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A B S T R A C T   

In this study, a facile growth of hybrid perovskite nanoparticles (NPs) has been demonstrated on mesoporous, 
high-aspect ratio, morphology-controlled Si nanorod (NR) arrays. A generic method of directly confining 
perovskite nanocrystallites (average size <7 nm) on a mesoporous substrate without the use of colloidal stabi-
lization was introduced. The perovskite NPs coated on dimension-and position-controlled Si NR arrays were 
systematically investigated by their various photophysical properties such as optical reflectance, cath-
odoluminescence (CL), and photoluminescence (PL) behaviors at both room temperature and low temperature. 
The dimension and position of the Si NR arrays were controlled by e-beam lithography followed by selective 
metal-assisted chemical etching (MACE). Organic-inorganic perovskite NPs were synthesized on the surface of Si 
NR array by spin coating of perovskite precursor solution and followed by annealing. The porous and rough sites 
on the surface of the NR arrays acted as nucleation centers for the formation of perovskite NPs. Due to the 
excitonic recombination of CH3NH3PbBr3, the NPs confined on the various NR templates exhibited strong PL 
emission in the 505–510 nm region. Furthermore, due to greater radiative recombination and lesser carrier 
trapping in the NPs, the PL and CL emission intensities of the perovskite NPs localized on the surface of the NR 
array were dramatically increased (PL enhancement factor ~ 7.7, when NR aspect ratio ~ 17.2) as compared to 
the bulk perovskite microcrystals. The low-temperature PL study revealed higher exciton binding energy of the 
NPs as compared to the bulk microcrystalline film. A systematic investigation revealed that the optical ab-
sorption, as well as the emission color of the perovskite NPs, can be tuned by the aspect ratio of the Si NR arrays. 
The results of our studies indicate the application of bandgap engineering of perovskite nanocrystals through 
confinement in a mesoporous, well-organized, regularly-ordered template as a powerful tool for tuning the 
emission wavelength in next-generation photonic sources. Furthermore, the important findings on the periodic 
array of photoactive nanoscale materials introduced in this manuscript may open up huge opportunities in 
numerous cutting-edge applications such as light emitting diode arrays, photodetector arrays, individually 
addressable devices, display devices with controlled pixel size and pixel density, etc.   

1. Introduction 

Organic-inorganic halide perovskite nanomaterials, especially 
quantum-size perovskite nanoparticles (NPs), have attracted re-
searchers’ attention worldwide for over a decade because it is consid-
ered to be a game changer in optoelectronics [1–8]. Enormous 
advancement has been made in halide perovskite for understanding the 

fundamental photophysical and photochemical properties in nanoscale 
dimension to overcome the challenges in photovoltaics, light emitting 
diodes (LEDs), energy storage, photodetection, photocatalysis, and 
display applications [1–10]. Interestingly, tunable optical properties of 
halide perovskite NPs turned out to be a new class of nanomaterial for 
LED and display applications as its color can be tuned across the entire 
visible light spectrum by just tuning NP size, shape, and halide 
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composition [11–15]. The development of perovskite NP synthesizing 
techniques that enable better control over shape and size was spurred on 
by this, which sparked an upsurge in research in this field. Out of 
different synthesizing methods, the template-assisted method has 
emerged as a powerful technique for the synthesis of encapsulation-free 
perovskite NPs with controlled dimensions and shape. 

Mostly mesoporous matrixes, such as mesoporous silica, alumina 
(Al2O3), porous titanium dioxide (TiO2), zeolite-Y composite, and met-
al− organic frame-works, Si nanowires (NWs), etc. have been used as an 
efficient template to synthesize dimension-controlled perovskite NPs 
[16–31]. Porous Si is a well-known versatile template and an active host 
material over the years for hosting a variety of nanocrystals including 
metallic nanoparticles, semiconductors as well as organic polymers 
[32–35]. Instead of porous Si film, high-aspect-ratio mesoporous Si 
nanostructure based-templates have been found more advantageous 
over the other templates in terms of optoelectronic device applications. 
Due to their superior physical and chemical qualities, eco-friendliness, 
and high device compatibility, 1D Si nanorods (NRs)/NWs, at present, 
are the most commonly utilized material in nanotechnology applications 
[32,36,37]. In integration with the guest nanomaterial, the host meso-
porous Si nanostructures trigger new functionalities superior for syner-
gistic application. The ability to manipulate the locations and 
morphologies of active nanostructures is a well-known necessity for 
using nanostructures as foundational components for developing 
various kinds of photonic and optoelectronic nanodevices. Here are a 
few of the main benefits of uniform array of nanostructures. (a) A better 
knowledge of the material characteristics and improved device perfor-
mance are provided by regular arrays of uniform-sized nanomaterials 
[38]. (b) In the case of a display device or image sensor, a controlled 
pixel array can be built depending on the size and spacing of the 
nanostructure arrays [39]. (c) The manufacturing of complicated de-
vices and their close-packed integration for practical applications 
benefit geometrically from site-specific & aligned 1D nanostructures 
[39]. For instance, the vertically well-aligned 1D nanostructures allow 
for the local metalization of the nanostructures’ selected regions along 
their own axis. As a result, vertical 1D nanostructure-based hetero-
junction arrays are suitable to build vertical 3-terminal devices [40,41]. 
(d) The parasitic effect and non-unity ideal factor brought on by the 
formation of undesired cross-connections between closely packed de-
vices can be significantly reduced by the well-organized 1D nano-
structure arrays [42]. These motivate to introduce dimension-as well as 
position-controlled mesoporous Si NR arrays as an efficient and active 
template for the growth of perovskite NPs and investigate the photo-
physical properties of the heterostructures for their potential nano-
technology applications. 

In this study, we have investigated the synthesis of CH3NH3PbBr3 
NPs on a mesoporous, high-aspect ratio, morphology-controlled Si NRs 
arrays and investigated its photophysical properties by means of optical 
reflectance, cathodoluminescence (CL), and photoluminescence (PL) 
behaviors at both room temperature and low temperature. The dimen-
sion and position of the Si NRs are controlled by e-beam lithography 
followed by selective metal-assisted chemical etching (MACE) [36,43]. 
Perovskite NPs were grown on the surface of Si NR array by spin coating 
of perovskite precursor solution and followed by annealing. The porous 
sites on the surface of the NRs array act as nucleation centers of 
perovskite NPs. The PL and CL emission intensities of the perovskite NPs 
confined on the surface of the NR array were significantly enhanced as 
compared to the bulk perovskite microcrystals due to high radiative 
recombination and lower carrier trapping. The low-temperature PL 
study reveals higher exciton binding energy of the NPs as compared to 
the bulk film. A systematic investigation revealed that the optical ab-
sorption, as well as the emission color of the perovskite NPs, can be 
tuned by the aspect ratio of the Si NR arrays. The important findings in 
this manuscript may open up huge opportunities for the perovskite 
NP-embedded Si NR arrays to be utilized in different cutting-edge 
applications. 

2. Experimental details 

2.1. Materials 

Methylammonium bromide (CH3NH3Br, Sigma Aldrich), methyl-
ammonium iodide (CH3NH3I, Sigma Aldrich), lead(II) bromide (PbBr2, 
Sigma Aldrich), lead(II) iodide (PbI2, Sigma Aldrich), N,N-dimethyl 
formamide (DMF, >99%, Sigma Aldrich), H2O2 (50%, Sigma Aldrich), 
HF (48%, Sigma Aldrich), etc. were purchased. 

2.2. Fabrication of dimension and position-controlled Si NR arrays 

The mesoporous Si NR arrays were fabricated by the well-known 
metal-assisted chemical etching (MACE) method using Si wafer at 
25 ◦C [30,43,44]. Si (100) wafers with resistivity 0.001 Ω-cm and 
thickness 500 μm were first cleaned by the typical Radio Corporation of 
America (RCA) cleaning process [44]. Next, a uniform pattern of nega-
tive e-beam resist MaN-2405 was created by e-beam lithography fol-
lowed by a deposition of a thin Au layer (15 nm) by evaporation process. 
A uniform hole array pattern of Au was made by immersing the wafers in 
acetone. The Au-patterned Si wafers were then dipped into a solution 
containing HF and H2O2 with different concentrations. Dimension and 
position-controlled Si NR arrays were formed with different lengths 
depending upon the etching duration. 5, 10, 15, 20, and 30 min etched 
samples are 8:1 (M) HF:H2O2 were termed as NR1, NR2, NR3, NR4 and 
NR5, respectively. Finally, the residual Au particles in the samples were 
cleaned with KI:I2 solution. The Si NR samples were ringed with DI 
water several times and dried in N2 gas flow. 

2.3. Synthesis of CH3NH3PbBr3 NPs 

0.5 M CH3NH3PbBr3 precursor solution was prepared in N,N- 
dimethyl formamide (DMF) by mixing 0.5 M CH3NH3Br and 0.5 M 
PbBr2. The prepared solutions were deposited on the Si NR and Si wafer 
templates by spin coating method at 2000 rpm for 40 s. After the spin 
coating, the samples were baked on a hot plate at 85 ◦C for 15 min, 
which results in the formation of crystalline CH3NH3PbBr3 on the Si 
surface. The sample details and the respective sample codes are sum-
marized in Table 1. 

2.4. Characterization techniques 

A field emission scanning electron microscope (FESEM, TESCAN) 
equipped with an energy dispersive x-ray (EDX) spectrometer was used 
to characterize the morphology and elemental compositions of different 
samples. The decorations of perovskite NPs on the NR surface and the 
crystal lattice fringes were studied by a field-emission transmission 
electron microscope (FETEM) with 200 kV acceleration voltage 
(analytical TEM, JEM-2100F, JEOL Ltd. equipped with energy- 
dispersive x-ray spectroscopy (EDS)). To investigate the structural 
characterization and the elemental analyses by FETEM, bare Si NRs and 
perovskite NP-coated NRs were scratched and dispersed in isopropanol, 
then drop-casted on the lacey carbon-coated Cu TEM grid. X-ray 

Table 1 
Sample description for CH3NH3PbBr3.  

Sample 
Code 

Si NR 
Etching 
Condition 

Si NR 
Etching 
Time 

Perovskite Coating 

Precursor Precursor 
Ratio 

Growth 
Condition 

BulkPe   0.5 M 
CH3NH3Br 
in 1 ml DMF 
& 
0.5 M PBBr2 

in 1 ml DMF 

1:1 0.5 M 
CH3NH3PbBr3, 
2000 rpm, 40 
s, 
85 ◦C, 15 min 

NR1Pe HF:H2O2 

= 8:1 (M), 
25 ◦C 

5 min 
NR2Pe 10 min 
NR3Pe 15 min 
NR4Pe 20 min 
NR5Pe 30 min  
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diffractometer (XRD) (Rigaku RINT 2500 TRAX− III, Cu Kα radiation) 
was used for the determination of the phase and structure of 
CH3NH3PbBr3 NPs. UV–vis diffuse reflectance spectra (DRS) were 
recorded using a commercial spectrophotometer equipped with an 
integrating sphere (PerkinElmer, Lamda 950). Room temperature 
cathodoluminescence spectra were recorded using Gatan Mono CL4 
attached to the FESEM. A commercial fluorimeter (Horiba Jobin Yvon, 
Fluoromax-4) was used to record the room temperature steady-state PL 
spectra of different samples using a 405 nm diode laser (CNI Laser) 
excitation along with a band pass filter. Low-temperature PL measure-
ments were performed by using He-cryostat equipped with CCD detec-
tor. Time-resolved PL (TRPL) measurements of the samples were carried 
out using a 405 nm pulsed laser excitation, with an instrument time 
response of <50 ps (LifeSpecII, Edinburgh Instruments). All the fabri-
cation and characterization were performed in an open-air atmosphere 
without any humidity control. 

3. Results and discussion 

3.1. Morphology and structure 

Prior to the perovskite coating, dimension and position-controlled Si 
NR arrays were prepared by an Au-assisted chemical etching process. 15 
nm thick hole array pattern was created by e-beam lithography. Fig. 1(a) 
shows the FESEM image of the 500 nm hole array pattern of Au on Si 
wafer. Fig. 1(b) shows the FESEM image of the corresponding etched 
sample indicating the top-view of Si NR arrays having a diameter of 500 
nm. Fig. 1(c–g) depicts the 30◦ tilt-view FESEM images of the Si NR 
arrays in samples NR1, NR2, NR3, NR4, and NR5, respectively, while 
Fig. 1(h) shows the length of the Si NRs as a function of etching duration. 
Note that the MACE-grown Si NRs are vertically aligned and merged 
together towards the top side for a prolonged together, which also de-
pends on the NR spacing. The FESEM images of CH3NH3PbBr3-coated Si 
wafer (BulkPe) and Si NR (NR2Pe) are shown in Fig. 2(a) and (b), 
respectively. It is clear that the cubic CH3NH3PbBr3 microcrystals are 
formed in the case of BulkPe, while CH3NH3PbBr3 NPs are not visible in 
sample NR2Pe due to its ultra-small size. The formation of the 
CH3NH3PbBr3 NPs on the surface of the Si NRs is confirmed by the EDS 
analysis, as shown in Fig. 2(c). An elemental mapping of NR2Pe is shown 

in Fig. S1 (Supporting Information) for further support. 
To confirm the phase and crystalline quality of CH3NH3PbBr3 on Si 

NR and Si wafer, X-ray diffraction (XRD) study was performed. The 
sharp diffraction peaks in Fig. 2(d) confirm the highly crystalline nature 
of perovskite NPs and film. The XRD peaks at 14.97◦, 21.27◦, 30.21◦, 
33.93◦, 37.11◦, 44.58◦, and 45.9◦ of the samples correspond to (100), 
(110), (200), (210), (211), (220) and (300) planes of CH3NH3PbBr3, 
respectively while the peak at 69.09◦ is associated to the (400) planes of 
Si. 

Fig. 3(a) shows the bright-field (BF) low-magnification TEM image of 
a single mesoporous Si NR decorated with CH3NH3PbBr3 NPs (sample 
NR2Pe). The high-resolution TEM image (Fig. 3(b)) further indicates the 
magnified view of the surface morphology of the mesoporous Si NR 
decorated with CH3NH3PbBr3 NPs. Note that the Si NR surface is highly 
porous and rough in nature [36,37,44–46]. The size of the porous sites 
as well as the formed nano-islands in between them, typically ranged 
from 2 to 10 nm [36]. These porous sites act as nucleation sites for the 
formation of the perovskite NPs. Interestingly, the shape and size of the 
perovskite NPs are restricted to the dimension of the porous sites, which 
could be estimated from the mesoporous dimension of the Si NR. 
Interestingly the size of the NPs is comparable to the excitonic Bohr 
diameter of CH3NH3PbBr3 [47,48]. Thus, quantum size perovskite NPs 
are formed on the surface of Si NR, which results in strong room tem-
perature CL and PL emission [30,31]. Note that the formation mecha-
nism of perovskite NPs in mesoporous substrate is already reported in 
earlier reports [30,31]. In this method perovskite nanocrystallites 
(average size <7 nm) are directly confined on a mesoporous substrate 
which is organized in the frorm of a regular array. The HRTEM lattice 
fringe image in Fig. 3(b) confirms the high crystalline quality of the 
CH3NH3PbBr3 structure [11]. High-angle annular dark-field (HAADF) 
scanning transmission electron microscopy (STEM) images of a meso-
porous Si NR decorated with CH3NH3PbBr3 NPs in sample NR2Pe are 
shown in Figs. S2(a–c) (Supporting Information) along with the inverse 
fast Fourier transform (IFFT) images of Fig. 3(b) at two different posi-
tions in Figs. S2(d–e) (Supporting Information). The bright diffraction 
spot in the SAED pattern (Fig. 3(c)) corresponds to the (200) plane of 
cubic CH3NH3PbBr3 structure [11,31]. The elemental distribution of the 
perovskite NPs decorated NR in sample NR2Pe was further character-
ized by elemental mappings in a STEM mode. Fig. 3(d–h) shows the 

Fig. 1. (a) The SEM image of the patterned Au film on Si wafer. (b) Top view SEM image of the Si NR arrays etched for 10 min (NR2). (c–g) 30◦ tilt-view SEM images 
of the Si NR arrays in sample NR1, NR2, NR3, NR4 and NR5, respectively. (h) The length of the Si NRs as a function of etching duration. 
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elemental color mapping of CH3NH3PbBr3 NP-coated Si NR corresponds 
to Si, Pb, Br, C, and N elements, respectively, while Fig. 3(i) shows the 
corresponding STEM-HAADF image. Fig. 3(j) shows the corresponding 
EDS spectrum with an atomic percentage in a tabulated form. However, 
a regularly-ordered and organized array of photoactive nanoscale ma-
terials are introduced which is composed of perovskite NPs and meso-
porous Si NRs. 

3.2. Diffuse reflectance spectroscopy 

We have observed a significant change in reflectance acquired from 
CH3NH3PbBr3 NPs on Si NRs for different samples. In order to investi-
gate the nature of the absorption band-edge of the perovskite NPs and 
bulk counterpart, the Kubelka− Munk (KM) function is calculated by 
using the relation, 

KM(R)=
(1 − R)2

2R
=

K
S

(1)  

where R is the diffuse reflectance of the samples, K and S are the ab-
sorption and scattering coefficients, respectively. Fig. 4 shows the 
comparison of the KM function of BulkPe and different perovskite NPs 
coated on NRs in a stacked way. Similar measurements are also done for 
the CH3NH3PbI3 decorated Si NRs and the corresponding KM function 
data are shown in Fig. S3(a) (Supporting Information), respectively. 
Interestingly, the absorbance edge is systematically blue-shifted for the 

perovskite NPs confined on the surface of the NR array as compared to 
the perovskite film, which may be due to the quantum confinement ef-
fect and increase in bandgap on the perovskite NPs [19,49]. The shift in 
absorption edge acquired from CH3NH3PbBr3 and CH3NH3PbI3 are 
compared in Fig. S3(b) (Supporting Information). Note that the blue 
shift of the absorption edge increases with increasing the etching 
duration of Si NRs. It is mentioned that the perovskite NPs are formed on 
the mesoporous sites on the Si NRs. The prolonged etching results in an 
increase in the density of porous sites as well as a reduction in pore size 
because of the splitting of Si nano-islands. As a result, the average sizes 
of perovskite NPs are decreased while their density is increased for Si NR 
substrate etched for a longer time. As an outcome, the adjustable ab-
sorption from the perovskite NPs suggests the utilization of bandgap 
engineering of perovskite NPs without altering the halide atoms by 
confinement in a mesoporous, well-organized, regularly-ordered tem-
plate, which is much more advantageous for photovoltaic application. 

3.3. Photoluminescence and cathodoluminescence 

PL measurement was performed to evaluate the light emission 
properties of perovskite NPs confined on the surface of the Si NR array. 
Fig. 5(a) presents the comparison of PL spectra of CH3NH3PbBr3 NPs 
confined on the different NR templates. The inset of Fig. 5(a) shows the 
PL spectra of bulk perovskite film on a Si substrate. All the CH3NH3PbBr3 
NPs confined on the different NR templates show strong PL emission in 
the range of 505–510 nm due to the excitonic recombination of 

Fig. 2. (a,b) The SEM image of the sample BulkPe and NR2Pe, respectively. (c) The EDS spectrum for the sample NR2Pe. (d) The comparison of the XRD spectra 
collected from different samples. The spectra are vertically shifted for enabling the comparison. 
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CH3NH3PbBr3 perovskite. The PL peak intensities of the NPs samples 
were significantly enhanced as compared to that of bulk perovskite, 
which is attributed to the quantum confinement and high radiative 
recombination in NPs. The high surface area of NPs confined on the NR 
arrays may also contribute to the PL enhancement in the NPs samples. 
PL peak intensities as well as the integrated peak intensities were 
enhanced by increasing the NR length as shown in Fig. S4 (Supporting 
Information). However, the peak enhancement factors for the Per NPs on 
5, 10, 15, 20, and 30 min etched Si NRs were found to be 4.8, 5.0, 6.0, 
7.7, and 8.7, respectively. The enhancement in the PL intensity with the 
increase in NR lengths was primarily attributed to the higher volume of 
NPs exposed to the incident laser excitation. Furthermore, earlier re-
ports suggest that the porosity of Si NRs increases with the increase of 
NR etching duration because of the lateral etching [36,37,44,50,51]. 
Hence, during the formation of perovskite NPs the corresponding NP 
density was increased with the length of Si NRs and this played a crucial 
role for the enhancement of PL peak intensity. It can be noted that the 
increasing trend of perovskite PL intensity with Si NR etching duration 
was slower than that of for the Si NR length (Fig. 5(b)). Thus, the PL peak 
intensity is expected not to maintain a monotonic increasing trend. This 
is because of the unaltered NP density after a certain period of Si NR 
etching duration. Existing literature suggests that the impurities, dop-
ants, etc. present in the Si wafer that is etched to create Si NRs are 
responsible for the lateral etching of Si NRs [36,37,44,46,50]. Since the 
impurities, dopants, etc. are limited, the lateral etching is usually 
stopped after a certain time and porosity is unaltered even further 
etching of Si NRs vertically. On the other hand, the top ends of the 

ultra-long Si NRs try to bend and merge together (Fig. 1(e–g)), which 
can also reduce the effective surface area and hence the PL peak in-
tensity. The variation of the PL peak intensity and PL peak shift (Δω) of 
the NPs confined on the different NR array templates versus NR etching 
time is shown in Fig. 5(b). The right Y axis of Fig. 5(b) shows the 
comparison of the length of the NRs calculated from the SEM images 
with MACE etching time. The PL peak positions of the NPs were 
blue-shifted as compared to that of the bulk film due to an increase in 
band gap and quantum confinement effect. Note that we observed a bule 
shift of K-M function edge in the NPs sample. Fig. 5(c) shows the com-
parison of PL peak positions and the center of the absorption edge of the 
CH3NH3PbBr3 NPs samples with NR etching time. Interestingly the blue 
shift was increased in the NR sample with a higher etching time. With 
the increase in MACE times, high-density smaller size pores grow on the 
surface of the NR array which may result in smaller size perovskite NPs. 
Though the PL shifts for both the two different groups of CH3NH3PbI3 
and CH3NH3PbBr3 samples showed a similar trend (Fig. S6(a) ((sup-
porting information))), the bromine-based samples exhibited a slightly 
higher blue shift as compared to the iodine-based samples with the in-
crease in NR lengths. This may be attributed to the different shapes and 
sizes of the NPs of bromine and iodine-based samples. The different 
reduced mass of exciton in the two different perovskites may also result 
in the different peak shifts. In case of PL intensity enhancement, the 
iodine-based samples exhibited a higher enhancement factor for a fixed 
Si NR length as compared to same for the bromine-based samples 
(Fig. S6(a) ((supporting information))). This is possibly because of the 
reabsorption process in case of the CH3NH3PbI3 samples [30,52]. Note 

Fig. 3. (a) Bright-field (BF) low magnification TEM image of a single mesoporous Si NR decorated with CH3NH3PbBr3 NPs (Sample NR2Pe). (b) HRTEM lattice fringe 
image of quantum size CH3NH3PbBr3 NPs. (c) SAED pattern on the surface of CH3NH3PbBr3 NP-coated Si NR. Elemental color mapping of CH3NH3PbBr3 NP-coated Si 
NR: (d) Si, (e) Pb, (f) Br, (g) C, and (h) N elements and (i) the corresponding STEM-HAADF with composite elemental color mapping of CH3NH3PbBr3 NP-coated Si 
NR (all the scale bars correspond to ~200 nm); (j) corresponding EDS spectrum with atomic % in a tabulated form. 
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that Si NRs showed a broad PL covering almost the entire visible range 
with a peak position at 690–715 nm (Fig. S7((supporting information)). 
The CH3NH3PbI3 NP samples exhibited absorbances those had a strong 
overlap with the Si NR PL, which was almost negligible/absent for the 
bromine-based perovskite NPs. Thus, the iodine-based perovskite NPs 
can reabsorb the emitted photons by the Si NRs, and this photon 

recycling may result in high-intensity PL from the CH3NH3PbI3 NP 
samples. 

PL measurement was also performed on CH3NH3PbI3 NPs confined 
on the surface of the Si NR array, as shown in Figs. S5(a–b) (Supporting 
Information). In a similar fashion, the PL peak intensities of the NPs 
samples were significantly enhanced and corresponding peak positions 
were blue-shifted as compared to that of bulk perovskite (as shown in 
Fig. S5(c) (Supporting Information)). A comparison of PL peak shift and 
PL peak enhancement factor for CH3NH3PbBr3 and CH3NH3PbI3 NPs 
with the increase in length of the NR array are compared in Figs. S6(a–b) 
(Supporting Information). The CH3NH3PbBr3 NP samples showed larger 
peak shifts as compared to CH3NH3PbI3 NP samples, whereas the 
enhancement factor was dramatically increased for CH3NH3PbI3 NPs 
with the Si NR length. However, earlier research suggest the stability of 
PL is significantly increased by confining perovskite nanocrystals in 
mesoporous templates [20,31]. In this class of materials, the colour 
tunability or bandgap engineering is typically accomplished through 
modifying the chemical composition, nanostructuring, and quantum 
confinement [53]. Thus, the strong, tunable and stable PL emission from 
the perovskite NPs in the present studies indicate the application of 
bandgap engineering of perovskite NPs through nanostructuring and 
confinement in a mesoporous, well-organized, regularly-ordered tem-
plate, which can be utilized as a effective method for the manufacturing 
of next-generation photonic sources. 

We further study the cathodoluminescence behavior of the samples. 
Fig. 5(d) depicts the comparison of CL spectra of samples BulkPe, NR2Pe 
and NR4Pe under the excitation of the electron beam accelerated with 
15 kV. Perovskite NPs confined in Si NR template exhibit stronger CL 
emission as compared to the bulk counterpart due to higher radiative 
recombination and low carrier trapping in the perovskite NPs. The CL 
peak also blue-shifted for the NPs samples grown on NR template, which 
is consistent with the PL study. The strong and tunable light emission 
from the perovskite NPs confined on dimension- and position-controlled 
Si NRs opens up the future application of the material system for various 
photonic and optoelectronic devices which include addressable LED 
arrays, photodetector arrays, display devices with controlled pixel size 
and pixel density, etc. 

3.4. Low-temperature photoluminescence 

We further studied the temperature-dependent PL of CH3NH3PbBr3 
NPs confined on the Si NR template to investigate the origin of high PL 
emission of the NPs. Fig. 6(a) and (b) depict the PL spectra of sample 
BulkPe and NR2Pe, respectively, in the temperature range 11 K–300 K. 
With the increase in temperature, the PL peak intensities of the samples 
were decreased due to the high radiative recombination at low- 
temperature. The PL peak of the samples was red-shifted with the 
decrease in temperatures, which is attributed to the lattice thermal 
expansion with a positive temperature coefficient (as shown in Fig. 6 
(c)). The PL spectra of the samples contain multiple peaks at low tem-
perature regime, which may be due to the coexistence of multiple phases 
of perovskites and emission from free and bound excitons [54–56]. For 
example, CH3NH3PbBr3 perovskite exhibits three different phases, 
orthorhombic (<145 K), tetragonal (145− 237 K), and cubic (>237 K), 
which emits at different wavelengths [55]. Shinde et al. claimed at low 
temperatures, the higher-energy component is associated with the free 
excitonic recombination, while the low-energy peak originates from the 
bound excitonic recombination [54].To estimate the exciton binding 
energy (EB) of CH3NH3PbBr3 NPs embedded in NR template and bulk 
perovskite film, we have fitted the integrated PL peak intensity versus 
the inverse of temperature (1/T) (Fig. 6(d) and (e)) using an 
Arrhenius-like equation as followed by: 

I(T)=
I0

1 + A exp(− Eb/kBT)
(2)  

Fig. 4. Comparison of the Kubelka− Munk (K–M) function calculated from the 
reflectance data acquired from the sample BulkPe, NR1Pe, NR2Pe, NR3Pe, 
NR4Pe and NR5Pe, respectively. 
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where I0 is the integrated PL peak intensity at very low temperature, and 
kB is the Boltzmann constant. The exciton binding energy was obtained 
to be 55.5 meV for sample NR2Pe while for bulk perovskite film, it was 
calculated to be 37.5 meV. Thus the EB was significantly increased for 
the NPs sample as compared to the bulk film due to the quantum 
confinement effect. When nanostructure sizes become smaller/compa-
rable to the bulk exciton Bohr radius, excitonic effects are significantly 
enhanced with a strong quantum confinement effect [57]. The 
electron-hole Coulombic interactions that give rise to these excitonic 
effects significantly strengthen the oscillation between the electron and 
the hole in the quantum size NPs [58]. Thus the quantum confinement 
results in larger exciton binding energies and normalized exciton oscil-
lator strengths in the NPs confined on the NR array template as 
compared to the bulk perovskite film [59].Thus, the high exciton 
binding energy of CH3NH3PbBr3 NPs embedded in NR surface is 
consistent with the high PL emission intensity at room temperature. 

3.5. Time-resolved photoluminescence 

In order to investigate photo carrier recombination kinetics of the 
CH3NH3PbBr3 NPs and the bulk perovskite film, time-resolved photo-
luminescence (TRPL) measurements were performed. Fig. 7 presents a 
comparison of the TRPL decay time profiles of different NPs samples and 
bulk film. The TRPL decay profiles were fitted using a tri-exponential 
function given by: 

A(t)=A1 exp
(
− t
τ1

)

+A2 exp
(
− t
τ2

)

+ A3 exp
(
− t
τ3

)

(3)  

where A1, A2, and A3 are the amplitudes with decay times of τ1, τ2, and 
τ3, respectively. The average decay constant (τave) was calculated by 
using the equation. 

τave =

∑i=3

i=1
Aiτ2

i

∑i=3

i=1
Aiτi

(4) 

Different decay time constants and their weightage are tabulated in 
Table S2 (Supporting Information). The average decay constants were 
obtained to be 4.9, 4.7,4.8, 5.0, 6.2 and 6.7 ns for samples BulkPe, 
NR1Pe, NR2Pe, NR3Pe, NR4Pe and NR5Pe, respectively. Thus the decay 
time constants were increased in the NPs as compared to the bulk 
counterpart which may be attributed to the high radiative recombina-
tion of carriers in the NPs confined on the NR templates. Thus the high 
radiative carrier recombination results in high PL and CL yield of the 
NPs samples. The tri-exponential decay times are attributed to band- 
edge excitonic recombination, shallow trap-mediated radiative recom-
bination, and the trap states arising from the surface defects in the 
perovskite NPs confined on the porous NR array template [60,61]. 
Fig. S8 (Supporting Information) depicts the TRPL decay profiles of 
CH3NH3PbI3 NPs confined on different NR templates and bulk film while 
corresponding decay time constants and amplitudes are added in 
Table S2 (Supporting Information). Interestingly a similar increase in 
average decay times was observed for CH3NH3PbI3 NPs samples. 

Fig. 5. (a) Comparison of the RT PL spectra acquired from the sample NR1Pe, NR2Pe, NR3Pe, NR4Pe and NR5Pe respectively. Inset shows the corresponding 
spectrum for BulkPe. (b) The variation of PL peak shift (Δω) and PL peak intensity as a function of Si NR etching time. The length of the Si NR arrays is also estimated. 
(c) Comparison of the PL peak shift (Δω) and shift is absorption edge of the different perovskite QD samples. (d) Comparison of the RT CL spectra acquired from the 
sample NR2Pe, NR4Pe and BulkPe, respectively. 
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4. Conclusions 

We studied a facile templated growth of hybrid perovskite NPs on a 
mesoporous, morphology-controlled Si NRs arrays and investigated its 
photophysical properties by means of optical reflectance, CL, and PL 
behaviors at room temperature as well as low temperature. The 
dimension and position of the Si NRs are controlled by e-beam lithog-
raphy followed by selective MACE process. Organic-inorganic perov-
skite NPs were synthesized on the surface of Si NR array by spin coating 
of perovskite precursor solution and followed by annealing. The porous 
and rough sites on the surface of the NRs array act as nucleation centers 
of perovskite NPs. Due to greater radiative recombination and lesser 
carrier trapping in the NPs, the PL and CL emission intensities of the 
perovskite NPs localized on the surface of the NR array were dramati-
cally increased as compared to the bulk perovskite microcrystals. The 
low-temperature PL investigation showed that the NPs had a greater 
exciton binding energy than the bulk microcrystalline film. A thorough 
analysis indicated that the aspect ratio of the Si NR arrays can be used to 
adjust the optical absorption as well as the emission color of the 
perovskite NPs. Thus, the outcomes of our research point to the use of 
bandgap engineering of perovskite nanocrystals by confinement in a 
mesoporous, well-organized, regularly-ordered template as an effective 
method for adjusting the light emission wavelength in next-generation 
LEDs, display devices and other photonic & optoelectronic devices. 
Moreever, the utilization of the perovskite NPs integrated with the 
controlled arrays of Si NRs in a well-organized manner in many cutting- 
edge applications may be made much easier owing to the important 
findings in this work. 

Fig. 6. Temperature-dependent PL spectra of CH3NH3PbBr3 on sample (a) BulkPe, (b) NR2Pe. The legends are same (a) and (b). (c) Variation of the PL peak as a 
function of temperature. (d–e) Arrhenius plot of sample NR2Pe and BulkPe, respectively. 

Fig. 7. Comparison of the TRPL spectra for the samples NR1Pe, NR2Pe, NR3Pe, 
NR4Pe and NR5Pe, respectively. Inset shows the corresponding spectrum 
for BulkPe. 
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