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Non-Catalytic Vapor Growth Regime for Organohalide Peroskvite
Nanowire Using Anodic Aluminum Oxide Templates
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In this work, a novel and facile synthesis process to fabricate single crystalline organometal halide perovskite nanowires was
successfully developed. The nanowires were grown in high density ordered array from metal nanoclusters inside anodic
aluminum oxide templates using non-catalytic chemical vapor deposition method. Specifically, the perovskite NWs were
grown as a result of the reaction between methylammonium iodide (MAI) and the Pb/Sn (Pb or Sn) metal in anodic
aluminum oxide templates under optimal conditions. The characterization results show that there is a reaction zone at the
interface between perovskite material and metal, at the bottom of the anodic aluminum oxide nanochannels. In order to
sustain perovskite NW growth, MAI molecules have to diffuse downward through the perovskite NWs to reach the reaction
zone. In fact, the reaction is facilitated by formation of the intermediate product of metal iodide compound. This suggests
that the Pb/Sn metal is converted to Pbl,/Snl, first and then perovskite NWs are formed as a result of the reaction between
the MAI and Pbl,/Snl, through a Vapor-Solid-Solid process. The optical characterization results demonstrate that the as-
synthesized NWs with ultra-high nanostructure density can serve as ideal candidates for optoelectronic device, such as solar
cells, light-emitting didoes, photodetectors, and etc. And the reported growth approach here is highly versatile combining
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the merits of excellent controllability, cost-effectiveness and tunability on material composition and physical properties.

Introduction

The emergence of high performance organometal halide perovskite
materials has been regarded as an important breakthrough in the
field of optoelectronic material, owing to their appealing physical
properties such as direct energy band gap, high optical absorption
coefficient, high charge-carrier mobility, and long carrier diffusion
length up to 175 pm.* Conventionally, thin film perovskite
materials have been used widely for solar cells,® light-emitting
diodes,® etc., meanwhile a number of synthesis approaches have
been developed over the past few years to fabricate single crystal
perovskites with different shapes, including quantum dots (QDs)’,
nanowires (NWs),810 and nanosheets,'! etc. Particularly, perovskite
NWs have attracted great deal of interest due to their unique
dimension and intriguing optical and electrical properties. More
importantly, NW structures can be used for a variety of high
performance and integrated devices including transistors, diodes,
photodetectors, chemical sensors and so on, which have been widely
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Department of Electrical Engineering, University of Engineering and Technology,
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Electronic Supplementary Information (ESI) available: SEM images, EDAX
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reported for inorganic semiconducting materials previously.'?
Typically each individual perovskite NW is monocrystalline,
resulting in a longer carrier diffusion length and higher charge
mobility, compared to polycrystalline thin film perovskite.’**” The
synthesis of perovskite NWSs using a low-temperature process such
as solution method is advantageous; however, this material is
unstable inside polar inorganic solvent and easily decomposed in this
type solvent, resulting in poor crystalinity of NWs.13 There have
been several research groups reported fabrication of perovskite NWs
using solution processes.®12 For examples, the researchers have used
lead acetate as a Pb precursor to synthesize high quality perovskite
NWs with lower defect density.'®%! In particular, Jin et al.’® have
proposed a low-temperature (80 °C) and catalyst-free approach for
the fabrication of perovskite NWs using lead acetate precursor and
reported that the perovskite NWs were grown along the axis of
screw dislocations in the seed layer. In addition, Zhu et al.??
fabricated  perovskite ~ NWs  using  spin  coating  of
Dimethylformamide (DMF)/Isopropyl alcohol (IPA) solvent on top
of perovskite film, followed by proper annealing. As a matter of fact,
vapor phase processes, i.e., vapor-liquid—solid (VLS) and vapor—
solid—solid (VSS) processes, which require metal nano-droplets as
catalysts, have been widely used for inorganic NW growth in the
past as these processes can yield monocrystalline high quality
NWs.2325 However, up-until-now, using these approaches to
fabricate perovskite NWs have not been widely explored due to very
different nature of organometals as compared with inorganic
materials, except for indirect method to covert PbXz (Br, 1) NWs to
MAPbX3 NWs in vapor phase.


mailto:eezfan@ust.hk
mailto:f_fang@fudan.edu.cn
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Herein, we developed a novel and facile VSS process to fabricate
perovskite NWs inside the anodic alumina oxide (AAQO) templates
using chemical vapor deposition (CVD) method. With this method,
we have reported high density three-dimensional (3-D) array of
perovskite NWs with precisely controlled geometry.’? These NWs
have promising potency for highly integrated nanoelectronics and
optoelectronics. In this work, we performed a systematic study to
achieve better understanding on the NW growth Kkinetics.
Particularly, growth of crystalline Pb and Sn based perovskite NWs
were investigated using the VSS process, the perovskite NWs (solid)
were formed after the reaction of MAI vapor with Pb/Sn precursors
(solid) at the bottom of the AAO channels. The results of the
characterization indicate that there is an intermediate compound
(Pbl2 or Snl2) inside the reaction zone located at the interface
between perovskite NW and metal precursor during the synthesis of
perovskite NWs. Moreover, to drive the continuous growth of
perovskite NWs, MAI molecules need to diffuse downward through
the solid NWs to reach the reaction zone. In addition, the optical
properties of the as-synthesized perovskite NWs with ultra-high
nanostructure density shows that these single crystal NWs are
excellent candidates for optoelectronic devices. Moreover, using our
technique, it is possible to tune the composition of perovskite NWs
by doping different halides (Cl, Br, and 1) in different growth steps.

Results and discussion

Figure 1 shows the schematic of CVD process and growth steps of
organometal halide perovskite NWs. In order to synthesize Pb/Sn
perovskite NWs, first the metal precursor (Pb/Sn) was
electrodeposited inside the one-end-opened AAO channels.

Carricrgas: Ar

Figure 1. (a) Schematic of a CVD process for perovskite NW growth; (b;)
Pb/Sn metal inside the AAO membrane before reaction; (b,) Incomplete
growth of perovskite NWs in the membrane; (b3) Pb/Sn perovskite NWs
inside the AAO membrane after reaction; and (c) Incomplete growth of one
individual NW with the details of the reaction.

The amount of metal inside the AAO was controlled by the
electrochemical deposition time, as shown in the graph of Figure S1.
Afterward, the chip was placed at the center of a tubular CVD
furnace inside a secondary glass tube right next to MAI power, as
shown in Fig. 1a. The secondary glass tube consists a pair of glass
test tubes with the open end facing each other. With this
configuration, MAI vapor can be efficiently trapped inside the glass
tube to ensure fast NW growth. During NW growth, continuous

argon gas flow was supplied to maintain an inert reaction
environment. The details of Pb/Sn perovskite nanowites, fabrication
process is described in experimental section.1oTHEBoscHematiesoF
growth procedure for perovskite NWs is shown in Figure 1bs-1bs.
As it can be seen, this process requires an optimal amount of metal
precursor inside the AAO channel to grow NWs with the same
height of AAO template (depending on the height and diameter of
the channels). It is noteworthy that this is a non-catalytic growth
mechanism because the metal precursor has to be consumed
completely after the growth process. During the NW growth, the
MAI molecules diffuse into the AAO nanochannels with argon as a
carrier gas and then reacts with metal to form the perovskite NWs, as
shown in Fig. 1c. As it is illustrated, there is a reaction zone at the
interface between the metal and perovskite zones. In this region, two
reactions occur leading to formation of perovskite NWs, as shown in
formula 1 and 2 below. The overall combined reaction is shown in
formula 3.

2CHsNHsl + Pb/Sn = Pb/Snlz + 2CHsNH2 + Hz (1)
Pb/Snlz + CHaNHzl - CH3NH3zPb/Snlz )
3CHsNHsl + Pb/Sn &> CH3NH3sPb/Snls + 2CH3sNHz2 + H2  (3)

According to reaction 1, Pb/Sn metal reacts with MAI molecules
resulting in Pbl2/Snl2 compound. Then, perovskite NWs are grown
as a result of the reaction between Pbl2/Snlz and MAI inside the
AAO membrane. The optimal reaction time depends on the
temperature, amount of MAI source, and flow rate. As shown in Fig.
1c, the Pb/Sn atoms cannot migrate upward through the perovskite
NW bulk due to its high density and lower diffusion constant.®
Consequently, in order to complete the reaction, the MAI molecules
with high mobility diffuse through the solid perovskite NWs to reach
the reaction zone and followed by the reaction 1 and 2, which is
driven by the elevated temperature. Essentially, this process is a
vapor-solid-solid (VSS) process which is based on the downward
diffusion mechanism of MAI molecules and the reaction rate can be
controlled by flow rate and temperature.

Interestingly, the reaction between the Pb/Sn metal and MAI leads to
a large volume increase. Note that lead and white tin are face-
centered-cubic (FCC) with 4 atoms and body-centered-tetragonal
(BCT) with 2 atoms in a unit cell, respectively. Since each crystal
unit cell of perovskite material needs only one Pb/Sn atom, one Pb
and Sn crystal unit cell can evolve into 4 and 2 perovskite lattice unit
cells at the end of the growth process, respectively. According to the
literature®”-28, the lattice constants of perovskite, Pb, and Sn are 629
pm, 492 pm, and 583x583x318 pm, respectively. As a result, by
using a simple calculation (equation 4), the volume increase ratio for
the fabrication of the perovskite NWs from Pb and Sn metals are
8.35 and 4.6, respectively:

4(2)XVpmapb/sniz (4)

Volume increase ratio =
Vpb/sn

Where Vi app/sniz and Vpy /s, are the volumes of MAPb/Snlz and
Pb/Sn lattice unit cells, respectively. Consequently, the amount of
Pb/Sn metal inside the AAO channels needs to be controlled by the
electrodepostion time in order to completely fill the AAO membrane
by perovskite NWs. Figure 2 shows the SEM images of as-grown
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perovskite NWSs. Specifically, Fig. 2ai-as show the cross sectional
SEM images of AAO before NW growth (2ai1) and after 20 min
(2a2), 40 min (2as), 80 min (2as) NW growth. These images reveal
that the perovskite NWs growth involves a non-catalytic reaction
between Pb metal and MAI molecules, without metal catalyst
capping the NWs as seen in the inorganic Vapor-Liquid-Solid NW
growth.® And due to the large volume increase from metal to
perovskite material after the reaction, the NWs may come out from
the confined AAO channels. The growth steps of Sn perovskite NWs
are also shown in Figure S2. Figure 2b, ¢ shows the top-view SEM
images of Pb and Sn perovskite NWs with a completed filling ratio
and highly crystalline structure. As seen, the diameter of NWs is in a
range of 70-250 nm. To explore the composition of perovskite NWs
after the reaction, energy-dispersive x-ray (EDAX) mapping is
acquired on the cross section of a Pb perovskite NW array. As
shown in Figure S3, the NWs showed a uniform elemental
distribution of Ph, I, and C. It is worth pointing out that in our
proposed method the geometry of perovskite NWSs can be easily
tuned by template engineering. Figure S4 show top and cross-
sectional views of nanowells with diameter of less than 100 nm
before and after growth of Pb perovskite NWSs. This suggests that
our approach is versatile to fabricate an array of NWs with different
diameters and heights. In order to further study the role of AAO on
fabrication of perovskite NWs, the same experiment was performed
to grow NWs using Pb metal film deposited on glass substrate. As
shown in Figure S5, the Pb NWs are grown from Pb film with a very
low density and poor order. Furthermore, the diameter and height of
NWs are out of control in this case.

Figure 2. (a;-as) Cross-sectional SEM images of the AAO membrane,
showing Pb metal before and after reaction at different growth times. Top-
view SEM images of (b) Pb, and (c) Sn perovskite NWs inside the AAO
membrane.

To further study the reaction between Pb/Sn metal and MAI, we
measured the thermal behavior of MAI by using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) tests.
Figure 3a shows the TGA curve (blue curve) of MAI, indicating its
mass loss behavior, which started at ~70°C. As it can be seen, the
weight loss is accelerated by increasing the temperature. Also, the
first derivative curve (purple curve) demonstrates that the mass loss
increases drastically at temperatures higher than 180 °C, which
suggests the proper temperature for the formation of perovskite
NWs. Figure 3b shows the DSC plot of the MAI powder, showing
the rock-salt to the ionic plastic phase transition at around 140 to 150
°C. Additionally, the phase of MAI changes to e-MAI above 150
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°C.% In fact, this phase has a higher sublimation rate.® Since the
MAI vaporization is poor below this temperature, we have studied
the mass loss of MAI at different temperatyres 1@?&3@%%@}‘?@
°C) versus time (Figure 3c). The results illustrate that below 180 °C,
the reaction is slow due to the low vapor pressure of MAI. Beside
thermal analysis of the MAI powder, we studied the composition of
NWs after growth inside the AAO channels using time-of-flight
secondary ion mass spectrometry (TOF-SIMS), as shown in Figures
3d, e and S6. In this experiment, two AAO samples with different
amounts of lead were prepared, and after complete the reaction,
TOF-SIMS analysis was performed for as-synthesized perovskite
NWs. Dual beam TOF-SIMS depth profiling was employed to detect
the distribution of basic elements through the length of the NWs.
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Figure 3. (a) TGA heating and its first derivative curves; (b) DSC heating
curve of MAI powder; and (c) thermogravimetric analysis of MAI at 150,
165, and 180°C. ToF-SIMS profiles and backscattered SEM images of Pb
perovskite NWs inside the AAO membrane with (d,f) optimum, and (e,g)
extra amount of Pb.

Figure 3d shows the TOF-SIMS profile of the sample with a
completed reaction, uniform distribution of elements, and sufficient
amount of Pb at the bottom. In addition, Figures 3d and 3e show
TOF-SIMS analysis for another NWs sample with a large amount Pb
and the same growth conditions, which correspond to SEM images
of as-grown perovskite NWs inside AAO channels (Figures 3f and
39). As illustrated in Figure 3e, the TOF-SIMS profile shows that
there is still extra amount of Pb at the bottom of the AAO channels
after growth. Moreover, the amount of other compounds at the end
of the channels is decreased, as shown in Figure 3e. This suggests
that the reaction time and the amount of Pb at the bottom of the
AAO channels have to be controlled precisely, in order to have a
uniform composition for perovskite NWs. More interestingly, it was
discovered that Pb metal stays at the bottom of the channels during
the reaction. Thus, there must be a downward solid-state diffusion
process for MAI molecules through the perovskite NWs to reach the
Pb metal and complete the reaction continuously, as shown in Figure
1d. In addition, the TOF-SIMS profile was performed for Sn
perovskite NWs as well, and as shown in Figure S6, there is a
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uniform distribution of elements for tin perovskite through the length
of the NWs after optimization of the growth conditions.

Notably, we proposed that there is a reaction zone at the bottom of
the AAO channels in our reaction mechanism. In order to synthesize
perovskite NWs from Pb/Sn metal, there are two reactions, as shown
in formula 1 and 2. In fact, we mentioned that there is an
intermediate compound as the result of formula 1 reaction, i.e.
Pbl2/Snlz. In order to confirm this, Pb metal was deposited on the
surface of FTO glass. The CVD process with the same conditions as
the perovskite NWs was carried out for synthesis of perovskite
planar film from the Pb metal layer. Figure 4 shows the top-view
SEM images and the photographs of the samples after different
reaction times of 0 min, 45 min and 100 min. A Pb film with island-
like microstructures is shown in Figure 4a. After running the CVD
process at 180 °C for 20 min, the color of the sample became
yellowish and its top-view SEM confirms that this is Pblz film with a
hexagonal shape on the surface, as shown in Figure 4b. Thereafter,
the reaction was continued and completed for 1 h, resulting in a
sample with a brownish color and a highly crystalline perovskite
film, as illustrated in Figure 4c. In order to support the proposed two
step growth mechansim, XRD patterns of these films (Figs. 4a-c)
were measured. The results indicate that XRD peaks of the films
shown in Figures 4a, 4b, and 4c correspond to Pb, Pblz, and
Perovskite films, respectively. This suggests that there is an
intermediate state during the reaction, which should be the same for
perovskite NW growth as well.

110) ——Perovskite film
——Pbl, film
~——Pb film

@24)314

A

(200) (220)
A !
¥ ) ) |
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Figure 4. Top-view SEM images and micrographs of (a) electrodeposited Pb
metal on FTO glass; (b) Pbl; film prepared by the short reaction of Pb metal
and MAI; and (c) Pb perovskite film with a highly crystalline structure after
the completed the reaction. (d) XRD patterns of the samples corresponding to
the figures (a) Pb, (b) Pbl,, and (c) perovskite film during the reaction.

One of the controlling parameters for the NW length is the amount
of Pb/Sn metal inside the AAO channels. According to the above
calculation, Pb/Sn perovskite NWs have an 8.35 and 4.6 times
volume increase from metal precursors after the reaction. Thus, by
increasing the amount of Pb/Sn metal and controlling the growth

conditions, the NWs could grow out of the AAO channels, as shown
in Figure S7. The cross-sectional SEM image of peroyskite, NWs,ip
back-scatter electron (BSE) mode shows thaPIthere0i9/a8miall4drea
with a bright color at the end of the AAO channels, thus showing the
extra amount of Pb after the reaction. This proves that the Pb/Sn
metal remains at the bottom of membrane and there is a downward
diffusional mechanism for MAI molecules to complete the
perovskite reaction. Meanwhile, besides the amount of Pb/Sn metal,
the reaction temperature is another key parameter to grow the NWs
out of the AAO membrane. In this regard, we found that the
temperature range for growth of NWs is 160-170 °C. It is worth
pointing out that by increasing the reaction temperature to more than
180 °C, the perovskite NWs at the top of the AAO merge into each
other and form a perovskite film due to coalescence and grain
coarsening phenomena. This results in a highly crystalline perovskite
film with large grain size on top of the AAO membrane, as shown in
Figure S8. In addition, if all of the metal inside the channels was
consumed after a long reaction time, the perovskite NWs could be
decomposed from the top due to high temperature and lack of a
metal source for reaction.

The results of characterizations for Pb/Sn perovskite NWs are shown
in Figure 5 and S9. Figure 5a shows the tilted angular view SEM
image of Pb perovskite NWSs, which were grown outside of the AAO
membrane. XRD patterns of pure Pb/Sn metal inside the AAO
channels before and after reactions are displayed in Figures 5b and
S9, respectively. As it can be seen, the Pb/Sn metals have been
completely converted to highly crystalline Pb/Sn perovskite NWs
without impurity and there is not any peak related to Pb/Sn metal
and Pbl2/Snl2 compound after the reaction. Moreover, the XRD
patterns of NWs show a set of strong peaks, which correspond to the
cubic crystal structure of CH3NHsPb/Snla.
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Figure 5. (a) Top-view SEM image of Pb perovskite NWs which have been
grown out of the channels; (b) XRD patterns of Pb metal, intermediate phase
after 10 min reaction, and Pb perovskite NWs inside the AAO membrane; (c)
TEM image of an individual NW transferred to the TEM grid; and (d) SAED
pattern of one individual Pb perovskite NW.

In addition, we grew perovskite NWs inside the AAO template and
run the CVD process for only 10 min. The XRD result of this sample
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(Figure 5b) shows that besides the Pb metal and perovskite peaks,
there is a strong peak located at 12.6°, indicating the presence of the
Pbl2 phase inside the AAO channels.'® This suggests that Pblz is an
intermediate phase in this growth technique even inside AAO
channels. In order to investigate the crystalline quality of the
perovskite NWs, they were transferred to a TEM grid (Figure 5c).
The selected-area diffraction pattern (SAED) of Pb perovskite NW is
shown in Figure 5d. As it can be seen, the clearly resolved bright
spots in the diffraction pattern suggest a single crystal NW with a
cubic structure and preferential growth direction of [100]. In order to
support this claim, more SAED patterns from the same NW shown
in Figure 5¢ and another individual NW were taken, as shown in
Figure S10. In fact, the SAED patterns shown in Figure 5d and S10a
were taken from one individual Pb perovskite NW, which indicate
that the NW is single crystal with a crystal direction of [100]. Figure
S10b shows SAED pattern of another individual sigle crystal Pb
perovskite NW with a crystal direction of [111]. The SAED patterns
and XRD results suggest that using AAO template, the individual Pb
perovskite NWs are grown in different crystal directions.

Besides the crystal structure of NWs, their optical properties have
also been studied using UV-Visible and photoluminescence (PL)
measurements. Figure 6a and S11 demonstrate the optical absorption
and PL spectra of Pb and Sn perovskite NWs, respectively. Since the
AAO membrane is transparent with a large band gap, the results
reflect the intrinsic properties of NWs. The optical absorption
spectra of Pb and Sn perovskite NWs indicate an optical band gap of
1.57 eV and 1.3 eV, respectively. Furthermore, the sharp excitonic
peaks in the PL spectra of Pb and Sn perovskite NWs, located at 790
nm and 950 nm, respectively, are consistent with the absorption
measurement results, indicating the excellent optical properties of
theses NWs, which will find applications for high performance
optoelectronic  devices. Meanwhile, the time-resolved PL
measurement of Pb perovskite NWs shows an estimated carrier life-
time of 32.1 ns, which is better than CH3sNH3sPbls thin film (~10
nm)3, as shown in Fig. 6b and Table S1. This result confirms the
desirable quality of NWs fabricated using this process.
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Figure 6. The optical properties of Pb perovskite NW array inside the AAO

membrane, (a) UV-visible and PL spectra; (b) Time-resolved PL curve of the

sample.
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In order to evaluate the stability of perovskite NWs inside the AAO
channel, we have designed a control experiment using Sn perovskite
NWs as an example. Here, we have measured the PL spectrum of
NWs inside the AAO over time to test the stability. These results
have been compared with Sn perovskite thin film deposited with
thermal evaporation. Figure S12 shows the PL spectra of NWs and
thin film Sn perovskite right after growth, after 1 day, and after 8
days maintaining in the dry-box (20% humidity). Interestingly, it

Nanoscale

was found that AAO template dramatically improves Sn perovskite
NWs stability. As it is seen, the PL intensity of NWs sample drops
only 5% and 45% after 1 day and 8 da}s%lkggﬁdg‘g‘mmﬁg%
respectively, indicating much improved stability of NWs by AAO
template passivation. In contrast, the PL intensity of Sn perovskite
thin film completely disappear after one day, showing its poor
stability.

Conclusions

In this work, we demonstrate a novel vapor phase synthesis process
to fabricate Pb/Sn perovskite NWs arrays with a well-control of NW
dimensions, crystallinity, and composition. It was shown that this is
a non-catalytic growth mechanism for Pb/Sn perovskite NWs, which
is distinctly different from the previous reports on most inorganic
NW growth processes. Herein, arrays of Pb/Sn perovskite NWs were
grown directly from the Pb/Sn metal precursor inside the AAO
channels by using CVD process. Essentially, the NWs were grown
as a result of the reaction between Pb/Sn metal and MAI. The
characterization results indicate that there is an intermediate product
in the synthesis process from Pb/Sn metal to perovskite NWs,
namely, the metal precursor needs to be converted to Pbl2/Snl2
followed by the subsequent reaction. The results of ToF-SIMS, XRD
and SEM images confirm that there is a reaction zone at the bottom
of the AAO channels and MAI has to diffuse downward through the
solid perovskite NWs to reach the metal precursor in order to
continue the reaction. The optical measurement results of perovskite
NWs show that the as-synthesized NWs are an excellent candidate
for optoelectronics. Overall, compared with the methods already
reported in the literature, our unique perovskite NW fabrication
process can enable a new, facile and generic synthesis process for a
wide variety of organometal perovskite nanostructures beyond NWs,
due to the unique template confinement. The excellent controllability
on the material geometry (diameters and height of NWs) adds up to
great flexibility for various optoelectronic device structure designs.
And the ultra-high nanostructure density with a good alignment may
lead to applications for highly integrated electronics and
optoelectronics with organometal perovskite materials. Finally, a
drastically improved stability of NWs using AAO template makes
the reported NW growth method more attractive than other
alternative NW growth approaches.

Experimental
Fabrication of AAO templates and barrier thinning process

To fabricate the AAO templates, a two-step anodization of
aluminum foil was used as can be found elsewhere. Briefly, before
anodization, an acidic solution (a mixture of 25 vol% HCIO4 and 75
vol% absolute CH3CH2OH) was employed to electro-polish the
aluminum foil using a 10 V direct current (DC) voltage for 2 min.
Then, the first anodization process was performed in an aqueous
solution (33 vol % ethylene glycol and 0.3 vol % H3PQOa4 (85 wt. %
in H20)) for 12 h under 200 V to oxidize the chips. Afterward, the
anodized Al2O3 layer was etched away using an aqueous solution of
6 wt % HsPOs and 1.8 wt % CrOz at 98°C for 30 min. Next, the
chips were anodized in the same aqueous solution for 45 min again,
followed by etching the chips in a 5 wt% HsPO4 aqueous solution at
52 °C for 10 min to enlarge the channel diameter to ~250 nm.

Electrodeposition of metal precusors (Pb/Sn)
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To facilitate the electrodepostion, a barrier thinning process was
performed by a current ramping process (-3.2 nA/min) to open the
barrier layer at the bottom of the AAO channel up to several
nanometers. In this report, we used the 1 pm-thick AAO with a 300
nm-thick sub-channel layer to study the growth mechanism.

The electrodeposition (ED) of a Pb/Sn catalyst was carried out using
an aqueous solution (70 g/L PbCl2/SnCl2 and 42 g/L tri-sodium
citrate (buffer)) inside the AAO template. The ED process was
performed for 5 min at room temperature under 6.5 V using the
sinuous mode to fill ~300 nm of depth of the AAO sub-channels.

Synthesis of MAI powder

CH3NHsl powder was synthesized by slowly mixing 27.8 mL of
methylamine (33% wt in ethanol, Sigma Aldrich) and 30 mL of
hydroiodic acid (57 wt% in water, Sigma Aldrich) inside a three-
neck flask placed in an ice bath with stirring. The MAI powder was
precipitated after removing the solvent at 50 °C using a rotary
evaporator (Buchi R215, Switzerland). Then, the final product was
dissolved in ethanol and precipitated by adding diethyl ether several
times. Finally, the powder was dried at 80 °C in a vacuum oven for
24 h.

Fabrication of Pb/Sn perovskite nanowires

In order to fabricate the Pb/Sn perovskite NWs, a tubular CVD
furnace (1 inch quartz tube) was employed. After electrodeposition
of Pb/Sn metal inside the AAO channels, the chip and MAI powder
were put into two-quartz containers at the center of the CVD furnace
close to the thermocouple. The reaction between the metal and MAI
was performed inside the closed container using argon carrier gas at
180 °C for 3 h. The distance between the substrate and MAI source
was 3 cm, and the flow rate was fixed at 600 sccm.

Characterizations

The samples were characterized using field-emission scanning
electron microscopy (JEOL JSM-7100F) equipped with energy-
dispersive X-ray spectroscopy (EDS) and X-ray diffraction (Bruker
D8 X-ray diffractometer, USA) utilizing Cu Ko radiation to study
the length, crystallinity, and morphology of the NWs. The optical
absorption and steady-state photoluminescence spectra were
measured using a Varian Cary 500 spectrometer (Varian, USA) and
Edinburgh Instruments FLS920P fluorescence spectrometer,
respectively. A high-resolution transmission electron microscope
(HRTEM, JEOL-2010F) equipped with an energy-dispersive X-ray
spectroscope (EDS) was employed for structural studies. In order to
study the MAI reaction and compositional variation of NWs,
thermogravimetric analysis (TGA, UNIX/TGAT7 (Perkin Elmer)) and
a time of flight secondary ion mass spectrometer (ION-TOF GmbH)

were utilized, respectively.
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Figure 1. (a) Schematic of a CVD process for perovskite NW growth; (b1) Pb/Sn metal inside the AAO
membrane before reaction; (b2) Incomplete growth of perovskite NWs in the membrane; (b3) Pb/Sn
perovskite NWs inside the AAO membrane after reaction; and (c) Incomplete growth of one individual
NW with the details of the reaction.
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Figure 2. (a:-as) Cross-sectional SEM images of the AAO membrane, showing Pb metal before and after
reaction at different growth times. Top-view SEM images of (b) Pb, and (c) Sn perovskite NWs inside the
AAO membrane.
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Figure 3. (a) TGA heating and its first derivative curves; (b) DSC heating curve of MAI powder; and (c)
thermogravimetric analysis of MAI at 150, 165, and 180°C. ToF-SIMS profiles and backscattered SEM
images of Pb perovskite NWs inside the AAO membrane with (d,f) optimum, and (e,g) extra amount of

Pb.
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Figure 4. Top-view SEM images and micrographs of (a) electrodeposited Pb metal on FTO glass; (b)
Pbl2 film prepared by the short reaction of Pb metal and MAI; and (c) Pb perovskite film with a highly
crystalline structure after the completed the reaction. (d) XRD patterns of the samples corresponding to
the figures (a) Pb, (b) Pbl, and (c) perovskite film during the reaction.
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Figure 5. (a) Top-view SEM image of Pb perovskite NWs which have been grown out of the channels;
(b) XRD patterns of Pb metal and Pb perovskite NWs inside the AAO membrane; (c) TEM image of an
individual NW transferred to the TEM grid; and (d) SAED pattern of one individual Pb perovskite NW.
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Figure 6. The optical properties of Pb perovskite NW array inside the AAO membrane, (a) UV-visible

and PL spectra; (b) Time-resolved PL curve of the sample.

13


http://dx.doi.org/10.1039/c7nr00444c
https://www.researchgate.net/publication/315901244

