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ABSTRACT 
 

Within the last several years, solar cells based on a type of material known as metal halide 

perovskites have outpaced all other solar technologies in terms of efficiency, with the record 

currently at > 28%. Because of their unique structure and composition, perovskites display a 

number of interesting properties including excellent light absorption, charge carrier mobility, and 

associated lifetimes. Yet issues exist with regard to long term stability and control of perovskite 

film morphology.  

To address these, in this research project we examine the use of a material known as porous 

silicon as a template for perovskite formation. Porous silicon is a form of elemental 

semiconducting silicon with deliberately formed nanopores in its structures. Porous silicon serves 

two critical roles in the preparation and properties of the perovskite: (1) provide a nanoscale 

reaction vessel that effectively controls the perovskite growth; (2) manipulate charge carrier 

migration to/from the perovskite (a property key to its ultimate use a solar cell or light emitter). 

Our specific research project described here involves constructing new light-emitting diodes 

(LEDs) based on porous silicon and mesoporous silica-perovskite materials and then evaluating 

their stability as well as light emission in response to light absorption or passage of electric current. 

To date, we have successfully prepared films of bromide-containing perovskites loaded inside 

porous silicon and mesoporous silica that emit green light visible to the unaided eye upon 

application of a few volts (3-6 V). It is hoped that the methods investigated in this project will lead 

to new routes to light emitter fabrication. 
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CHAPTER 1 
 

Background Review 

Since their first production in the 1960s, light-emitting diodes (LEDs) have steadily 

increased their significance in our daily lives.1 With their presence in a wide variety of home and 

industrial products such as traffic signals, advertising, LED TV, and medical devices, LEDs are 

one of today’s most rapidly developing lightning technologies, and they have the potential to 

replace every lamp and display due to their more effective use of energy, longer operating lives, 

and versatility.1 The standard definition of a LED is a semiconductor light source that emits light 

when electric current flows through it. In principle, a simple LED structure combines a P-type 

semiconductor (where there is a larger hole concentration) with an N-type semiconductor (where 

there is a larger electron concentration). As sufficient voltage is applied to the structure, electrons 

and holes will move toward each other and recombine at an active layer called the p-n junction in 

a process called radiative recombination and release energy in the form of photons (light) (Figure 

1). 
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Figure 1. A simple LED structure showing the recombination of electrons from the N-type 

semiconductor and holes from the P-type semiconductor at the p-n junction to produce light. 

For the last two decades, solid-state LEDs based on direct-bandgap semiconductors such 

as gallium arsenide (GaAs) and indium gallium arsenide have been used as energy efficient sources 

of lighting.2 However, these devices are usually made using costly high-temperature and high-

vacuum methods, making them unsuitable for large-area displays.2 Recent reports on a type of 

material known as metal halide perovskite for high-efficiency photovoltaics have showed these 

materials to be excellent semiconductors for optoelectronics.1-4 Over the past few years, LEDs 

based on metal halide perovskite materials have outpaced traditional inorganic and organic LED 

technologies in terms of color quality, response time, and maximum brightness.2 By definition, 

perovskites are compounds with formula ABX3 (Fig.2), where A is a monovalent organic such as 

methylammonium (MA), formamidinium (FA), or inorganic cation cesium (Cs), B is a metallic 

cation such as tin (Sn) or lead (Pb), and X is a halide anion including iodide (I), bromine (Br), 

and/or chlorine (Cl).3 
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Figure 2. Single unit cell of an ABX3 perovskite crystal, where A is a monovalent cation, B 

is Sn or Pb, and X is I, Br, or Cl.2 

In these ABX3 crystals, the polar binding between the ions holds the crystal together, and 

the ionic radii of the ions decide if the perovskite will form.3 Perovskite materials are particularly 

promising in optoelectronic applications because they have some outstanding electro-optical 

properties such as excellent light absorption, optical bandgap that is tunable in the visible-infrared 

regions, and high charge carrier mobility.1-3 Furthermore, metal halide perovskites can be solution-

processed easily at low temperature, making them appealing materials for use in low-cost and 

large-area optoelectronic applications.2  

One of the most important properties of the bulk of metal halide perovskites is defect 

tolerance. Intrinsic point defects have always been critical in conventional semiconductors (such 

as Si and GaAs) because they act as electronic traps or electronic dopants and can be extremely 

harmful even at low concentrations.4 Previous studies showed that despite their abundance due to 

low formation energy or high specific surface, defects in perovskite nanocrystals are benign in 

terms of electro-optical properties and they do not shape mid-gap trap states.4 This defect tolerance 

is a key component for highly efficiency light-emitting technologies and photovoltaics and for the 

bright photoluminescence of the lead halide perovskites. It is possible to make sense of the 
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disparity between the effects of defects on the electronic properties of traditional (defect-

intolerant) semiconductors and lead halide perovskites as shown in Figure 3. 

 

 

Figure 3. Defect tolerance in lead halide perovskite nanocrystals.4 The figure shows the 

difference in electronic structures between conventional semiconductors such as CdSe, 

GaAs, InP (defect-intolerant), and lead halide perovskites (defect-tolerant). 

In traditional semiconductors such as CdSe, when a Cd ion is removed or displaced, 

localized nonbonding or weakly bonding Se orbitals result and these orbitals act as trap states deep 

within the band gap.5 Since the band gap is usually formed between the valence band (VB) and 

conduction band (CB), trap state formation is the most common situation. In lead halide 

perovskites, however, the band gap arises from two sets of antibonding states instead of bonding 

and nonbonding states, leading to vacancies states that reside within the VB and CB or at worst, 

shallow defects.4 This is the reason why although similar levels of intrinsic defects can degrade 
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the efficiency of most other light-emitting semiconductor materials, lead halide perovskite films 

with vacancies can be integrated into devices that are reasonably effective.  

Yet, issues exist with regard to long term stability and control of perovskite film 

morphology.3 The first issue is that perovskite materials are moisture sensitive, which means that 

perovskite degrade very easily in the atmosphere.1,3 The second problem is that electrons and hole 

bind weakly to each other within the perovskite.6,7 Specifically, 3D perovskite materials have small 

electron-hole binding energies which lead to a slow radiative recombination rate and as a result, 

increasing the non-radiative recombination pathways.7 In order to address these problems, in this 

research project we examine the use of porous silicon in the preparation of perovskite materials, 

which will be discussed next.  

Porous silicon (pSi) is a form of elemental semiconducting silicon with deliberately formed 

nanopores in it.8 Figure 49 shows the transmission electron microscope (TEM) image of porous 

silicon taken from the literature9 where the pores inside the silicon can be clearly observed. Since 

the 1980s, a wide range of possible applications of porous silicon has been investigated. 

Specifically, porous silicon finds its use in the medical domain, catalysis, energy conversion, 

electronics, and optoelectronics.8 Porous silicon is especially suitable for optoelectronic devices 

because it has many interesting optoelectronic properties such as a voltage-tunable 

photoluminescence, positive net optical gain, and excellent electrical transport.8 In this project, the 

porous silicon serves two critical roles in addressing the previously presented problems of moisture 

sensitivity and weak electron-hole binding regarding perovskite materials by : (1) providing a 

nanoscale reaction vessel that effectively controls the perovskite growth, and (2) controlling charge 

carrier migration to or from the perovskite. The specific project described here involves 

constructing new light-emitting diodes based on perovskite-loaded porous silicon and mesoporous 
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silica (a mesoporous form of silica SiO2) materials and then evaluating their stability/light emission 

in response to light absorption (photoluminescence) or passage of electric current 

(electroluminescence). The porous silicon and mesoporous silica are considered here because they 

manipulate charge carriers differently. The mesoporous silica (pSiO2) in this case is homogeneous 

in terms of composition since it is all silica, all insulating, and has a wide band gap.10 For the 

porous silicon, it is a mixture of semiconducting silicon nanocrystals and nanowires embedded in 

amorphous silicon/silica.8 Although the porous silicon has a significantly higher silicon content 

compared to the mesoporous silica and is a better charge carrier conductor, the mesoporous silica 

has smaller pore size (7 nm) on average compared to the 10 nm pore size of porous silicon. The 

smaller pore size of the mesoporous silica can give rise to a stronger quantum-confined system 

and as a result, increasing the perovskite bandgap. We can expect that light-emitting diodes based 

on these two matrices give different responses as the porous silicon host possesses greater 

elemental Si content and is anticipated to possess a different electrical response, given its smaller 

bandgap.  

 

Figure 4. Transmission electron image of porous silicon layers showing an array of pores 

25-50 nm across taken from literature.9 
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The formation of the silicon/silica-perovskite materials can be accessed through the 

luminescence of the materials, specifically photoluminescence and electroluminescence. 

Photoluminescence (PL) is light emission from any form of matter after the absorption of 

electromagnetic radiation. When light of sufficient energy is incident on a material, the material 

absorbs the photons and creates electronic excitations. Eventually, these excitations relax, and the 

electrons return to the ground state. If the relaxation is radiative, the emitted light is called PL.11 

The light can then be collected and analyze to obtain valuable information about the photo-excited 

material such as the peak emission wavelength and the role of quantum size effects since the PL 

intensity provides a measure of the relative rates of radiative and nonradiative recombination.11 

Electroluminescence, on the other hand, is light emission of material due to the passage of electric 

current. EL represents the direct conversion of electrical energy into light energy by various means 

of excitation of the optical modes of matter, and the radiation is usually in the visible region of the 

electromagnetic spectrum.11 Both PL and EL require very little sample manipulation, and both are 

characterization techniques are simple, versatile, and non-destructive.  

Besides luminescence, the preparation of perovskite-loaded porous silicon/mesoporous 

silica can also be examined using electron microscopy techniques such as scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). SEM is a type of electron 

microscopy that produces images of a sample by scanning the surface with a focused beam of 

electrons. As the electrons interact with atoms in the sample, they produce signals that contain 

information about the morphology and composition of the sample.11,12 Additionally, scanning 

electron microscopes are usually equipped with energy dispersive X-ray (EDX) that can be used 

to analyze the emitted X-ray energies, which is useful in determining the elements present in the 



 

 

8 

surface layer of the sample and where these elements are present.11,12 Transmission electron 

microscopy (TEM) is a technique widely used in various scientific fields as a major analysis 

method. Technically, TEM involves a beam of highly focused beam of electrons bombarded in a 

vacuum on a very thin solid specimen and interacts as it passes through.11,12 Thus, TEM enables 

one to examine detail as small as a single layer of atom, and analysis of transmitted electrons gives 

information about both atomic structure and defects present in the material.  

With the goal of fabricating new light-emitting diodes based on perovskite loaded inside 

porous silicon/mesoporous silica materials and the tools for assessing the characteristics of the 

constructed device such as SEM, TEM, PL and EL, it is hoped that this research project can help 

better the understanding of the use of perovskites and porous silicon as their template in 

optoelectronic devices.   
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CHAPTER 2 
 

Experimental Procedures 

Materials. Methylammonium bromide (MABr), lead bromide (PbBr2, ≥ 98%) , N-N-

dimethylformamide (DMF, ≥ 99.7%), mesoporous silica powder (SiO2, pore size ≈ 	7.1 nm), and 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) were purchased from 

Sigma-Aldrich. The porous silicon powder (pSi) was plant-derived and synthesized from the 

magnesiothermic reduction of calcinated tabasheer13 by previous group member Hailey 

Budensiek.  

Preparation of LED substrates. Pieces of fluorine-doped tin oxide (FTO) glass were 

immersed in 10% hydrochloric acid (HCl) for 1 hour, rinsed with water several times, then bath-

sonicated in acetone for 20 minutes, and finally dried with nitrogen gas. One-third of the clean 

FTO pieces were covered with tape, and the remaining length was spin-coated with PEDOT: PSS 

three times at 3000 rpm/s and heated at 120	℃ for 40 minutes. The PEDOT: PSS is a commonly 

used hole transport layer which injects holes into the perovskite layer, and the heating of the 

PEDOT: PSS-coated sample was to enhance film conductivity.14 The coated area had a light-blue 

color, and the samples were used as substrates for LED devices (Figure 5). 
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Figure 5. FTO pieces coated with PEDOT: PSS; the samples had a light blue color.  

Preparation of Perovskite Precursor Solutions. Perovskites of methylammonium lead 

bromide MAPbBr3 were prepared by dissolving equimolar (1:1) amounts of methylammonium 

bromide (CH3NH3Br) and lead bromide (PbBr2) at a concentration of 200  mM in 

dimethylformamide (DMF) solvent at room temperature.15 The solution was sonicated for 20 

minutes, followed by vortex stirring to ensure complete dissolution and mixing. The prepared 

transparent solution was used for the preparation of silicon-perovskite based materials as well as 

bulk perovskite structures. 

Preparation of Bulk Perovskite Structures. MAPbBr3 perovskite bulk structures were 

prepared by placing 2-3 drops of a perovskite precursor solution (at 200 mM concentration) on a 

piece of PEDOT: PSS-coated FTO glass. The sample on the FTO glass was then heated for 30 

minutes in an oven at 95C. Characterization was performed on freshly samples and aged samples 

were kept in a desiccator. 

Preparation of Silicon-Containing Materials. In a given experiment, 1 mL of the 

perovskite precursor at 200 mM concentration was added to 10 mg of porous silicon (pSi) or 
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mesoporous silica (pSiO2) powder. This mixture was heated at 65-70 ℃ under stirring for 4 hours 

for complete impregnation of the precursor solution within the silicon (or silica) mesoporous 

structure. Afterwards, the mixture was centrifuged for approximately 10 minutes. The supernatant 

liquid was removed using a pipette, and the remaining silicon (or SiO2) powder at the bottom was 

collected. The as-obtained powder was then placed on a microscopic glass and heated at 95 ℃ in 

an oven for 30 minutes. The freshly obtained materials are then characterized. After initial 

characterization, these materials are stored and let age in a desiccator for further analyses. Figure 

6 shows the experimental procedures for the preparation of the perovskite precursor solution (A), 

the bulk MAPbBr3 perovskites (B), and the silicon-containing materials (C).15 

 

Figure 6. Preparation of the perovskite precursor solution (A), the bulk perovskite phases 

(B), and the silicon/silica-perovskite materials (C) adapted from literature.15 

Fabrication of LED Device. On a piece of PEDOT: PSS-coated FTO glass, the silicon (or 

SiO2)-perovskite powder was deposited by spreading the powder on top of the coating with a 

spatula and then tapping the excess powder off. The sample was then heated in an oven at 95 ℃ 

 

A 

B 

C 



 

 

12 

for 30 minutes. Next two parallel stripes of silver epoxy were deposited on to the perovskite layer 

of the sample, and the sample was again heated at 95 ℃ for 15 minutes. The resulting sample was 

a LED with device architecture FTO/PEDOT: PSS/pSi or pSiO2-perovskite/Ag (Fig. 7). The FTO 

glass acts as the transparent electrode where one end of the voltage supply is connected. The glass 

has to be transparent so that the light coming out can be observed. The PEDOT: PSS layer acts as 

the hole transport layer which conducts the holes generated from the FTO to the perovskite layer. 

The PEDOT: PSS also acts as an electron blocker that prevents electrons from the perovskite 

reaching the FTO glass, which potentially causes a short circuit. The silver is the metal electrode 

which transports electrons from the voltage source. The perovskite/silicon material is called the 

light-emitting layer where the holes and electrons generated by the external field will meet and go 

through the process of radiative recombination to produce light. 

 

Figure 7. Device architecture of the silicon-perovskite LED. 

Characterization of bulk perovskite and silicon-perovskite materials. Bulk perovskite and 

silicon-perovskite samples were tested for photoluminescence using a Nikon fluorescence 

microscope with a mercury vapor lamp (excitation filter centered at wavelength of 370 nm) and 

interfaced to an Ocean Optics Spectrometer. The samples were then characterized using SEM and 
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TEM to examine their surface topography and composition. SEM imaging was achieved with the 

use of JEOL JSM 7100F. TEM was achieved using a JEOL JEM-2100 with the help of a previous 

postdoc researcher, Dr. Roberto Gonzalez-Rodriguez. A Bruker Dektak XT profilometer was used 

to obtain information about the thickness of each layer of the LED device, and the measurements 

were taken with a stylus of 2 micrometer tip radius with the help of Dr. Ben Sherman and graduate 

student Debora Beeri. By definition, a profilometer is an instrument for determining the roughness 

of the surface using a diamond stylus to sweep over the surface in a pattern of parallel line.16 

Finally, the device was connected to a voltage source to test for electroluminescence. 

 

  



 

 

14 

CHAPTER 3 
 

Results 

 

Bulk perovskites. Samples with bulk MAPbBr3 perovskite on PEDOT: PSS-coated FTO 

glass had an orange color (Fig. 6-B). Room temperature PL imaging of the sample shows a 

relatively uniform green emission (Fig. 8), and the PL spectra of the sample at different 

magnifications shows peak wavelengths at about 537 nm (Fig. 9) 

        

 

Figure 8. Image of bulk MAPbBr3 perovskites under fluorescent microscope with different 

magnifications. (A) Magnification 20X. (B), (C) Magnification 60X. The integration time 

for all three PL was 30 microseconds. 

0.10 mm 0.10 mm 

0.10 mm 
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Figure 9. PL spectra of the bulk MAPbBr3 perovskite at different magnifications. (A) 

Magnification 20X. (B), (C) Magnification 60X. The peak wavelengths of the spectra were 

at ~537 nm. 

SEM images of the bulk MAPbBr3 displays clearly the cubic shape of the perovskites 

(dimensions of about 150 𝜇m) with sharp changes in contrast (Fig. 10), and EDX analysis of a 

perovskite region shows signals for elements lead (58.89 %) and bromine (36.68 %) (Fig. 11).  
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Figure 10. SEM images of the MAPbBr3 perovskites showing the cubic structures.  

          

Figure 11. EDX analysis of the bulk MAPbBr3 showing signals for lead, bromine, and 

oxygen. (A) SEM image of the bulk perovskite. (B) The associated EDX of the SEM image. 

Figure 12-A shows an LED device based on the bulk MAPbBr3 perovskite with the orange 

layer being the perovskite layer and two stripes of silver on top. Figure 11-B shows the EL bright 

green light emission of the device with the turn-on voltage (i.e., the voltage at which light emission 

can be observed with the unaided eye) of ~ 3 Volts (V). 

A B 

A B 
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Figure 12. (A) Bulk perovskite LED device with structure of FTO/PEDOT: 

PSS/perovskite/Ag and (B) the corresponding green EL of the device (turn-on voltage ~3 

V). 

Silicon/silica-perovskite materials. Samples with pSi-perovskite on PEDOT: PSS-coated 

had a brown color due to the porous silicon while samples with pSiO2-peroskite had a bright yellow 

color (Fig. 5-C). Room-temperature PL imaging of the two samples show a relatively uniform 

green emission (Fig 12-A, B) and the peak wavelengths of the PL spectra for pSi-perovskite and 

pSiO2-perovskite were 531 nm and 524 nm, respectively (Fig. 12-C, D).  

 

 

A           B  
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Figure 13. PL imaging and PL spectra of pSi- and pSiO2-perovskite films. PL imaging of 

porous silicon-perovskite (A) and the corresponding spectrum (integration time 30 ms, peak 

wavelength ~531 nm) (B). PL imaging of mesoporous silica-perovskite (C) and the 

corresponding spectrum (integration time 30 ms, peak wavelength ~524 nm) (D). 

In order to examine the loading MAPbBr3 inside the porous silicon and mesoporous silica, 

SEM images of the empty silicon and silica were taken (Fig. 14-A, C), as well as SEM images of 

the silicon/silica-perovskite materials (Fig. 14-B, D).  
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Figure 14. SEM images of empty pSi/pSiO2 and perovskite-loaded pSi/pSiO2. (A) Empty 

pSi particles. (B) MAPbBr3-pSi particles. (C) Empty pSiO2 particles. (D) MAPbBr3-pSiO2 

particles. 

Energy dispersive X-ray (EDX) analyses of the silicon and silica-containing samples are 

shown in Figure 15, with signals for the lead and bromide present besides that of the silicon. The 

A B 

C D 
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compositional information (atomic percent) of the MAPbBr3-loaded pSi and pSiO2 samples 

identified by EDX are summarized in Table 1. 

            

             

Figure 15. (A) SEM image of MAPbBr3-pSi sample and (B) its associated EDX. (C) SEM 

image of MAPbBr3-pSiO2 sample and (D) its associated EDX.   

 

 

 

 

 

A B 

C D 
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Table 1. Atomic percent of MAPbBr3-loaded porous silicon and mesoporous silica samples 

in Figure 15. 

 

Sample Element Atom % 

pSi-MAPbBr3 sample 

Si 26.08 

O 71.89 

Br 1.50 

Pb 0.53 

pSiO2-MAPbBr3 sample 

Si 14.10 

O 55.78 

Br 19.47 

Pb 10.64 

The porous silicon-containing sample was also characterized using TEM. Figure 16-A 

shows the TEM image of the silicon-perovskite sample with clear differences in contrast (light and 

dark areas), where the dark areas are the perovskites. Figure 16-B shows the high-resolution TEM 

(HRTEM) with the fast Fourier transform and the lattice spacings. The Fourier transform 

corresponds to the translation of electron waves from the specimen in real space to the reciprocal 

space, which is the diffraction pattern.11 The diffraction spots, which are the white spots in the 

electron diffraction pattern (Fig. 16-B) can be observed, and each spot is a result of diffracted spots 

by the crystal.12 These diffraction spots can be indexed once the crystal structure is known and 

they can represent a miller plane uniquely.12 This is because the vector pointing from the origin to 

a reciprocal point and the miller plane are orthogonal, and the magnitude of the vector is equal to 
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the reciprocal of the lattice spacing.17 The Fourier transform of periodic atomic arrangement to 

give diffraction patterns, and the lattice spacing can give information about the crystal plane of the 

silicon and the perovskite.12 

            

Figure 16. TEM images of the porous silicon-perovskite sample. TEM image of the silicon-

containing sample, the back spots are the MAPbBr3 perovskites (A), and HRTEM image of 

the same sample with the lattice spacings indicated and the corresponding fast Fourier 

transform (B).       

LED devices based on pSi- and pSiO2-perovskite materials showed green EL at an applied 

voltage of ~6 V and ~4 V, respectively (Figure 17-A, B). 
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Figure 17. Green electroluminescence of LED devices. (A) Porous silicon-perovskite LED 

(turn-on voltage ~6 V) and (B) mesoporous silica-perovskite LED (turn-on voltage ~4 V). 

The thickness of each layer in the LED device obtained from profilometry was 0.416 𝜇𝑚 

for the bulk MAPbBr3 layer, 0.054 𝜇𝑚 for the pSi-MAPbBr3 layer, and 0.419 𝜇𝑚 for the pSiO2-

MAPbBr3 layer. 
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CHAPTER 4 
 

Discussion 

 

The bulk perovskites had nice cubic shapes, which was to be expected for the structure of 

the MAPbBr3 perovskite.4 The excitation of the bulk MAPbBr3 perovskites resulted in a strong 

green emission, which agreed with the color reported by the Wang et al.18 The PL peak of the 

sample was ~537 nm, which was close to the peak value of ~540 nm in the literature and thus 

confirmed the correct formation of the MAPbBr3 perovskites.19 SEM images also show the cubic 

structure of the perovskites, the associated EDX analysis gave the Br:Pb ratio of 1.61 (58.89%: 

36.68%; atomic percent). The compositional information is quite not consistent with the theoretical 

stoichiometric 1:3 ratio for Pb:Br, which is likely a consequence of known mobility of the bromide 

ions in a focused electron beam as well as the fact that the exciting electrons do not penetrate the 

entire sample.3 From Table 1, it can be calculated that the Br:Pb ratio for the pSi-MAPbBr3 sample 

was 2.83 (1.50%:0.50%), which was close to the theoretical value; the Br:Pb ratio for the 

pSiO2:MAPbBr3 was 1.83 (19.47%:10.64%), deviating quite considerably from the expected 

stoichiometry.   

For the PL peak wavelengths of the pSi/pSiO2-perovskite samples in Figure 13, there is a 

clear shift in PL maximum to shorter wavelength (higher energy) with smaller pore size. 

Specifically, the pore size of the porous silicon was ~10 nm and that of the mesoporous silica was 

7 nm, giving rise to the peak wavelength of 531 nm and 524 nm, respectively. Taking into account 

the PL maximum of the bulk perovskite, it can be seen that the peak wavelengths deceasing in the 

order bulk MAPbBr3 perovskite > pSi-perovskite > pSiO2-perovskite (Figure 18), which is 

consistent with the result from the literature.20 The blueshift to shorter wavelength with decreasing 
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particle size of the three samples can be explained with the size dependent luminescence 

phenomenon. Size dependent luminescence is among one of the interesting properties exhibited 

by nanocrystals. This property is a manifestation of the size quantization effect, which occurs as 

the quantum confinement of electrons and holes increases with decreasing crystallite size, resulting 

in changes in electronic structures.19-21 The change in electronic structures here is the widening of 

the band gap of the semiconductor, leading to the blueshift of the PL maximum in the silicon-

containing materials.18,21 Furthermore, the relatively strongest PL for the pSiO2-MAPbBr3 sample 

could also be attributed to the passivation from the oxide of the silica particles.20 The above result 

demonstrates that the nano-porous structures can serve as a powerful tool to precisely control the 

emission wavelength of perovskite nanocrystals in next-generation, solution-derive 

optoelectronics.20 
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Figure 18. Comparison of the PL maxima of the bulk perovskite (blue), porous silicon-

perovskite (orange), and mesoporous silica-perovskite (grey). The magnification was 20X, 

and the integration time was 30 ms. 

To examine the loading of the perovskites inside the porous silicon, SEM images of the 

empty and silicon-perovskite samples were taken. Comparing Figures 12-A and B, it can be seen 

that there are pores on the empty particle but non-visible on the surface of the perovskite-loaded 

particle. SEM-EDX analysis confirms the significantly higher silicon content in the porous silicon-

perovskite sample and also shows the presence of lead and bromine besides silicon, consistent the 

presence of the MAPbBr3. Additionally, the TEM image of the same sample (Fig. 15-A) shows 

very clearly the difference in contrast of the sample, which was brought about by the of the mass 

contrast between the MAPbBr3 and the silicon-silicon oxide host. The dark regions can be 
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attributed to the presence of lead and bromine in the perovskite, which are heavier elements than 

the silicon and silicon oxide that produced the brighter contrast.11 This information thus can 

confirm the presence of the perovskite inside the porous silicon. The lattice spacing of the HRTEM 

(Fig. 16-B) can confirm the crystalline material and space group that are only true for cubic phase 

of perovskite.22 High resolution lattice imaging of the MAPbBr3 formed within the porous silicon 

sample (Figure 16-B) shows a lattice spacing of 0.31 nm, which is consistent with the (111) 

orientation of the silicon, and a spacing of 0.28 mm, corresponding to the (200) orientation of the 

MAPbBr3 perovskite.23,24 The loading of the perovskite inside the mesoporous silica was also 

accessed in the same manner, with SEM images taken for both the empty and silica-perovskite 

samples. Comparing Figures 14-C and D, the change in contrast along the perovskite-loaded 

particles can be observed, which is consistent with the presence of the perovskite in the 

mesoporous silica particle; EDX analysis confirms the presence of Pb and Br (Fig. 15-C, D). 

Light emission measurements under electrical stimulation of the three LED devices based 

on bulk perovskite, pSi-perovskite, and pSiO2-perovskite showed that the bulk MAPbBr3 

perovskite needed the lowest applied voltage (~3 V) to obtain emission, while the pSi-perovskite 

needed the highest turn-on applied voltage (~6 V). The mesoporous silica-based device placed in 

the middle with turn-on voltage of ~ 4 V. The turn-on voltage for the bulk perovskite LED is quite 

close to the value 3.3 V of a device with architecture ITO/PEDOT: PSS/MAPbBr3/F8/Ca/Ag 

reported in the literature,1 suggesting that the fabrication of the device was correctly done. While 

photoluminescence spectra of all samples were uniform and intense (with the passivating silica 

host yielding the brightest emission), light emission due to the passage of current shows that the 

silicon-containing materials act as an energetic barrier since they required higher turn-on voltage. 

This difference may have come from many factors that arose during the experiment.  Specifically, 
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the silicon/silica-perovskite materials were deposited onto the substrate by spreading the powder 

on the surface of the substrate with a spatula. This method of deposition gave rise to nonuniform 

layer of materials and could lead to decreased light emission when applying a voltage source. 

Furthermore, nonuniform distribution of the powder also led to unstable light emission, as the light 

coming kept going on and off for all three samples.  

In addition to unstable current-induced light emission, electroluminescence also did not 

show up in some regions for all three samples, which could be attributed to nonradiative 

recombination. From an experimental point of view, nonradiative recombination in the perovskite 

could have resulted from excess metallic lead present in MAPbBr3 perovskite films. Excess Pb 

atoms could increase the nonradiative decay rate while decreasing radiative decay rate and as a 

result, degrade luminescence.6 Another way to explain the absence of EL experimentally could be 

the fact that the silver contact was not deposited uniformly and closely to the light-emitting layer, 

which eventually led to electrons from the voltage source being not injected sufficiently into the 

perovskite layer. 

EL results show that insulating mesoporous silica filled with perovskite aids the formation 

of conductive nanostructures and enables electroluminescent LEDs that required low applied 

voltage with blue-shifted emission. Although the pSiO2-based LED required a moderately higher 

voltage than the bulk MAPbBr3 LED, the emitted light of the pSiO2-based LED was brighter to 

the unaided eye compared to that of the bulk perovskite LED. This observation shows that the 

electrical performance of the perovskite-pSiO2 materials might be more effective for use in light-

emitting devices than the bulk perovskite structures. However, comparing the both the turn-on 

voltage and the brightness of the pSi-perovskite and the bulk perovskite-based LEDs, the pSi-

based LED required a higher turn-on voltage and was much less bright than the bulk MAPbBr3 as 
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well as the pSiO2 LEDs (Fig. 17). The difference in light emission between the pSi-MAPbBr3 and 

the pSiO2-MAPbBr3 LEDs can be explained using the quantum size effect described earlier since 

the pore size of mesoporous silica was smaller than that of the porous silicon. Additionally, the 

thickness information from profilometry shows that the pSi-MAPbBr3 layer was much thinner than 

the pSiO2-MAPbBr3 layer (0.054 𝜇𝑚 < 0.419 𝜇𝑚), and since the perovskite-silicon layer is the 

light-emitting layer, the insufficient thickness could also be a contributing factor in the low EL of 

the pSi-MAPbBr3 LED. Another explanation for the difference in the turn-on voltage between the 

pSi and pSiO2-perovskite samples was likely to be that there was a greater fill and connectivity of 

perovskite in the silica sample, despite the fact that it is a more insulating host compared to the 

silicon.  

Although LED device based on the mesoporous silica-perovskite materials appeared to 

work not as well as the bulk perovskite LED as it required a higher turn-on voltage of 4 V compared 

to 3 V required the bulk perovskite, the difference in applied voltage did not differ much. This 

small difference shows that the mesoporous silica-based device worked reasonably well, and it 

serves well as a template for the perovskite formation. Moreover, since we did not know whether 

the devices had the same intensity at a given voltage (for example, the intensity for the pSiO2 LED 

might have been stronger than that of the bulk perovskite at 4 V) because no EL spectra were 

obtained for comparison, the effectiveness of both devices could not be entirely concluded. 

Elimination of factors such as nonuniform deposition of the perovskite-containing materials and 

silver contact could improve radiative recombination of the light emitting layer and help better the 

electroluminescence. For the porous silicon LED, the turn-on voltage needed (~6 V) was much 

higher than that of the bulk and silica-perovskite materials, which could have been caused by 

incomplete impregnation of the precursor solution within the porous structure due to insufficient 
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mixing, as well as nonuniform deposition of the material onto the substrate. Although the turn-on 

voltage required for the pSi-perovskite and pSiO2-perovskite devices differed significantly, again, 

it is not certain to conclude that the mesoporous silica-based LED worked better because the 

intensities of both light emissions were not accessed. What we can conclude is that the mesoporous 

silicon material gave better photoluminescence, and that the high applied voltage needed for 

emission by the porous silica material was likely due to incomplete filtration of the perovskites 

within the pores. The discussion above also shows that it is crucial to improve the current 

experimental procedures to obtain good and reasonable results that can help us attain more 

information about device performance such as the EL spectrum and current-voltage curve.  
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CONCLUSION 
 

In this thesis, the fabrication of perovskite loaded inside porous silicon and mesoporous 

silica were performed. The devices’ emission in response to light absorption (photoluminescence) 

or passage of electric current (electroluminescence) were explored to access the utility of porous 

silicon/mesoporous silica as a template for the growth of perovskites. The experimental procedure 

was simple and scalable, and the results show the role of quantum confinement in light emission 

of these devices. Results also display the nice EL from the mesoporous silica-perovskite LED and 

indicate that by eliminating experimental errors that lower EL, it is possible to obtain improved 

light emission and structural stability in these pSi/pSiO2-perovskite devices.  

Chapter 1 focused on the background information such as the definition and properties of 

perovskites, porous silicon/mesoporous silica, and the characterization techniques including 

photoluminescence, electroluminescence, SEM/EDX, and TEM. The porous silicon has crucial 

roles in the formation of the perovskite by providing a nanoscale reaction vessel and regulating 

charge carrier migration to/from the perovskite. The porous silicon and mesoporous silica were 

evaluated because they give different electrical responses as a result of the difference in 

composition. Electron microscopy methods such as SEM/EDX and TEM can give information 

about the sizes, shapes, and compositional analyses of perovskite and perovskite-silicon/silica-

containing materials. Luminescence methods such as PL and EL can give information about the 

sample’s light emission such as color and peak wavelength, as well as the performance of the LED 

device based on the turn-on voltage. 

Chapter 2 mainly discussed the experimental procedures including the preparation of the 

bulk MAPbBr3, the preparation of the perovskite-silicon/silica materials, and the fabrication of the 
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perovskite-based LEDs. In a typical experiment, the MAPbBr3perovskite was done by dissolving 

a 1:1 solution of MAPb and PbBr2 at a concentration of 200 mM in DMF solvent. The silicon-

containing materials were prepared by adding 1 mL of the perovskite precursor solution to 10 mg 

of the porous silicon/mesoporous silica powder and heating the solution with stirring for 4 hours 

at 65-70 ℃. LED devices were fabricated by sandwiching the bulk perovskite or the silicon/silica-

perovskite materials between the PEDOT: PSS layer and the silver contact to give a device 

architecture of FTO/PEDOT: PSS/silicon-perovskite/Ag.  

Chapters 3 and 5 encompassed the results and discussion from the perovskite-loading 

experiments. The synthesized bulk MAPbBr3 perovskites existed in the cubic phase and exhibited 

uniform green emission with peak wavelength at ~537 nm in PL measurement. LED device based 

on the bulk MAPbBr3 turned on at ~3 V, which is consistent with the voltage reported by the 

literature. For the porous silicon/mesoporous silica-perovskite materials, PL imaging showed 

uniform green emission with the peak wavelength for the pSi-MAPbBr3 at ~ 531 nm and ~ 524 

nm for the pSiO2-MAPbBr3 sample. Comparing all three samples, the peak wavelength shifted to 

shorter wavelength in the order of bulk MAPbBr3 > pSi-MAPbBr3 > pSiO2-MAPbBr3, and this 

blue shift in PL emission was the result of the quantum size effect as the size of the perovskite was 

at the microscale, and the pore size of the pSiO2 was smaller than that of the pSi. SEM images the 

perovskite-loaded porous silicon/mesoporous silica showed the change in contrast compared to the 

empty particles, and EDX analyses showed signals for the lead and bromide besides silicon and 

oxygen, thus confirmed the presence of the perovskite within the silicon/silica nanostructures. The 

turn-on voltage for the pSi-MAPbBr3 LED was ~6 V, while that of the pSiO2-MAPbBr3 was ~4 

V. The difference in applied voltage between the two samples could be attributed to the difference 

in extent of perovskite filling within the pores of a given template and the relative film thickness. 
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The results also showed that light emission due to the passage of electric current from all three 

LED devices were unstable, which could be due to experimental errors such as nonuniform 

deposition of materials onto substrates or insufficient mixing/heating. Thus, in order to obtain well-

functioned devices, it is crucial to improve the current loading procedures. 
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