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ABSTRACT: Alluring optical and electronic properties have made
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tronics. Among all perovskite materials, inorganic CsPbX; (X is halide)
in black cubic phase has triggered enormous attention recently owing to
its comparable photovoltaic performance and high stability as compared
to organic and hybrid perovskites. However, cubic phase stabilization at
room temperature for CsPbl; still survives as a challenge. Herein we
report all inorganic three-dimensional vertical CsPbl; perovskite
nanowires (NWs) synthesized inside anodic alumina membrane (AAM) by chemical vapor deposition (CVD) method. It
was discovered that the as-grown NWs have stable cubic phase at room temperature. This significant improvement on phase
stability can be attributed to the effective encapsulation of NWs by AAM and large specific area of these NWs. To demonstrate
device application of these NWs, photodetectors based on these high density CsPbl; NWs were fabricated demonstrating decent
performance. Our discovery suggests a novel and practical approach to stabilize the cubic phase of CsPbl; material, which will
have broad applications for optoelectronics in the visible wavelength range.
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ybrid organic inorganic perovskites with formula ABX; after fabrication at room temperature.”*® Therefore, cubic

(A = organic cation, B = metal, X = halide) have phase stabilization is a bottleneck challenge in realization of
triggered enormous attention due to their alluring optical and devices based on CsPbl;. Up-to-date, there have been a few
electronic properties including high optical absorption, long attempts to stabilize cubic phase of CsPbl; thin films at room
carrier diffusion length, and high carrier mobility.' > These temperature by tuning chemical composition, including hydro-
properties make them highly promising materials for high- iodic acid (HI), solvent engineering using isopropyl alcohol
performance optoelectronic devices such as solar cells,”” (IPA), and composition alteration with Cl halide.'>*"** All the
photodetectors, and light-emitting diodes (LEDs)."”'* How- reported methods are solution-based process and have

ever, organic-based perovskites suffer from their poor ambient
stability in humid air,"""* which hinders their practical
applications. As a result, it has attracted a great deal of
attention to replace the organic component in the hybrid
perovskite material with inorganic elements to address the
stability issue. Recently, cesium lead iodide perovskite (CsPbl,)
was found to have high stability with excellent physical
properties, which can be harnessed for fabrication of high-
performance optoelectronic devices.”>™'® Intriguingly, it has - / : ; ]
been discovered that the black cubic phase CsPbl; with a band In this work, we have dlscovered that high density Vertlc'al
gap of 1.74 eV is particularly useful for various optoelectronic arrays of CsPbly (NWs) with room-temperature stable cubic

applications. Unfortunately, it was also found that CsPbl;

common principle of chemical composition alteration which
causes shifting in absorbance peak. Interestingly, it was
discovered later that phase stability can be further enhanced
by reducing the grain size of Cspbl; film, which increases
surface energy as compared to large grains.”>** Also, Swarnkar
et al. shows that nanocolloidal CsPbl; with cubic phase is stable
at room temperature due to nanoscale confinement and
effective removal of excess precursor from growth solution.”

perovskite has two phases, namely cubic phase and Received: May 18, 2017
orthorhombic phase, and the preferred black cubic phase Revised:  July §, 2017
quickly undergoes phase transformation to orthorhombic phase Published: July 22, 2017
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AAO with CsPbl; Nanowires Array

AAO with Pb metal

CVD growth of Nanowires Array

Figure 1. (a) AAM template with lead metal nanoclusters deposited in bottom of nanopores. (b) Growth schematic for cesium lead iodide
perovskite NWs by chemical vapor diffusion of CsI with arrows showing transport direction of vapors. (c) The AAM sample after complete growth
of cesium lead iodide NWs inside pores. (Top image is showing zoomed in crystal view of grown CsPbl; NW.)

Figure 2. (2) Top SEM image of cesium lead iodide perovskite NWs inside AAM. (b) Cross-section SEM image of cesium lead iodide perovskite
NWs inside AAM. (c) Top SEM image of cesium lead iodide perovskite nanowires coming out of AAM. (d) Cross-section SEM image of cesium

lead iodide perovskite NWs coming out of AAM.

phase can be fabricated in nanoengineering templates, namely,
anodic aluminum membranes (AAMs). The NWs were grown
with a facile vapor growth method starting from Pb metal
nanoclusters. Optical characterization of the as-grown NWs
inside AAMs confirmed their stable cubic phase nature at room
temperature. X-ray diffraction and transmission electron
microscopy (TEM) study revealed that individual NWs are
single crystalline with cubic phase. Excellent physical confine-
ment and passivation of these NWs in AAM provide them
extraordinary resistance against moisture that in turn helps in
phase stabilization of CsPbl; NWs. Particularly, stability of
these CsPbl; NWs was further tested inside organic polar
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solvent, that is, isopropyl alcohol (IPA), and CsPbl; NWs were
found stable inside IPA even after 30 days. Eventually,
photodetector devices based on the NWs arrays was fabricated
demonstrating reasonable performance.

The overall growth schematic for synthesis of CsPbl; NWs
using a noncatalytic chemical vapor deposition (CVD) method
is shown in Figure 1. There are several consecutive steps in this
method explained in Methods in detail. Briefly, an aluminum
chip was polished followed by multistep anodization in an
acidic solution of phosphoric acid to form an AAM. Then lead
metal was electrochemically deposited as precursor material in
the bottom of AAM nanopores, as shown in Figure Ila.
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Figure 3. (a) X-ray diffraction peaks of Pb metal, short grown NWs (midphase) and CsPbl; NWs (after complete reaction) inside AAM. (b) X-ray
diffraction peaks of thin film Pbl,, Csl, and CsPbl; on FTO glass. (c) TEM image (insert image is showing NWs sample with NWs coming outside
of pores), HRTEM image of as fabricated CsPbl; NWs harvested onto TEM grid, and SAED image of CsPbl; NW.

Thereafter growth process of nanowires was performed inside
the tube furnace in argon gas as an inert environment. The
furnace involved in the growth process has two independent
heating zones. AAM with lead metal clusters was placed inside
the left heating zone with temperature setting of 150 °C and
cesium iodide (CsI) powder was placed inside the right heating
zone of furnace with temperature setting of 650 °C, as shown in
Figure 1b. During growth, CsI was vaporized at elevated
temperature and carried to the low-temperature zone by argon
gas to initiate the growth process of CsPbl; NWs. After growth,
CsPbl; NWs can be found inside AAM as schematically
demonstrated in Figure lc. Note that in the past perovskite
NW growth was predominantly carried out with solution
processes.”>”>’ Although solution processes are easy to
conduct, it is quite difficult to control the geometry of NWs,
namely diameter, length, shape, and the arrangement of NWs in
an array with solution process. Meanwhile, control over these
parameters has both fundamental and practical significance. For
instance, research has shown that optical properties of
semiconducting NWs can be tuned by varying NW diameters
and NW pitch in an array.”*™" Also, for integrated electronic
and optoelectronic device applications the geometric factors of
NWs have to be well-defined due to high device packing
density. Additionally, as the hybrid perovskite materials have
stability issue, the NWs cannot survive lithographic device
fabrication process that has been established for inorganic
NWs. Therefore, using a nanoengineering template such as
AAM to achieve NW growth and integration at the same time is
highly preferential, considering the nature of AAM is electrically
insulating, optically transparent, and chemically and mechan-
ically robust.

Figure 2 shows scanning electron microscopy (SEM) images
of the as-grown CsPbl; NWs inside an AAM. Figure 2a shows
top SEM view of the grown NWs inside nanopores of an AAM.
It is worth mentioning that the nanopore periodicity, diameter,
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and length can be precisely controlled by tuning anodization
and wet etching conditions (Methods).””™** The cross-
sectional SEM image in Figure 2b demonstrates that the
diameter of NWs, pitch of NWs array, and height of each NW
are 200—250 nm, 500 nm, and ~1 pm, respectively. It is also
worth noting that if growth process was carried out for long
time, NWs could grow vertically out of AAM nanopores, as
shown in Figure 2¢,d. Some of these overgrown NWs are as
long as 10 um as shown in Figure 2d. More interestingly, these
NWs appear to be crystalline with preferred crystal orientation.
To understand the property difference of these NWs inside
AAM from bulk material of CsPbl;, a CsPbl; thin film sample
was fabricated on fluorine-doped tin oxide (FTO) glass by
evaporation process (Methods). CsPbl; thin film was effectively
fabricated by two-step evaporation of cesium iodide and lead
iodide. The top view and cross-sectional view SEM images of
this thin film perovskite sample is provided in Supporting
Information (Figure S1). It can be visualized from SEM images
that thin film sample is polycrystalline and it has no definite
crystal orientations. To further investigate the quality and
composition of these NWs, elemental mapping, and EDX were
performed as provided in Supporting Information (Figure S2).
It can be noted that elemental mix up of NW consists of Cs, Pb,
and I. Trace of Al and O is also identified from AAM template.

To further investigate the crystalline nature of these grown
NWs, X-ray diffraction (XRD) and TEM were performed. XRD
patterns before and after growth of CsPbl; NWs inside AAM
are provided in Figure 3a. The results show that the NW
growth is a two-step process with Pbl, as intermediate product
before complete conversion to CsPbl;. To verify this, XRD was
performed for short time grown NWs (Supporting Information
Figure S3). XRD peaks from Pb, Pbl, and CsPbl; (as shown in
Figure 3a midreaction XRD spectrum) were observed for short
time grown NWs which is an unambiguous evidence that Pb
metal is converted to Pbl, before complete reaction to form
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Figure 4. (a) Photoluminescence (PL) emission and absorbance curve from CsPbl; NWs inside AAM. (b) Photoluminescence (PL) emission and

absorbance curve from thin film CsPbl; on FTO glass.

CsPbl;. Pbl, as intermediate product is akin to the growth of
organic perovskite reported by us recently.”'**>*® It is worth
mentioning that XRD pattern of as-grown CsPbl; NWs match
with cubic phase (a@-CsPbl;) as reported previously.””** To
compare the crystalline nature of CsPbl; NWs with thin films,
XRD analysis was performed on CsPbl; thin film samples. XRD
peaks obtained from CsPbl; thin films are shown in Figure 3b.
XRD peaks from CsI and Pbl, powder are also provided in
Figure 3b. It is evident that the XRD patterns of the thin film
match with that of orthorhombic phase (5-CsPbl;) CsPbl,
reported previously.”'

To further verify that the as-grown perovskite NWs are cubic
in nature, high-resolution transmission electron microscopy
(HRTEM) was employed. For this study, some of the NWs
grown out of the AAM channels (inset image in Figure 3c)
were transferred onto TEM grids with carbon mesh. Figure 3c
shows TEM images and selective area electron diffraction
(SAED) pattern of one of those NWs. As seen, SAED pattern
indicates that the NW is highly crystalline with a zone axis of
[111], which is matched with cubic structure of CsPbl, in terms
of symmetry. High-resolution TEM image in Figure 3¢ shows
the interplanar spacing of a CsPbl; NW is 0.236 nm that
corresponds to the distance between two neighboring (211)
planes of cubic CsPbl; NW. These planes have grown in the
same direction of nanowire shown in Figure 3c and as a result,
the growth direction of nanowire is identified as [211]. In
addition, the indexed planes shown in SAED pattern together
with our XRD result support the cubic structure of NWs.

After successful growth and crystal structure study of these
grown NWs, their optical properties were investigated. Thin
film CsPbl; optical properties were also studied at the same
time for the sake of fair comparison. Figure 4a shows the
photoluminescence (PL) emission and ultraviolet—visible
(UV—vis) spectrum of CsPbl; NWs. For UV—vis measure-
ment, 1 ym free-standing AAM sample embedded with NWs
was attached on a glass substrate using UV curable epoxy. PL
result shows a sharp emission excitonic peak at 1.74 eV that
matches well with the cubic phase band gap of CsPbl; as
reported in literature.”*”** Absorbance curve from these NWs
plotted in Figure 4a matches well with PL emission results and
is consistent with previous reports on cubic phase CsPbl; as
well. As aforementioned, CsPbl; NWs with band gap of 1.74 eV
is a suitable candidate for many visible light optoelectronic
applications. In fact, CsPbl; NWs with 1.74 eV band gap is
particularly attractive to serve as the top cell in a tandem solar
cell device structure with crystalline silicon with band gap of 1.1
eV serving as the bottom cell. Furthermore, optical constants
and absorption constant of the grown NWs in AAM were
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measured (Figure S4) by ellipsometry that provide data
matching with ~1.7 eV band gap. It should be noted as well
that the ellipsometry data in Figure S4 is for effective optical
constants of the AAM/perovskite nanowire composite. Mean-
while, optical characterization was also performed on a thin film
of CsPbl; as demonstrated in Figure 4b. It can be seen from PL
emission peak and optical absorbance curve that thin film
material band gap is 2.7 eV, indicating the orthorhombic phase
of film.”!

On the basis of the results from above structural and optical
characterizations, it can be concluded that we have grown
vertically aligned, high density stable cubic phase CsPbl; NWs
inside AAMs. In contrast, as fabricated thin film CsPbl; are in
orthorhombic phase at room temperature. The reasons of thin
film crystallizing in orthorhombic phase are that bulk
orthorhombic phase has higher internal energy and the
orthorhombic phase is enthalpically favored at room temper-
ature.>?*° In addition, it was discovered that water/moisture
plays an important role in catalyzing the transition process from
black cubic phase to orthorhombic phase.”” In our work, we
attribute achievement of room temperature cubic CsPbl; NWs
primarily to the following two reasons: (1) small dimensions of
NWs increase surface area, high surface energy is reported to be
helpful to stabilize the cubic phase;”>** (2) water molecules
catalyze the transition from cubic phase to orthorhombic phase.
However, in our work NWs are tightly embedded in AAM and
well passivated by chemically and mechanically robust
aluminum oxide material. This largely blocked the diftusion
path of water molecules. In fact, our recently study has also
revealed that protection against water and oxygen molecules
provided by AAM can drastically improve the lifetime of
CH;NH,Snl; NWs.” It is also worth noting that we have
discovered that using CVD method is critical to achieve the
cubic phase of the material. As shown in Supporting
Information (Figure SS), CsPbl; NWs were also formed in
AAM via spin coating of CsPbl; precursor solution at 2,000
rpm for 30 s. However, the crystalline structure was identified
to be orthorhombic. This observation can be explained as such.
During CVD growth, the cubic CsPbl; NWs were formed at
the elevated temperature that can be maintained after cooling
down to room temperature. However, spin coating was
performed at room temperature, the as-grown NWs are in
orthorhombic phase that is naturally stable at room temper-
ature. Obviously, in our work an AAM is not only a
nanoengineering template to guide CsPbl; NW growth but
also a nanostructured packaging material to achieve stable cubic
phase at room temperature for further optoelectronic
applications. In fact, stability of these CsPbl; NWs was further
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Figure S. (a) Band diagram for CsPbl; perovskite NWs-based photodetector device with aluminum and ITO as electrodes, schematic for CsPbl,
perovskite NWs based device with top circular electorode of ITO with area of 0.0314 cm”. (b) Current—voltage curves for CsPbl; perovskite NWs
device under different light intensities and S V bias. (c) Photocurrent response curve for CsPbl; perovskite NWs device. (d) Current variations with
time for NWs device according to light switching at different time instants under different bias voltage. (e) External quantum efficiency (EQE) from

CsPbl; NWs device inside AAM sample.

tested inside organic polar solvent, that is, IPA, and CsPbl,
NWs were found stable inside IPA even after 30 days, as shown
in Supporting Information (Figure S6).

The achieved CsPbl; NW with ~1.7 eV band gap in this
work is suitable for many optoelectronics devices, such as solar
cells, photodetectors, and light-emitting diodes.>"”**** Partic-
ularly to demonstrate their application for photodetection,
CsPbl; perovskite NWs embedded inside AAM were
configured as photodetectors and their photoresponse was
characterized. The device schematic is provided in Figure Sa,
showing vertical NW array as the active component. The
transparent top indium-doped tin oxide (ITO) layer with
thickness of 250 nm was sputtered with circular area of 0.0314
cm® (Methods) while Al substrate serves as the bottom
electrode. It is worth pointing out that this device configuration
is highly advantageous for achieving high device integration
density. Namely, the footprint of individual NWs is controlled
by the AAM nanopore size, which is in the range of 100—500
nm. In fact, it is well-known that the nanopore pitch can be
precisely controlled by the anodization voltage and the pore
size and pitch can be as small as 10 nm.*" This is attractive for
constructing ultrahigh density electronic devices. Meanwhile for
photonic and optoelectronic applications, NW pitch and
diameter in the range of 100—500 nm is comparable to optical
wavelength thus is sufficient. In our work, the pitch of the
nanopores is 500 nm, corresponding to a NW density of ~10°
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/cm?. High NW density can be harnessed for fabricating high-
resolution image sensors and recently we have reported NW
array-based large scale image sensor.'’ Apart from favorable
integration density, tunability of NW dimension, especially
diameter, can lead to tunable optical property of NW arrays due
to excitation of optical modes in NWs thus render devices with
color selectivity.”**"**

Figure Sa also shows the band diagram of the device. Here
CsPbl; is regarded as an intrinsic semiconductor with work
function around 4.47 eV.* Because of the work function
difference with Al (4.3 eV) and ITO (4.8 V), band bending is
induced at the contact interface. Figure Sb shows I—V curves of
CsPbl; perovskite NWs photodetector device obtained under
different halogen light illumination intensities from 0.3 to 1.5
mW/cm® Note that an apparent turn on voltage can be
observed on the I-V curves. This indicates existence of a
contact energy barrier at the CsPbl;/Al interface, which is
mainly caused by the intrinsic nature of CsPbl; NW, as shown
in the forward bias band diagram plotted in Supporting
Information (Figure S7). The asymmetric metal contact causes
schottky diode behavior from the device depicted in Figure Sa.
Figure Sc demonstrates a superlinear increase of photocurrent
with increasing light intensities, where photocurrent (Iph) is
calculated as the difference between light current (Ihght) and
dark current (I).**
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Figure 5d shows I—t sampling plot of a photodetector under
periodically switched light with a fixed bias and two different
light intensities. Clearly the device is sensitive to light and
showed quick photoresponse. Supporting Information Figure
S8a shows that the photocurrent rise and decay time are 0.292
and 0.234 s (Supporting Information Figure S8a), respectively.
For a photodetector device, responsivity and specific detectivity
are also important figure-of-merits to quantify its performance
and sensitivity. Here responsivity and specific detectivity for our
device are provided in Supporting Information (Figure S8b).
Specifically, responsivity reaches up to 6.7 mA/W with light
intensity reaching to 1.5 mW/cm?. Under light intensity of 1.5
mW/cm?, specific detectivity was calculated to be 1.57 X 10°
Jones. In addition to these measurements, external quantum
efficiency (EQE) was also measured from these CsPbl; NWs
based device using incident photon to current efficiency setup
under 1 V bias. As shown in Figure Se, EQE data plot indicates
absorption cuts off at around 700 nm, which is consistent with
our optical characterization measurements in Figure 4a. This
fact also confirms that the CsPbl; NWs are in cubic black
phase.

In this work, we demonstrate a vapor phase process to grow
cesium lead iodide perovskite NWs inside AAM templates with
high NW integration density. The structural characterization
showed that individual NWs are single crystalline with high
quality. Together with optical and electrical characterizations,
the NWs were identified to be in stable cubic phase at room
temperature. This intriguing fact is attributed to excellent
passivation against invasion of water molecule as well as
nanostructure associated high surface energy. To demonstrate
device application of CsPbl; NWs, vertical NWs were
configured as visible light photodetectors demonstrating
reasonable performance. Overall, the discovery reported here
suggests a novel and practical approach to stabilize the cubic
phase of CsPbl; material, which will have broad applications for
optoelectronics in the visible wavelength range.

B METHODS

AAM Fabrication. Aluminum chips with size of 2 cm* were
cut from aluminum foil (Alfa Aesar 99.9% purity) and sonicated
in isopropyl alcohol for 10 min. Chips were then polished in
polishing solution of 25 vol % HCIO, and 75 vol %
CH;CH,OH solution. Chips were then anodized twice in
acidic solution of 200 mL H,0/100 mL ethylene glycol/1 mL
85% H;PO, under direct current voltage of 200 V followed by
wet etching in S wt % phosphoric acid aqueous solution with
heating at 53 °C.” After aluminum anodization, a thin barrier
layer was formed at the bottom of nanopores. This thin barrier
layer was reduced by a current ramping process reported
earlier.”

Lead Electrodeposition. After fabrication of AAM, Pb
metal was electrochemically deposited from aqueous solution of
lead chloride. An aqueous solution was prepared by adding 70 g
of lead chloride and 42 g of trisodium citrate in 1000 mL of
water. Electrochemical deposition was performed by applying a
sinousaidal signal with 6.5 V and 50 Hz frequency. Uniform and
ductile lead metal was found deposited in the bottom of
nanopores of AAM as depicted in Figure S3a.

Cesium Lead lodide Perovskite NWs and Device
Fabrication. For fabrication of CsPbl; NWs inside AAM, a
tube furnance with two zones (temperature programmable
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independetly) was used. Commerrical CsI powder (Sigma-
Aldrich) was placed in one heating zone with temperature set at
650 °C while the AAM with Pb metal was placed in the other
heating zone downstream with temperature set at 150 °C as
demonstrated in Figure 1b. The reaction was carried out for 10
h with distance between source powder and substrate at 20 cm.
Vapor of CsI was transported to other side by using argon as
carrier gas. Upon successful fabrication of perovskite NWs, top
surface of CsPbl; was cleaned by ion milling at 250 V with 80°
angle for 1 h time. After ion milling of top surface,
photodetector device was fabricated by direct current sputtering
of 250 nm thick ITO on top inside a vacuum chamber using
ITO target with circular mask of 0.0314 cm” area.

Fabrication of Cesium Lead lodide Perovskite Thin
Film and Device. Flourine-doped tin oxide (FTO) glass
(Hartford Glass CO. Inc.) was first cleaned by sonication inside
acetone, isopropyl alcohol, and deionized water, respectively.*
Then a two-step thermal evaporation was performed on FTO
glass by deposition of Pbl, (Purity 99%, Sigma-Aldrich) and
Csl in order at a deposition rate of 1.5 A/s. Source powder was
placed in different tungsten crucibles and deposition was
performed one by one without breaking the vacuum (pressure
of 4 X 107* pa). The final sample thickness was around 500 nm
as shown in Supporting Information Figure SI.

Chracterization. Scanning Electron Microscopy. Cross-
sectional and top SEM images of AAM and thin film samples
were obtained by using field emission scanning electron
micrscopy JEOL JSM-7100F in back scattered electron (BSE)
mode.

X-ray Diffraction and TEM Image. Crystalline studies of
material was performed by Bruker D8 X-ray diffracttometer.
Transmission electron microscopy image and SAED pattern for
morphology of NWs was studied by using JEOL (2010F) under
an accelerating voltage of 200 V.

PL and Absorbance Spectrum. PL emission spectrum and
were obtained from FLS920P flourescence spectrometer.
Absorbance wavelengths spectrum for NWs and thin film
sample was obtained from Varian Cary 500 spectrometer
(Varian, U.S.A.) and FLS920P flourescence spectrometer with a
scanning rate of 240 nm/min.

Complex Optical Constants n and k. J.A. Woollam Co.
M2000X-FB-300XTF elipsometer was used to record optical
constants.

QE Measurement. Quantum efliciency was recorded versus
wavelength under white light bias of nearly S mW/cm?* using
Oriel QE—PV-SI(Newport Connection).

Device Chracterization. Chracterization of device using -V
and I—t curves was performed by HP 4156A Analyzer along
with probe station (Signatone, U.S.A.) and broadband Halogen
lamp (light intensities control option).
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