NW, respectively. These different Vy, values are usually
associated with the different amounts of carrier concentration
(n). This concentration can be estimated by the analytical
expression of n = 4C,(V, h)/qd L, where d is the NW radius
and L is the channel length At V= —4S§ V, the average values
of n are determined to be 3.62 X 1018 cm™ for CsPbl;, 3.29 X
10" cm™ for CsPbBr;, and 2.49 X 10'® cm™ for CsPbCl,. The
difference of carrier concentration can as well be explained by
the Frohlich coupling existed in the CsPbX; system.’™*’
Meanwhile, the reduced n and ppp values, across the halide
series from CsPbl; to CsPbCl,, also lead to the slight decrease of
on-current (I,,), as shown in Figure 6¢ and Table 2. Although

Table 2. Key Device Performance Parameters of CsPbX, (X =
Cl, Br, or I) NW FETs

Mobility I,
(em?/(V s)) () Ly/Lg Va(V)  n(em™)
CsPbl, 3.05 85 >10°  -109 3.62x 10"
CsPbBr, 2.17 57 >10°  -139 329x 10"
CsPbCl, 1.06 35 >10>  -21.5 249 x 10"

our single-crystalline perovskite NW FETs show impressive
device characteristics, there is definitely great potential to further
enhance the device performance through various strategies,
including the perovskite material design, device passivation, and
device miniaturization.>***

CONCLUSIONS

In this work, we developed a direct VLS method to obtain
CsPbX; (X = Cl, Br, and I) NWs by using Sn catalysts. The VLS
mechanism allows us to synthesize defect-free single-crystalline
CsPbX; NWs with precise control over the microstructural
morphology, nanowire density, and chemical composition. The
structural characterization shows that NWs all existed in the
stable cubic (for CsPbBr; and CsPbCl;) or orthorhombic (for
CsPbl,) phase at room temperature. In order to demonstrate
their optoelectronic applications, single CsPbX; NWs are
configured as photodetectors with respectable photodetection
performance (responsivity exceeding 4489 A/W and detectivity
exceeding 7.9 X 10'* Jones) toward the visible light regime.
Meanwhile, we also demonstrate field-effect transistors based on
an individual CsPbX; NW, which exhibits superior hole field-
effect mobility of 3.05 cm?/(V s) measured at room temper-
ature. Overall, these VLS-grown perovskite NWs can provide
versatile platforms for evaluating the fundamental properties and
exploring the potential applications of one-dimensional perov-
skite nanostructures.
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METHODS

Material Synthesis. All chemicals were purchased from Sigma-
Aldrich and used without further purification. The growth substrate was
prepared by drop-casting an aqueous Sn nanoparticle (150 nm particle
size, 299%, Aldrich) suspension onto a p-type Si substrate with a 270
nm thick thermal oxide layer. The source powder of CsPbX; was
prepared by mixing CsX and PbX, with a molar ratio of 1:2 and then
annealed (at 420 °C for CsPbl;, 430 °C for CsPbBr;, 460 °C for
CsPbCl;) for 30 min at atmosphere before being placed into the tube
furnace. The VLS growth of the CsPbX; (X = Cl, Br, or I) NWs was
carried out in a two-zone chemical vapor deposition (CVD) system
equipped with a quartz tube (1-in. inner diameter). The CsPbX, source
powder was placed inside the high-temperature heating zone with
temperature settings of 430 °C (CsPbl;), 440 °C (CsPbBr;), and 470
°C (CsPbCl;). The substrates with Sn nanoparticles were placed inside
the low-temperature heating zone with temperature settings of 290 °C
(CsPbly), 310 °C (CsPbBr;), and 330 °C (CsPbCl,). The reactor was
evacuated to a base pressure of ~0.15 mTorr, and then argon (80 Sccm)
and hydrogen (15 Sccm) were flowed through the reactor. The growth
pressure was set to 0.3—S Torr as required during the entire growth
process. To initiate the VLS growth process of CsPbX; NWs, source
powder was vaporized at an elevated temperature and carried to the
low-temperature zone by mixed argon/hydrogen gas. After the preset
growth duration (60—300 min), the reaction was terminated, and
immediately the furnace lid was opened to cool down.

Material Characterization. Surface morphologies of the NWs
were examined using a scanning electron microscope (SEM, Philips
XL30) and a transmission electron microscope (TEM, Philips CM-20).
Crystal structures were determined by collecting the XRD pattern on a
Philips powder diffractometer and imaging with a high-resolution TEM
(HRTEM, JEOL 2100F). The PL spectra were acquired by iHR320
photoluminescence spectroscopy with excitation wavelengths of 635
nm for CsPbl;, 425 nm for CsPbBr;, and 365 nm for CsPbCl,.
Elemental mappings and line scan were performed using an energy
dispersive X-ray (EDS) detector attached to a JEOL 2100F.

Device Fabrication and Characterization. In order to obtain
CsPbX; NWs laid down on the substrates for subsequent device studies,
a dry transfer method was used to separate the NWs from the growth
substrates. Afterward, shadow masking was utilized to define the source
and drain regions, and 5/80 nm thick Ti/Au film electrodes were
deposited by electron beam evaporation. The channel lengths were 10
pum for all the devices performed in this study. Device characterizations
were performed in ambient atmosphere with an Agilent 4155C
semiconductor analyzer and a standard electrical probe station. In this
work, laser diodes of 532, 450, and 405 nm were used as the light source
for the photodetection measurement of CsPbl;, CsPbBr;, and CsPbCl,
NWs, respectively. The power of the incident irradiation was measured
using a power meter (PM400, Thorlabs).
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