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ABSTRACT: We report on the controlled fabrication of
CH,NH,PbI; perovskite nanoparticles (NPs) on a mesoporous
Silicon nanowire (NW) template for the first time and study the
mechanism of its high photoluminescence (PL) quantum yield.
Crystalline perovskite NPs are grown by spin-coating of
perovskite precursor on the surface of mesoporous Si NWs
fabricated by a metal-assisted chemical etching method. We have
tuned the size of the perovskite NPs (5—70 nm) and its
photophysical properties by controlling the porosity of the Si
NWs and perovskite precursor concentrations. The as-grown
perovskite NPs on Si NWs show enhancement in PL intensity
by more than 1 order of magnitude as compared to that of the
perovskite film on a Si substrate. Depending on the size of the
perovskite NPs, the center of the PL peak of the of NPs shows a
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large blue-shift as compared to that of the perovskite film. A detailed systematic study reveals that decrease in particle size and the
quantum confinement in perovskite NPs are primarily responsible for the enhanced yield as well as blue-shift of PL. With the
help of plasma-treated Si NW template, the contribution of the photon recycling effect to the enhanced PL of NPs was
quantitatively assessed and found to be only 10%. The PL quantum yield of the perovskite NPs was measured to be 9.82% as
compared to the low yield (0.69%) of the perovskite film. Time-resolved PL analysis of perovskite NPs show a longer lifetime of
carriers due to negligible nonraditative recombination in the NPs, which is consistent with the high PL yield. This study
demonstrates an easy and cost-effective fabrication of perovskite NPs on a novel mesoporous Si NWs template, which is a
versatile platform, and it unravels the mechanism behind its superior photophysical properties, which is significant for different

light-emitting and display applications.
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1. INTRODUCTION

Organic—inorganic halide perovskites have drawn tremendous
research attention over the past few years for their
extraordinary performance in solar cell and light-emitting
devices with the advantages of high absorption in the UV—vis
region, low cost and low temperature processing, tunable
optical band gap, and superior charge transport.' > With the
proper combination of electron and hole transporting layers,
the power conversion efficiency of perovskite solar cell (PSC)
has raised to over 22%.' > Perovskites with combination of
different semiconducting material have been adopted by
different groups in order to improve the device performance.®””

Recently, these solution-processed perovskites, especially
CH,NH,PbX, (where, X = Cl, Br, and I), have also shown
great promises in light-emitting diodes (LEDs)'°™"* and lasing
applications'® with tunable emission color by varying the halide
anion.'” In each case, the active material should show high
photoluminescence (PL) emission in order to convert the
generated (either electrically or optically) charges into photons
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efficiently. However, the application of perovskite LEDs
(PeLED) and lasers is restricted due to the poor stability and
low efficiency of photon emission.'®

On the other hand, perovskite nanocrystals (NCs) have
shown interesting size-dependent optical and electronic
properties that differ significantly from their bulk counter-
parts.'”~*’Recently, colloidal and self-assembled perovskite
NCs in a solid organic matrix with lower dimensionality have
been reported.'*** Though these colloidal NCs show very
high light emission efficiency, the luminescent NPs are
necessary in solid or thin film form for practical device
application. The emission intensity tends to substantially
reduce when NCs are processed as thin films due to
spontaneous aggregation.”® On the other hand, the growth of
perovskite NCs inside an ordered inorganic mesoporous host
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matrix is an alternative, ligand-free route to study the effects on
the optical properties due to size reduction. Interestingly, the
growth of perovskite NPs using porous aluminum oxide
(AL O;) and silica (SiO,) templates has been reported recently,
which show very interesting optical properties due to the
quantum size effect.”*”** Recently, Zhang et al. reported a blue-
shift of PL and optical band gap tuning of CH;NH,;Pbl; spin-
coated on porous anodized AL,O;.** Note that the PL intensity
decreases with decreasing pore size of porous Al,O;, while the
high intensity of light emission is extremely desirable for light-
emitting applications.”* Thus, it is imperative to optimize the
photophysical properties of mesoporous templated growth of
highly fluorescent perovskite NPs on alternative mesoporous,
high aspect ratio nanostructured templates.

During the past decades, mesoporous Si nanowires (NWs)
grown by a metal-assisted chemical etching (MACE) method
has captured enormous attention due to its fascinating physical
and chemical characteristics.”> > The MACE process results in
the growth of Si NWs with rough side walls due to the lateral
etching of NW side wall along with the fast vertical etching, and
it results in a mesoporous structure on the Si NWs. The
porosity of the NWs can be controlled by simply varying the
etching parameters.”>”*** Interestingly, the high aspect ratio
mesoporous Si NWs have been used as a template for the
fabrication platform of different nanostructured materials, such
as ZnO NCs,*' Pd NPs,” and Au NWs.* However, it has not
been explored yet for the growth of perovskite NPs. The
growth of perovskite NPs on a mesoporous Si NW is not only
interesting from the structural point of view but also beneficial
from the energetics point of view due to the interesting and
tunable optical properties of both the Si NWs and the
perovskite NPs. This calls for a detailed investigation of the
hybrid system for various emerging applications. The controlled
fabrication of perovskite NPs on a Si NW template is highly
desirable for various device applications, since Si continues to
be the material of choice for robust applications. Wafer-based
fabrication methods have a definite edge over the other
methods for the practical realization of integrated optoelec-
tronic devices.

Herein, we have investigated the growth of CH;NH;Pbl,
NPs on mesoporous Si NWs templates grown by the MACE
method, for the first time, and explored its photophysical
properties. The vertically aligned mesoporous Si NWs array was
grown by one-step and two-step MACE of Si wafer using Ag
NPs as the noble metal catalyst. Different perovskite precursor
solutions were spin-coated on the Si NW array, and
postdeposition annealing at 80 °C for 20 min results in the
growth of crystalline perovskite NPs at the porous sites of the
mesoporous Si NWs. We have controlled the size of the
perovskite NPs by controlling (a) the porosity of NWs during
the etching process and (b) the concentration of perovskite
precursor solution. Highly crystalline perovskite NPs with
tunable sizes were formed depending on the perovskite
concentration and the pore size of the NWs. We report on
the high PL quantum yield (QY) from the perovskite NPs
grown on Si NWs as compared to that of the perovskite thin
film on a Si wafer. The enhancement of PL intensity is
dependent on the nature of NW template. Our study revealed
that the decrease in particle size, quantum confinement of
carriers in the perovskite NPs, and reabsorption of photon
emitted from Si NWs by the perovskite NPs followed by the PL
emission are primarily responsible for the large enhancement of
PL from the perovskite NPs on mesoporous Si NWs array.

UV—vis diffuse reflectance and time-resolved PL (TRPL)
studies are presented in support of our claim. This study
explores the combined use of microscopic and spectroscopic
tools to reveal the mechanism behind the superior photo-
physical properties of the perovskite NPs grown on a
mesoporous Si NW template.

2. EXPERIMENTAL DETAILS

2.1. Materials. All reagents were used as-received without further
purification. The purchased reagents are methylamine solution
(CH;NH;, 33 wt % in absolute ethanol, Sigma-Aldrich), lead(II)
iodide (Pbl,, 99%, Sigma-Aldrich), hydroiodic acid (HI, 57 wt % in
water, Sigma-Aldrich), N,N-dimethylformamide (DMF, >99%, Sigma-
Aldrich), diethyl ether (>99%, Merck), HF (48%, Merck), H,0, (50%,
Merck), AgNO; (>99.5%, Merck), HNO; (69%, Merck), etc.

2.2. Growth of Mesoporous Si NWs. The mesoporous Si NWs
were grown by a well-known metal-assisted chemical etching (MACE)
method at room temperature using Si wafers as the starting
material.***”** Boron-doped p-type Si (100) wafers with different
resistivity (p) 0.01, 0.001, and 1 Q-cm were first cleaned by the typical
Radio Corporation of America (RCA) cleaning process.”” Sub-
sequently, the MACE is performed using either a one-step or a two-
step process.’®*”*' For the two-step process, first a thin layer of Ag
NPs was deposited on the Si wafers by dipping it in a solution
containing 5.55 M HF and 0.015 M AgNO; for S s. Next, the Ag-
coated substrates with resistivity 0.01 Q-cm were immersed in a
solution containing S mL of HF (48%), 2 mL of H,0, (50%), and 23
mL of DI water for 20 min (sample NW1), 10 min (sample NW1A),
and S min (sample NW1B). In the case of the one-step process, the
cleaned p-type Si wafers with resistivity 0.01 £2-cm were immersed into
a solution containing 0.015 M AgNO; and 5.55 M HF for 1 h (sample
NW2). We have also performed a two-step MACE for 20 min on Si
wafer with resistivity 1 Q-cm (sample NW1X) and 0.001 Q-cm
(sample NW1Y). A detailed account of the samples is summarized in
Table S1 (Supporting Information). In order to remove the residual
Ag NPs after etching, all the samples were dipped in 10% HNO;
solution after growth. Then the samples were removed and rinsed in
DI water and dried in Ar gas flow.

2.3. Synthesis of CH;NH;l. CH;NH;I was synthesized according
to the literature report by reaction of 24 mL of methylamine solution
(33 wt % in ethanol), 10 mL of hydroiodic acid (HI, 57 wt %), and
100 mL of ethanol in 250 mL round-bottom flask at 0 °C for 2 h with
stirring at 400 rpm.*> Then the precipitate was collected by
evaporating the solvent at 60 °C for 3 h. The precipitate was washed
three times with diethyl ether and finally collected after recrystalliza-
tion. Then CH;NH;I crystals were dried overnight at 60 °C in a
vacuum oven.

2.4. Synthesis of CH;NH;Pbls. CH;NH;Pbl; was deposited using
a conventional single-step deposition method on different Si NW
samples (NW1 and NW2) and bare Si wafer. 0.100 g of CH;NH,I and
0.250 g of Pbl, were dissolved in 1 mL of anhydrous N,N-
dimethylformamide (DMF) to produce a clear 22.5 wt % Perovskite
precursor (Pel).*® We have also prepared 11.2 wt % (Pe2), 5.6 wt %
(Pe3), and 2.8 wt % (Pe3) perovskite precursor in DMF (sample
codes are summarized in Table S2). The prepared solutions were spin-
coated at 2500 rpm for 4S5 s on different NW templates. After the
perovskite deposition, the samples were transferred on a hot plate and
annealed at 80 °C for 20 min for the formation of crystalline
perovskite layer. The samples were termed with generic code
NWxPey, where “x” refers to different Si NWs and “y” refers to
different concentration of perovskite precursor. For example, when
Pel is coated on NW1, the sample is termed as NW1Pel and so on.
The perovskite film deposited on bulk Si wafer is referred as Pe on
bulk Si. Scheme 1 illustrates the processes involved in the fabrication
of the perovskite NPs on the measoporous Si NWs that are grown by a
two-step etching process.

2.5. Characterization Techniques. The morphology and
elemental compositions of different Si NW samples before and after
the perovskite deposition were characterized using a field emission

DOI: 10.1021/acsanm.8b00047
ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b00047/suppl_file/an8b00047_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b00047/suppl_file/an8b00047_si_001.pdf
http://dx.doi.org/10.1021/acsanm.8b00047

ACS Applied Nano Materials

Scheme 1. Illustration of Growth of Mesoporous Si NWs by
a Two-Step Metal-Assisted Chemically Etching (MACE)
Process Followed by the Spin-Coating of the Perovskite
Layer To Fabricate the Perovskite NPs on the Si NW
Template
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scanning electron microscope (FESEM, Sigma, Zeiss) equipped with
an energy dispersive X-ray (EDX) spectrometer. The high-
magnification surface morphologies of Si NWs and perovskite NPs
for different samples were studied using a transmission electron
microscope (TEM) (JEOL-JEM 2010) operated at 200 kV. The
samples for TEM analysis were prepared on a carbon-coated Cu grid
of 400 mesh (Pacific Grid, USA). STEM-EDS elemental mapping was
performed by field emission transmission electron microscope
(FETEM) (JEOL-2100F). For structural characterizations, an X-ray
diffractometer (XRD) (Rigaku RINT 2500 TRAX-III, Cu Ka
radiation) was used for different samples. UV—vis diffuse reflectance
spectra (DRS) of the samples were measured using a commercial
spectrophotometer equipped with integrating sphere (PerkinElmer,
Lamda 950). More details of the DRS measurement are provided in
the Supporting Information, section S1.1. The steady-state PL
spectrum of different samples was recorded using a 405 nm diode
laser (CNI Laser) excitation with the help of a commercial fluorometer
(Horiba Jobin Yvon, Fluoromax-4). The photoluminescence quantum
yield (PL QY) of the samples was measured with an integrating sphere
(FM-SPHERE, Horiba) attached with the fluorometer. Further details
of the QY measurement are provided in the Supporting Information,
section S1.2. Fluorescence image of perovskite NPs-coated Si NW was
taken with a Zeiss LSM 880 confocal microscope with 405 laser
excitation. Nitrogen adsorption—desorption isotherms were conducted
using a Quanta chrome autsorb-iQ MP analyzer at 77 K. The surface
area of the NW was determined using the multipoint Brunauer—
Emmett—Teller (BET) method, and the average pore size was
determined using the Barett—Joyner—Halenda (BJH) model. Time-
resolved PL (TRPL) measurements were performed using a 405 nm
pulsed laser excitation, with an instrument time response of <50 ps
(LifeSpecll, Edinburgh Instruments). All the measurements including
XRD, PL, DRS, and TRPL were carried out in open air atmosphere
without humidity control/glovebox. This shows the robustness of the
procedure and the obtained results for practical application. Note that
in perovskite solar cell and LED the degradation is accelerated due to
the presence of different transporting layer and interfaces.”*”

3. RESULTS AND DISCUSSION

3.1. Morphology and Structural Analysis. 3.7.1. FESEM
and TEM Analysis. Figure 1 shows the FESEM images of NW1
and NW?2 before (first column) and after (second column) the
deposition of the perovskite layer. Figures la and lc are the top
view and cross-sectional view images of NW1, while Figures 1b
and 1d correspond to sample NW1Pel. Likewise, Figures le
and 1g are the top view and cross-sectional view FESEM

Figure 1. FESEM images of Si NWs before (first column) and after
(second column) perovskite deposition: (a, c) top view and cross-
sectional view images of Si NWs in NW1; (b, d) top and cross-
sectional images of perovskite NPs decorated Si NWs in NW1Pel,
respectively; (e, g) top view images and cross-sectional view of Si NWs
in NW2; (£, h) top view and cross-sectional view images of perovskite
NPs decorated Si NWs in NW2Pel.

images of NW2, while Figures 1f and 1h correspond to sample
NW2Pel. From the FESEM images, it is evident that the top
and side surfaces of the Si NWs are covered by the perovskite
NPs (Pe NPs) containing film. FESEM images also reveal that
the Si NWs in NW1 are more rough than that in NW2. Note
that the porosity of Si NWs and the presence of Pe NP on the
Si NW surface are not clearly discernible from the FESEM
images due to the resolution limit. From the FESEM image of
NW2Pel, some bigger size Pe NPs are observed, while no such
particles were observed on NWI. In order to figure out the
elemental composition, we have carried out the EDX analysis.
Figure Sla (Supporting Information) shows the EDX mapping
and elemental composition of NW1Pel. Figure S1b shows the
elemental composition of NW1Pel in the selective portion in
Figure Sla. For further confirmation of the elements present
and its distribution, the elemental color mappings of the
selective portion in Figure Sla are shown in Figure S1c—h. This
confirms that the Pe NPs are uniformly coated on the entire
surface of Si NW arrays down to the bottom of the NWs.
TEM analysis provides a detailed view of surface morphology
of individual Si NW and the formation of Pe NPs nucleated at
the pores of the NWs. Figures 2a and 2b show the TEM images
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Figure 2. TEM images of bare single Si NW in samples: (a) NW1 and
(b) NW2. (¢, d) TEM images of perovskite NPs decorated Si NWs in
sample NW1Pel and NW?2Pel, respectively. (e) TEM image of
perovskite NPs decorated on a single Si NW in sample NW1Pe2. (f)
HRTEM lattice image of perovskite NPs on NW surface from sample
NWI1Pel; the inset shows the SAED pattern, which confirms the
crystallinity of CH;NH;PbI; NPs.

of single Si NW in sample NW1 and NW2, respectively. It is
clear that the NW surface in each case is mesoporous in nature
due to the lateral etching of the NWs during the MACE
process. Figures 2¢ and 2d show the TEM images of a single
NW/perovskite heterostructure in sample NWI1Pel and
NW?2Pel, respectively. It is clear that Pe NPs are formed on
the surface of Si NWs in each case. Higher magnification
images of NW1 and NW1Pe2 surface are shown in Figure S2a.
It is clear that the porous sites of the Si NWs acted as the
nucleation center for the formation of Pe NPs. The size
distributions of Pe NPs on different Si NW are calculated and
shown in Figure S3. For NW1Pel, the size of the Pe NPs varies
in the range 5—40 nm with a mean size ~20 nm, while for
NW?2Pel the size varies in the range 10—70 nm with a mean
size ~35 nm. As confirmed from the TEM images, both the
NWs are mesoporous, though the porosity and the roughness
of NW1 are much higher than that of NW2. This is due to the
stronger side wall etching in the case of two-step MACE in
NW1 case. The highly porous and rough surface of NW1
causes formation of the high density Pe NPs on NW1 surface.
The size of the NPs on NW2 is bigger than that on NWI,
which played a significant role for the enhanced PL intensity
and blue-shifted PL from the sample NW1Pel, as discussed
later. Figure 2e shows the TEM image of a single Si NW in
sample NW1Pe2, and it is clear that the average size of the Pe
NPs is smaller in this case as compared to that of sample
NW1Pel. When the concentration of perovskite precursor is
lower, the perovskite starts nucleation at the porous sites of the
Si NWs, and as a result, the size of the Pe NPs is of the order of
pore size of the Si NWs. Thus, the size of the Pe NPs in sample
NWI1Pe2 is 1—12 nm (Figure S3c), with an average size of ~§
nm, which is very much similar to the pore size distribution on
Si NWs for the sample NW1. The pore size of the Si NWs is
calculated from the BET analysis of sample NW1 and is shown
in Figure S4. The details of BET surface area analysis are
discussed in section S1.3 of the Supporting Information.
However, in the NW/perovskite heterostructure, when the
concentration of perovskite precursor is high, the size of the Pe

NPs becomes larger than the size of the pores on the NW.
Thus, we obtained the larger size Pe NPs for sample NW1Pel
as compared to sample NWI1Pe2. Note that surface of the Si
NWs in sample NW2 is much smoother than that of sample
NWI1, and hence we obtained larger Pe NPs for sample
NW?2Pel as compared to the sample NW1Pel. Figure 2f shows
the HRTEM lattice image of a single Pe NP on the surface of a
Si NW for sample NWI1Pel, while the inset represents the
corresponding SAED pattern. The lattice fringes and SAED
pattern confirm the crystalline nature of the Pe NP grown on
the Si NW template. We have observed that the Pe NPs are not
fully spherical in shape. Rather, it consists of different facets,
and we have indexed different facet planes of crystalline
CH,;NH;PbI; in the HRTEM image in Figure 2f, which is
consistent with the literature.”® The lattice spacings 0.26 and
0.28 nm correspond to (204) and (310) planes of
CH;NH,PbI; crystal. For further confirmation of uniform
decoration of Pe NPs on NW and to find the elemental
composition of different layers, we have performed STEM-EDS
elemental mapping of single NW/perovskite in the sample
NW1Pel. Figure 3a shows the TEM image of an individual Si

. [e}

Figure 3. (a) TEM image of individual Si NW/perovskite NPs. (b—f)
The corresponding STEM-EDS elemental color mapping of silicon,
lead, iodine, oxygen, and nitrogen, respectively.

NW/perovskite NPs, and Figure 3b—f shows the corresponding
STEM mapping of different elements that are present in the
sample. The mapping very nicely shows the elemental
composition of different layers and their distribution. Silicon
is observed in side; on top of it oxygen is observed, which is due
to the oxide layer on silicon surface. Lead and iodine are
observed on the NW surface due to the decoration Pe NPs.
3.1.2. XRD Analysis. The crystal structure and phase of the
CH,NH,Pbl; were confirmed by X-ray diffraction (XRD)
analysis. Figure 4 shows a comparison of the XRD patterns of
Pe on silicon wafer along with those of the NW1Pel and
NW?2Pel. The different XRD peaks of crystalline CH;NH,Pbl,
were distinguished and well matched with the literature. The
strong diffraction peaks at 26 equal to 14.09°, 19.97°, 23.48°,
24.47°, 28.43°, 31.85°, 34.94°, 40.49°, 43.04°, and 50.18° can
be assigned to (110), (112), (211), (202), (220), (310), (312),
(224), (314), and (404) crystal planes, respectlvelgf These
peaks indicate tetragonal structure of CH;NH,PbI;.*" Figure S5
shows the XRD pattern of the precursor materials Pbl, and
CH;NHj,], where the peaks are different from those of the Pe
samples. This confirms that the precursor material is
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Figure 4. Comparison of XRD patterns of the samples NW1Pel,
NW2Pel, and perovskite film on Si wafer. The inset shows the
normalized XRD pattern of (110) peak for different samples, which
indicates the broadening and peak shift in the case of NPs.

completely transformed into the CH;NH,Pbl;. A broad
background peak (20 = 20°—30°) present in the case of Si
NW/perovskite heterostructure is due to the amorphous oxide
layer on Si NW."" XRD also confirms that the Pe NPs are of
the same phase that of the bulk film. In the case of Pe on bulk
Si, the intensity of the XRD peak is much higher due to the
thicker layer of perovskite. A careful analysis of XRD peak
profile indicates that the line width of the XRD peaks is higher
in the case of Pe NPs due to the decrease in crystallite size,
which indicates the nanocrystalline nature of the Pe NPs.”
Comparison of normalized intensity of (110) XRD peak is
shown in the inset of Figure 4. Interestingly, the broadening of
XRD peaks in NW1Pel is much higher than that in NW2Pel,
which indicates the formation of smaller size Pe NPs on NW1
than that on NW2. The crystallite sizes of different samples
were calculated from (110) peak using Scherrer’s formula:>'

kA
P cos 6 (1)

where k is Scherrer’s constant, A is the wavelength of X-ray of
the Cu Ka line (1.54 A), f is the calculated full width at half-
maximum (fwhm), and 0 is the Bragg angle. The calculated
crystallite sizes for the samples NW1Pel, NW2Pe2, and Pe on
bulk Si are about 16, 34, and 44 nm, respectively. These values
are quite consistent with the TEM results discussed earlier. The
XRD peaks are slightly shifted toward the higher angle in the
sample NW1Pel and NW2Pel, which may due to the
compressive strain produced in the Pe NPs on Si NW.”> We
have also calculated the crystallite size and strain in Pe NPs in
sample NW1Pel usin§ the Williamson—Hall (W—H) plot
based on the equation®

D=

kA
cos @ = — + 4e sin 0
presf=75 ©)
where e represent the strain. Figure S6 shows the W—H plot of
sample NW1Pel. We obtained the crystallite size of 15.9 nm
and a compressive strain of 0.088% in sample NW1Pel, which
is consistent with the TEM analysis.

3.2. Diffuse Reflectance Spectroscopy. For a better
understanding of the change in band structure of perovskite
due to the NP formation, we have carried out the diffuse
reflectance spectroscopy (DRS) measurement of various
samples, which are opaque in nature. Figure S7a shows the
comparison of diffuse reflectance spectra of NW1, NW2,
NW1Pel, NW2Pel, and Pe on bulk Si along with that of Si
wafer. The absorption coefficient/absorbance of a sample is
related to the diffuse reflectance (R) by the Kubelka—Munk
(K—M) function, F(R), given by

(1-R’ _K
2R S (3)

where R is the diffuse reflectance and K and S are the
absorption coefficient and scattering coeflicient, respectively.
Figure S shows a plot of the F(R) (K—M function) of the
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Figure 5. Comparison of the F(R), Kubelka—Munk (K—M) function,
for samples NW1Pel, NW2Pel, and perovskite film on Si wafer. The
inset shows magnified view of the absorption edges indicating blue-
shift of the absorption edge for the Pe NPs with respect to that of the
Pe film on bulk Si.

samples NW1Pel, NW2Pel, and Pe on bulk Si in the range
450—850 nm.”” It is clear from the figure that all the samples
have high absorption coefficient over the entire visible region,
and the F(R) increases with decreasing wavelength, as expected
for the perovskite layer/NPs.”* From the K—M plot, it is clear
that the absorption coefficient of the samples NW1Pel and
NW?2Pel is higher than that of the Pe film on Si wafer. Note
that though the absorption coefficient of NW2Pel is higher
than that of NWI1Pel, the PL intensity (discussed later) of
NW1Pel is much higher than that of NW2Pel. The inset of
Figure S shows a magnified view of the comparison of F(R) for
NW1Pel and Pe on bulk Si clearing revealing the blue-shift in
the absorption edge (indicated by the vertical dashed lines) for
the Pe NPs with respect to that of Pe on bulk Si. Interestingly,
such a blue-shift indicates the higher bandgap of the Pe NPs,
which may be due to quantum confinement effect.”*>*%**
Note that the blue-shift is higher for NW1Pel as compared to
that of NW2Pel, which reveals a stronger quantum confine-
ment effect in the NPs for NW1Pel. Dawei et al. showed that
the small effective mass of electrons in CH;NH;PbBr; is
responsible for the quantum confinement effect, which is
observed even at relatively large grain sizes (4 > 10 nm), in
comparison to the II—-VI nanocrystals, such as CdS and CdSe.”
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Figure 6. (a) Comparison of PL spectra of the samples NW1, NW1Pel, and perovskite film on Si wafer; inset shows the fluorescence confocal
microscopy image of perovskite NPs-coated single Si NW in the sample NW1Pel. (b) Comparison of PL spectra of the samples NW2, NW2Pel,
and perovskite film on Si wafer. The PL spectrum of NW?2 is magnified by 20 times to enable comparison with the other samples. (c) Normalized PL
spectra of NW1Pel, NW2Pel, and bulk perovskite film showing blue-shift of peaks for perovskite NPs. (d) Comparison of PL spectra of bare NW1,
oxygen plasma treated NW1, and perovskite NPs on NW1 before and after oxygen plasma treatment.

In the present case, the average size of the Pe NPs is >10 nm in
both NW1Pel and NW2Pel. Figure S7b shows F(R) of the
substrates, i.e., bulk Si wafer and bare Si NWs, which reveals
that the Si NWs has much higher absorption coeflicient than
that of the Si wafer. Note that despite the high absorption
coefficient of the Si NWs over the entire visible—NIR range, the
Pe NPs on Si NWs shows F(R) values lower than that of bare
Si NW in the range ~550—850 nm, implying that the incident
light (low intensity) does not penetrate the underlying Si NW
layer and the measured spectra are characteristic of Pe NPs
with negligible contribution from the underlying Si NWs.

3.3. Steady-State Photoluminescence Study. To study
the impact of nanoscale dimension of perovskite on the PL
emission, we measured the PL spectra of different samples at
room temperature. We have used a 405 nm diode pumped
solid-state (DPSS) laser for the excitation of all samples in
ambient condition with a constant excitation intensity. The
comparison of the PL spectra of the mesoporous Si NW
samples before and after Pe NPs decoration is shown in Figures
6a and 6b for NW1 and NW2, respectively. For comparison,
the PL spectrum of Pe on bulk Si is presented in each case.
Figure 6¢ depicts the comparison of the normalized PL spectra
of sample NW1Pel, NW2Pel, and Pe on bulk Si. A single PL
peak centered at ~779 nm was detected in the Pe on bulk Sj,
which corresponds to the photoemission peak for bulk
CH,NH,Pbl, perovskite due to the band-to-band transition.*’
The sample NW1 shows a broad (520—850 nm) and high-
intensity PL peak. The broad PL emission by MACE grown Si
NWs has been well studied and explained based on the
following contributions: (a) nonbridging oxygen hole center
(NBOHC) defects in the Si/SiO, interface, (b) the quantum
confinement effect in the Si NCs, which are formed due to the

lateral etching of the Si NWs, and (c) oxygen vacancy (Vo)
defects in the SiO, structure.”>” >’ However, after the
decoration of Pe NPs on mesoporous Si NWs, the NW1Pel
shows enhancement in PL intensity as compared to both bare
NW1 and bulk perovskite film. A significant amount of blue-
shift (~38 nm) in the PL peak is observed for sample NW1Pel
(centered at 741 nm) as compared to the Pe on bulk Si. This
type of blue-shift in Pe NPs is attributed to the quantum
confinement effect in the Pe NPs, which are formed on the
mesoporous surface of the Si NWs.*>*?** Note that the
intensity of the PL peak in sample NW1Pel enhances by ~11.9
times than that of for the Pe on bulk Si. Several factors may be
responsible behind the enhancement of PL intensity for the
sample NW1Pel. These are (a) decrease in particle size and the
NP formation, (b) quantum size effect in the recombination
dynamics of the Pe NPs, (c) reabsorption of photon from
mesoporous NWs followed by re-emission by the Pe NPs, and
(d) large surface area of the Pe NPs on Si NWs due to the high
aspect ratio of the mesoporous Si NWs.

It has been reported that Pe NPs and quantum dots show
very high intensity PL emission compared to that of the bulk
counterpart due to high radiative recombination in quantum
structure. "> In the present case, high density and quantum
size Pe NPs are decorated on the surface of the Si NWs. Hence,
the quantum confinement effect in Pe NPs is most likely
responsible for the huge enhancement in the PL intensity of
sample NW1Pel. Note that sample NW2Pel possesses a bigger
size and lower density Pe NPs as compared to that of sample
NWI1Pel (as confirmed from the TEM analysis shown in
Figure 2¢,d). Thus, quantum confinement effect would be less
prominent in sample NW2Pel as compared to the sample
NW1Pel. As a result, we obtained only 2.2 times enhancement
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in PL intensity for NW2Pel as compared to that of Pe on bulk
Si, as shown in Figure 6b. Because of the larger size Pe NPs, the
PL spectrum of NW2Pel shows only a 18 nm blue-shift, while
it is 38 nm for sample NWIPel from that of the bulk
perovskite film (Figure 6¢). This is fully consistent with our
DRS analysis.

It is also likely that the PL emission intensity of Pe NPs
increased partly due to the restricted charge diffusion in smaller
size Pe NPs than the bulk Pe crystal case.””*® The density of
nonradiative centers is directly proportional to the particle size,
when the concentration of the luminescent material is
unaltered. On the other hand, charge carriers become locally
confined within the ultrasmall Pe NPs, and these smaller NP
are less affected by the deep trapping sites present in the bigger
NPs/bulk crystal.>® Thus, for a fixed concentration of
perovskite, a group of smaller NPs will have higher PL QY as
compared to that of the group of larger NPs and bulk
perovskite crystals, and this result in higher PL QY from the Pe
NPs.

Note that the bare Si NW in NW1 has high intensity PL
emission centered at ~670 nm with a large broadening (in the
range of 520—850 nm), as depicted in Figure 6a. The inset of
Figure 6a is the fluorescence confocal microscopy image of Pe
NPs decorated single NW of the sample NWIPel. The
perovskite film/NPs has a very high absorbance over the entire
visible range as discussed earlier.” Thus, Pe NPs can reabsorb
the emitted photons by mesoporous Si NWs in NWI1Pel
besides the direct absorption, which may result in high intensity
PL from the Pe NPs. Thus, photon recycling phenomenon may
be partly responsible for the enhanced PL emission by the Pe
NPs in sample NW1Pel.”****° Note that the bare Si NWs in
NW2 shows very weak PL intensity (Figure 6b) as compared to
that in NW1 (Iywi/Inwz = 293). Therefore, the PL intensity
enhancement is lesser in NW2Pel than that of the NW1Pel.

To understand quantitatively the amount of PL enhancement
in sample the NWI1Pel due to reabsorption and re-emission,
we have further quenched the PL of NW1 by oxygen plasma
treatment. In the case of oxygen plasma-treated NW, PL is
disappeared due to passivation/removal of NBOHC defects,
which is mainly responsible for the PL emission from Si NWs.”’
Figure 6d shows a comparison of the PL spectra of NWI,
oxygen plasma-treated NW1, and Pe NPs on NW1 before and
after oxygen plasma treatment. After the deposition of
perovskite on oxygen plasma-treated NWI, we obtained
~10.6-fold enhancement in PL intensity, while the enhance-
ment factor was ~11.9 in the former case (sample NW1Pel).
Therefore, the contribution of photon recycle due to the Si
NWs on the PL enhancement of Pe NPs is ~1.1. Note that
there is no change in the spectral shape and peak position of
the PL spectra of sample NW1 O,plasma treatedPel as
compared to that of for NWIPel. Thus, the 10.6-fold
enhancement in PL intensity of Pe NPs is only due to the
quantum confinement effect of high density Pe NPs on NW
surface. We have also measured the PL quantum yield of the Pe
NPs in different samples. We obtained PL quantum yields of
9.82%, 2.86%, and 0.69% for NW1Pel, NW2Pel, and Pe on
bulk Si, respectively, which are considerably high and
comparable to the QY reported for MAPbI; film grown by
sophisticated low-pressure vapor-assisted solution process
method.®"** A summary of the PL features of different samples
is presented in Table 1. Digital photographs of the sample
NWI1Pel, NW2Pel, and bulk Pe film on Si wafer under 405 nm

Table 1. Summary of the PL Spectral Features of Different
Samples

PL peak PL intensity enhancement PL

center factor with respect to Pe on quantum

sample code (nm) bulk Si yield (%)
NW1Pel 741 11.9 9.82
NW2Pel 761 22 2.86
Pe on bulk Si 779 1 0.69

laser excitation are shown in Figure S9, which clearly shows that
the glow of NW1Pel is maximum.

Because of the high aspect ratio of the Si NWs and the
multiple reflection in the vertical NW array, a large number of
Pe NPs are exposed to the laser excitation. Therefore, the
absorption and PL intensity are high in the case of the Si NW/
perovskite heterostructure. Note that the effects of quantum
confinement of carriers and reabsorption of light are less in the
case of sample NW2Pel, though we observed enhanced PL
intensity. This may be due to the larger length of the Si NWs
i.e. higher surface area (Figure 1g) of sample NW2. Note that
there may be partial quenching of PL intensity from the Pe NPs
due to its close contact with the substrate, which may be caused
by the possible energy transfer and its influence on the radiative
lifetime. Our TRPL data (discussed later) indicate that in the
case of Pe NPs contribution of nonradiative energy transfer is
less compared to that of Pe film on bulk Si. To study the effect
of the substrate on the PL intensity, we have compared the PL
spectra of perovskite film on glass and Si substrates for identical
thickness. Figure S8 shows the comparison of PL spectra of
perovskite films on Si substrate and glass, which shows no
significant change in PL intensity for different substrates. To
overcome the effect of possible quenching, surface treatment of
NWs may be needed and it may lead to higher PL quantum
yield.

Next, the full width at half-maximum (fwhm) of the PL
spectra was analyzed for different samples. PL spectra of Pe
NPs show higher fwhm than that of the Pe film (see Figure 6¢).
The fwhm for NW1Pel and NW2Pel are ~94.6 and ~51.0
nm, respectively, whereas it is ~50.1 nm for the Pe on bulk Si.
The broad PL peak in NW1Pel is due to the wide range of size
distribution of the NPs, as confirmed from TEM analysis
(Figure S3). Note that there is no considerable difference in the
fwhm of PL peak in NW2Pel and bulk perovskite film. Hence,
the contribution of quantum size effect in sample NW1Pel is
most significant, which is consistent with our interpretation.

For further confirmation of the size effect and quantum
confinement effect in Pe NPs, we have studied the PL spectra
of different perovskite heterostructure samples, which are
grown with spin-coating of different concentration perovskite
precursor on NW1. Figure 7a shows the comparison of PL
spectra of samples NW1, NW1Pel, NW1Pe2, NWI1Pe3, and
NW1Pe4, while Figure 7b shows the corresponding normalized
spectra. The normalized spectrum of Pe on bulk Si is also
shown for comparison, which clearly shows large blue-shifts for
the smaller Pe NPs obtained with lower concentration of
perovskite. For example, with the increasing concentrations of
perovskite precursor, the PL contribution of the Si NWs is
decreased, and it is minimum for the sample NW1Pel, where
the entire surfaces of the Si NWs is covered by the Pe NPs. As
discussed earlier, the Pe NPs start nucleation on the
mesoporous sites of the Si NWs, and as a result the surface
of the Si NWs is partly exposed to the laser excitation. Hence,
the PL contribution of Si NWs is significant to the combined
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Figure 7. (a) Comparison of PL spectra of NWI/perovskite
heterostructure samples for different concentrations of perovskite
precursor. (b) Corresponding normalized PL spectra. The normalized
PL spectrum of perovskite film on Si wafer is also shown for
comparison. (c) Comparison of PL spectra of different bare Si NWs,
which are etched for different etching duration with their
heterostructure with Pel. (d) Normalized PL spectra of NW1Pel,
NWI1APel, NW1BPel, and perovskite film on Si wafer. (e)
Comparison of PL spectra of Si NWs, which are grown with different
wafer resistivity before and after its heterostructure formation with
Pel. (f) Normalized PL peak of NW1XPel, NW1Pel, and NW1YPel.

spectrum only at lower concentration of perovskite. The
density of the Pe NPs and size on Si NWs increases with the
increase of perovskite concentration. Therefore, we obtained
the systematic enhancement of PL intensity of the Si NWs/
perovskite heterostructure samples with the increasing
concentration of perovskite. Note that average size of the Pe
NPs is smallest when concentration of perovskite is lowest.
With the increase in concentration of perovskite, the smaller
NPs are merged together and form comparatively larger size
NPs. Hence, corresponding to the smallest size NPs in
NW1Pe4, we obtained largest blue-shift in the sample, and
then it gradually decreases with the increase in concentration of
perovskite (Figure 7b). The enhancement in PL intensity and
the red-shift of PL peak with the increasing concentration of
perovskite precursor are shown in Figure S10a. This further
establishes the dominance of quantum confinement (QC)
effect in the PL of the Pe NDPs.

For a quantitative assessment of the QC effect on the Pe
NPs, we used the well-known Brus formula to calculate the
blue-shift in band gap from the measured size of the Pe NPs
using the relation®

& 8uR®  4meeR (4)

which assumes a hydrogen-like model to depict the interaction
between electron—hole pairs confined in spherical semi-
conductor nanocrystals.”> In eq 4, E, is the energy of the
lowest excited state of the exciton inside the nanocrystal, E, is
the energy bandgap of bulk CH;NH;Pbl; (in our case 1.592
eV), h is Planck’s constant, y is the exciton reduced mass, R is
the radius of the nanoparticle, e is the electron charge, and &,
and ¢, are the dielectric constants of vacuum and MAPDIL,
respectively. The second term in eq 4 corresponds to the first
energy level of a quasiparticle of reduced mass y confined in a
spherical well of radius R limited by a wall of infinite potential.
Note that in the case of NWI1Pe2 the average size of the Pe
NPs is ~5 nm, and using the known values of constants for
CH,;NH,;PbI; (1 = 0.08my, €, = 18) in eq 4, we estimate a peak
shift of 0.158 eV.”>* Interestingly, this is very close to the
experimentally observed value of 0.150 eV corresponding to the
peak at 712 nm (see Figure 7b). This strongly supports the QC
model for the observed blue-shift of the PL peak in Pe NPs. In
the case of NW1Pel, the average size of the NPs is ~20 nm,
with some of them in the size <10 nm. Since only the smaller
size NPs are expected to contribute toward the blue-shift of the
PL peak, taking R = 10 nm in eq 4 yields a calculated blue-shift
of ~0.05 eV, while the experimentally observed blue-shift in
0.08 eV. Such a deviation may hint toward the weak
confinement of the NPs due to the larger size NPs in
NW1Pel as compared to its excitonic Bohr diameter. Note that
eq 4 assumes a simple model mostly valid for a strong
confinement case. Nevertheless, our calculation provides a
convincing evidence for the quantum confinement of carriers in
Pe NPs grown on a Si NW template.

In order to understand the effect of surface area on the PL
enhancement of NWI1/perovskite heterostructure, we have
analyzed the PL spectrum of NW1/perovskite heterostructure
for two different Si NWs samples etched for different duration
(NW1A: etching time 10 min; NWI1B: etching time S min).
Figure 7c shows the comparison of the PL spectra of NW1Pel,
NWI1APel, NWI1BPel, and Pe on bulk Si, while Figure 7d
shows the corresponding normalized spectra. The PL spectra of
bare Si NWs in sample NW1A, NW1B, and NWI1 are also
presented in Figure 7c for comparison. Note that NWI is
etched for 20 min for the mesoporous NW formation. As
compared to the bulk perovskite film, the PL intensity
enhancements in samples NWI1Pel, NWI1APel, and
NW1BPel are found to be 11.9, 8.4, and 6.7 times, respectively.
It is clear that the PL enhancement factor increases with
increasing the etching time of Si wafers. Longer etching time
leads to the higher length, higher surface area, and higher
density of pores on the NW surface. Thus, the PL intensity is
higher for sample NW1Pel due to the high surface area and
higher density of Pe NPs. The change in the PL intensity as a
function of NW etching time for different NW/perovskite
heterostructure is shown in Figure S10b. The normalized PL
spectra of the NW1/perovskite heterostructure shown in Figure
7d reveal a higher blue-shift for the lower etching time for the
Si NW formation. For shorter length of Si NWs, the pore
density and pore sizes are less as compared to that in longer Si
NWs.” Thus, during the formation of Pe NPs, the possibility of
forming smaller size and isolated Pe NPs is higher in the case of
shorter Si NWs with lower density of pores, and it results in the
higher blue-shift.

In order to control the size of the Pe NPs on Si NWs, we
have controlled the porosity of NW1 by choosing different
resistivity (p) Si wafers as starting material. Figure 7e shows the
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comparison of the PL spectra of bare Si NW sample NW1X (p
= 1 Qcm) and NWIY (p = 0.001 Q-cm) along with its
heterostructure made with Pel. Figure 7f shows the
comparison of the normalized PL spectra of the sample
NW1XPel, NW1Pel, and NW1YPel. Note that the resistivity
of the starting Si wafer of sample NW1 is 0.01 Q-cm. With
decreasing the resistivity, porosity of the Si NW increases,
which causes an increase in the density of smaller size Pe NPs
on NW surface. Therefore, we observed higher blue-shift of PL
peak for the lower resistivity Si wafer (see Figure 7f).

3.4. Time-Resolved Photoluminescence Study. To gain
an insight into the exciton recombination dynamics, time-
resolved PL (TRPL) decay of each sample was measured using
a pulsed diode laser of 405 nm (average power ~1.0 mW).
Figure 8a shows a comparison of the TRPL decay profiles of
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Figure 8. (a) TRPL decay of sample NWI1Pel, NW2Pe2, and
perovskite film on Si wafer. (b) PL decay of sample NWI1Pel at
emission wavelengths 640—780 nm, with interval of 20 nm. (c) TRPL
decay profile of bare Si NWs in NWI. Inset is the TRPL decay of bare
NW2. (d) TRPL decay profiles of the samples NW1Pel, NW1Pe2,
NW1Pe3, and NWI1Pe4. In each case, symbols represent the
experimental data, and solid lines represent the fitted data.

NW1Pel, NW2Pel, and Pe on bulk Si monitored at the PL
peak center of each sample. TRPL data in each case were fitted
by a biexponential decay function as

At) = A exp(_r—t) + A, exp(_—t)

1 )

(5)

where Ajand A, are the amplitudes of the TRPL decay with
lifetimes 7, and 7,, respectively. We estimated the average
lifetimes (7,y.) using the relation™’

Z AT,
Tove ™ o= .
A, (6)

The average lifetimes are found to be 2.44, 3.88, and 5.21 ns for
Pe on bulk Si wafer, NW1Pel, and NW2Pel, respectively.
Thus, as compared to the bulk CH;NH;Pbl; film, average
recombination lifetimes of Pe NP on Si NWs are higher. This
type of prolonged PL lifetime has been observed for
CH;NH,;PbBr; nanoplatelet, which indicates an extraordinary
low nonradiative recombination rate in the perovskite nano-
platelet than the bulk counterpart."" It is also observed in mixed

halide perovskites.”” In the present case, the recombination
lifetime is higher for Pe NPs, which is due to large radiative
recombination than the bulk CH;NH;Pbl; film. Thus, the large
radiative recombination is the main cause of large PL
enhancement in the Si NW/perovskite NPs heterostructure
as discussed earlier. Zheng et al. showed that in bulk
CH;NH;PbBr; crystal the PL is quenched due to charge
trapping.'® In the present case NW1Pel have faster decay than
the sample NW2Pel, which is due to the quantum size effect.
Literature reports suggest that in the case of quantum
confinement effect smaller NPs have faster TRPL decay than
that of larger NPs.>”°® This is consistent with our
interpretation of quantum size effect in Pe NPs.

To study the emission wavelength dependence of PL decay
profile, we have measured the decay profiles of NW1Pel in the
emission wavelength range of 640—780 nm at an interval of 20
nm, and the results are shown in Figure 8b. In each case, the
data points are fitted with a biexponential decay, and the fitted
curves are shown by the solid lines. Figure 8c shows the TRPL
decay profile of bare NWI1 fitted by a triexponential decay
function, and an average recombination lifetime of ~14.87 us is
obtained. The inset in Figure 8c is the TRPL decay profile of
NW?2 fitted with a biexponential function with decay lifetime
~0.71 ns. From TRPL analysis (Figure 8b), it is clear that the
broad PL peak of NWI1Pel originates mostly due to different
sizes Pe NPs. The decay time constant decreases with
increasing the energy of emission. On the basis of the quantum
confinement effect, the higher energy PL arises mainly from a
group of smaller size NPs, and smaller size NPs have shorter
lifetime, as reported in the literature.>”®® Note that bare NW1
has a very large decay lifetime (~1S us), which will have
negligible contribution to the TRPL decay (in nanoseconds) of
NW1Pel. From the TEM analysis, we observed that the size of
the Pe NPs is smaller for lower concentration of perovskite
precursor. The TRPL decay profiles of NWI1 after the
deposition of different concentration of perovskites are shown
in Figure 8d. As expected, at lower concentration of the
precursor, the decay becomes faster and average recombination
lifetime is reduced, which again supports the quantum size
effect of the Pe NPs.

This study is significant for the utilization of Pe NPs for the
fabrication of PeLEDs, with high PL yield and to overcome the
reduced fluorescence efficiency of the clustered Pe NPs. This
study demonstrates the fabrication of highly efficient Pe NPs
decorated on a versatile platform such as Si NW, which is useful
for the LED and light-emitting applications. Note that we
prepared the highly photoluminescent Pe NPs on a Si NW
template under the ambient condition, without the use of
controlled atmosphere usually adopted for such materials and
achieved a PL QY of ~10% for the Pe NPs, which is
considerably high and comparable to the QY reported for
MAPDI; film grown by sophisticated low pressure vapor-
assisted solution process method.””*> We believe that the PL
QY of our samples can be substantially improved by adopting
the fabrication process in a controlled atmosphere and further
optimization of the process parameters. The present report may
stimulate a thorough investigation on the NW/thin film
mesoporous templated growth of Pe NPs and its applications
in light-emitting devices, solar cells, etc.

4. CONCLUSIONS

We have investigated the controlled fabrication of
CH;NH,;PbI; NPs on mesoporous Si NW template for the
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first time and reported its high PL quantum yield, which is
significant for light-emitting application. Highly crystalline Pe
NPs with controlled sizes were synthesized by spin-coating of
perovskite precursor on the surface of MACE grown
mesoporous Si NWs followed by annealing at 80 °C in
ambient condition. Our results demonstrate that the porous
sites of the Si NWs act as the nucleation sites for the growth of
the Pe NPs. We have tuned the size and PL properties of the Pe
NPs by controlling the porosity of the mesoporous Si NWs and
perovskite precursor concentrations. The systematic studies by
FESEM, TEM, XRD, and EDX confirm that the crystalline Pe
NPs are uniformly decorated over the surface of the
mesoporous Si NWs. Under ambient condition, the Pe NPs
on Si NWs are ~12 times more PL efficient than the perovskite
thin film on Si substrate. It is demonstrated that the ultrasmall
size and the quantum confinement effect in the Pe NPs are
primarily responsible for the enhanced PL intensity and the
blue-shift of PL peak. The reabsorption of photon by Pe NPs
from the highly luminescent mesoporous Si NWs followed by
the re-emission by the Pe NPs (photon recycling) partly
contribute to the PL intensity enhancement of Pe NPs. We
achieved a PL QY of 9.82% for the Pe NPs grown on Si NW
template under the normal ambient conditions. The systematic
studies on Pe NPs by time-resolved PL analysis strongly
support our explanation on the origin of PL enhancement in Pe
NPs. This study demonstrate the fabrication of Si NWs/
perovskite NPs heterostructure, and it unravels the mechanism
behind the superior photophysical properties of the Pe NPs
decorated on mesoporous Si NWs, which are fabricated by an
easy, cost-effective, and novel template based technique. Our
results open up the possibility of using perovskite NPs/
mesoporous Si NW heterostructure for various kinds of cutting
edge applications including LEDs, laser, photovoltaic cells, etc.
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