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CHAPTER 1: INTRODUCTION 

1.1  BACKGROUND 

 

 
FIGURE 1: ELECTRICITY CONSUMPTION BY REGIONS BETWEEN 1990-2020 [1] 

 

In the present time, the rising of the global energy demand is a primary issue for every 

country. The global energy consumption is increasing every year in respect to the world 

population. In order to keep the balance between the energy demand and supply, we have been 

heavily relied on the fossil fuel as a primary source of energy. By burning the fossil fuel, the 

heat generated can be utilized in many ways from directly heating up the household to 

generating the electricity through the steam turbine. However, despite being highly energy-

concentrated, the source is not renewable, and the by-product of burning this fossil fuel is 

responsible for the emission of the greenhouse gases into the earth atmosphere, which is the 

main cause of global warming; this, as a result, causes many environmental concerns as well 

as the impact to the global economic. One of the most concerned greenhouse gas, CO2, was 

confirmed to be the main causes that raises the average global temperature over 1°C after the 

industrial revolution. The power generation itself is responsible for 36.3 Gt of CO2 emission in 

2021 [2] and it seems that the trend will keep increasing if there is no meaningful law or 

regulations to control the emission. 
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To counteract those adverse consequences, power generation with less CO2 emission 

by the renewable sources, e.g., solar, wind, hydrothermal, etc., has been the main research topic 

in the field for decades. Some countries, like Germany, China, Scandinavian countries, have 

been attempting to significantly replace the fossil fuel-based power generation into these CO2-

free renewable technologies within next 20 years. From Figure 2, the total amount of electricity 

generation in 2019 almost reached the 7 TWh level, in which the electricity by solar shares 

10% of the overall generation. This trend has been increasing rapidly every year since 2010, 

where it reaches +22.7% in 2018-2019 [1] and it seems like the trend will not stop in the near 

future. 

 

 
FIGURE 2: PROPORTION OF GLOBAL ELECTRICITY GENERATION BY RENEWABLE SOURCES AND 

ITS GROWTH IN 2018-2019 [3] 

  

In term of the definition, the renewable energy is the energy that comes from the source that 

is not depleted when used, which means that it can be utilized in more sustainable way 

compared to the fossil fuel. One of the most abundant sources of energy is the solar radiation, 

and the devices that converts it into the electricity are called the photovoltaic (PV) cells or solar 

cells. Not only is solar power generation small and medium-sized, easily distributed, and easy 

to install, but it can also be used as an emergency power source. It is also suitable as an off-

grid power generator for the household consumption and local community consumption of 

energy [4]. However, due to the high cost of electricity generation compared to those generated 

from the fossil fuel, the PV technologies were not much widespread and adopted by many 
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countries. From these facts, in order to use solar power generation as a main energy source, 

further improvement in efficiency and the module cost reduction are essential. It is not until 

the recent decade that the PV technologies have become more accessible and prevalent as a 

result of the significant decrease of the electricity generation cost. This is a result of the increase 

in the number of installations, the improved solar cell manufacturing process leading to the 

drop in cost, and the improvement of the efficiency of the solar cell [5].  

In these recent years, technological innovation has progressed, and as shown in Figure 3, 

various solar cells have been developed and their efficiency has been improved. In the PV 

industry, silicon (Si) is a popular material because it has suitable optoelectronic properties as a 

semiconductor as well as its abundance on earth; it is also highly technological available as it 

has been studied and developed for many decades [6]. As a result, the PV market has been 

dominated by silicon-based solar cells up until the present time. In term of the efficiency, the 

best single junction Si solar cells is reported to be 26.7% [7] by Kaneka, which approaching 

the Shockley-Queisser limit of 32% [8]. In addition, with this theoretical efficiency in a single 

junction solar cell, development of a multijunction solar cell, in which two or more layers of 

solar cells are stacked on each other, is required to further improve the efficiency. Currently, 

the highest efficiency is reported to be 47.1% by NREL (Figure 3) with 6 junctions and 

concentrator.  

 
FIGURE 3: NREL BEST RESEARCH-CELL EFFICIENCY CHART [9] 
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However, highly efficient multijunction solar cells are not currently suitable for commercial 

use because they use rare metals such as indium or toxic arsenic and the fabrication process is 

still complicated and expensive. In this study, we aimed to develop an all-silicon multi-junction 

solar cell using only silicon, which is a material with abundant resources, by using the porous 

silicon as a top cell of the multi-junction solar cell. 

1.2  PRINCIPLE OF SOLAR CELLS 

1.2.1 PN-Junction 

 

The basic principle of power generation of a silicon solar cell, which is a type of 

semiconductor solar cell, is a P-N junction. A P-N junction is one in which a p-type 

semiconductor having holes as majority carriers and an n-type semiconductor having electrons 

as majority carriers are brought into crystallographic contact. When p-type and n-type 

semiconductors come in contact, holes in the p-type semiconductor diffuse into the n-type 

semiconductor and electrons in the n-type semiconductor diffuse into the p-type semiconductor 

due to the difference in carrier concentration. At this time, in the vicinity of the interface, the 

electron and the hole cancel each other to form a region (depletion layer) in which the carrier 

concentration is deficient. In the depletion layer on the p-type semiconductor side, negatively 

charged acceptor atoms (shown as white circle in Figure 4) are left, and in the depletion layer 

on the n-type semiconductor side, positively charged donor atoms (shown in red circle in 

Figure 4) remain. As a result, an electric field is generated from n-type to p-type. Since the 

electric field is opposite to the direction in which the carriers diffuse, the diffusion due to the 

concentration difference (diffusion current) and the drift current due to the electric field are 

balanced, resulting in a thermal equilibrium state. In the case of a standard silicon single crystal 

solar cell, the width of the depletion layer in the thermal equilibrium state spreads about 1 μm 

from the junction interface to the p-type side and hardly spreads to the n-type in the case of a 

standard silicon single crystal solar cell. 
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FIGURE 4: P-N JUNCTION DIAGRAM [10] 

 

 

A band diagram at the time of PN junction formation is shown in Figure 5. The vertical axis is 

the energy of electrons. In the intrinsic semiconductor, the Fermi level locates at the center of 

the band gap, but due to the doping of the impurity, it shifts toward the valence band side in 

the p-type semiconductor and to the conduction band side in the n-type semiconductor. When 

these semiconductors are brought into contact, the majority carriers diffuse, the energy bands 

move so as to make the Fermi level coincide, and at the energy level that it matches, the P-N 

junction will reach a thermal equilibrium state. At this time, a built-in potential Vbi is generated 

in the depletion layer due to the difference of the initial Fermi level. 

 
FIGURE 5: P-N JUNCTION FORMATION DIAGRAM 

 



 6 

1.2.2 Rectification Characteristics 

 

When a voltage is applied to the PN junction, the magnitude of the potential barrier Vbi 

changes as much as the applied voltage. When a voltage is applied in a direction to reduce the 

potential barrier (forward bias: connect the negative terminal of the external circuit to n-type 

and the positive terminal to p-type), the potential barrier decreases to cause electron diffusion 

from n layer to the top layer. The diffusion becomes larger as the bias is applied. Conversely, 

if a voltage is applied in a direction to increase the potential barrier (reverse bias: connecting 

the positive electrode of the external circuit to the n-type and the p-type to the negative 

electrode), the potential barrier becomes quite large, so the diffusion current can be ignored. 

On the other hand, the drift current is almost constant even in the forward bias and the reverse 

bias. This is because the magnitude of the current is determined by the minority carrier density 

generated by the thermal excitation of the drift current in the region just outside the depletion 

layer (about the diffusion length of minority carriers from the depletion layer). From these facts, 

when the PN junction is forward biased, the current increases exponentially, but in the reverse 

bias, only a small amount of current flows. This is called rectification characteristics of diode. 

The current flow over the diode is described in equation 1 and 2. 

……………………………..(1) 

……………………………(2) 

Where Dn : electron diffusion constant, Dp : hole diffusion coefficient, Ln : electron diffusion 

length, Lp : Diffusion length of holes 

np : electron density in p-type semiconductor, pn : hole concentration in n-type 

semiconductor 

J0 : reverse saturated current density 

1.2.3 Principle of Solar Cell Power Generation 

 
When light of energy greater than the band gap is incident on the semiconductor, part 

of it is absorbed, electrons are excited in the conduction band, and holes remain in the valence 

band. At this time, for the carriers generated in the depletion layer or generated near the 

depletion layer and reached the depletion layer before recombination, in case of electron, it is 

carried to the n-type semiconductor and carriers to the p-type semiconductor by the built-in 

J = J0(exp(
eV
kBT

) -1)

J0 = e (
Dnpn

Ln

+
Dppp

Lp

)
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potential. As described above, excess minority carriers generated by light irradiation flow out 

from the n-type and return to the p-type, and then the power can be extracted by connecting a 

resistor to the external circuit. In the solar cell, the current in the reverse direction to the diode 

increases by the current (short-circuited current: JSC) generated by the light irradiation, so the 

current-voltage characteristic (J-V characteristic) corresponds to the short circuit current. It is 

expressed by the following equation 3 by adding JSC. 

 

…………………………(3) 

 

Furthermore, it is also able to define the open-circuited voltage (VOC) when the J = 0 in this 

equation (voltage when not connecting the resistance to both ends). 

…………………….(4) 

1.3  THEORETICAL LIMITATION OF SILICON SOLAR CELLS 

1.3.1 Factors That Reducing Solar Cell Efficiency and Its Losses 

 
The following may be mentioned as factors of the decrease in the efficiency of the solar 

cell [11], [12]. 

1) Loss due to transmission of long wavelength light 

Since the light whose energy is smaller than the band gap of the semiconductor cannot be 

absorbed, it cannot be used for power generation. In the case of crystalline silicon, this loss is 

about 44% of the total solar energy. 

 

2) Energy loss when absorbing short wavelength light 

Although the light (hν> Eg) having energy greater than the band gap (Eg) is absorbed by the 

semiconductor, the generated electrons immediately dissipate heat and move to the lower end 

of the conduction band and holes move to the upper end of the valence band. From this, the 

energy (hν – Eg) originally possessed by the light is lost. In the case of crystalline silicon, this 

loss is an 11% loss of total solar energy. 

 

 

J = JSC- J0(exp(
eV
kBT

) -1)

VOC =
kBT

q
ln(

JSC

J0

)+1) ≈
kBT

q
ln(

JSC

J0

)
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3) Reflection loss 

The light reflected by the solar cell surface cannot be used for carrier generation. 

 

4) Voltage factor loss 

Carriers generated by absorbing the light have energy of about band gap, but the voltage for 

operating the solar cell is the open circuit voltage (VOC) at the maximum, and this difference is 

a loss. 

 

5) Lack of light absorption 

The thickness required for the semiconductor to absorb light is determined by the light 

absorption coefficient. A semiconductor with a low light absorption coefficient cannot perform 

sufficient carrier generation unless a thicker film is used. 

 

6) Series resistance, loss due to parallel resistance 

The series resistance is attributed to the resistance of the electrode, the ohmic contact resistance 

at the metal-semiconductor interface, and the bulk resistance. When series resistance (RS) is 

taken into consideration, series resistance loss RSI is added to the formula of the IV 

characteristic, and it is expressed by the following equation 5. 

 

…………..………………..(5) 

 

Parallel resistance (shunt resistance: RSH) is usually assumed to be infinite, but in the actual 

solar cell is a problem when the leakage current due to such cases or grain boundaries when 

there are many defects in the connection. J-V characteristics, including the influence of parallel 

resistors, are represented by the following equation 6. 

 

………………….(6) 

 

The series resistance has little effect on the open voltage VOC, but short-circuit current density 

JSC, which may reduce the fill factor. Parallel resistors, on the other hand, have little effect on 

JSC, but reduce VOC and fill factor. 

I = ISC- I0  (exp(
q(V+RSI)

nkT
) - 1) 

I = ISC- I0  (exp(
q(V+RSI)

nkT
) - 1) - 

V+RSI
RSH
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7) Loss due to carrier recombination (bulk and surface recombination) 

Carrier generated by light absorption disappears by partial recombination, it cannot be used 

for power generation. Recombination is classified into two categories: bulk recombination and 

surface recombination. Bulk recombination is intended to recombine before reaching the poor 

layer of the carrier generated outside the depletion layer.  

Surface recombination defects and dangling bond (unpaired electron) of the material surface 

works as a recombination center, is expressed in the surface recombination rate easily occurs 

as compared to bulk recombination. The recombination is distinguished by the surface of the 

solar cell (obtaining side of light) and the back surface, it is considered divided into the surface 

recombination rate and the back-surface recombination rate, respectively. Since the surface has 

more optical carrier than the back surface, the surface recombination rate has a significant 

effect on the conversion efficiency. 

1.3.2 Theoretical Efficiency Limit 

 
In a single junction solar cell, assuming that all absorbed light is used for carrier 

generation, the short-circuited current density (JSC) increases as the band gap decreases, and 

the open-circuited voltage (VOC) increases as the band gap increases. From these relationships, 

the theoretical efficiency, which is known as Shockley-Queisser limit, about 30% in the single 

junction solar cell with energy band gap of 1.1 eV [8]. but it is known that the theoretical 

efficiency can be improved by increasing the number of junctions.  

1.4  SOLUTION TO SURPASS THEORETICAL LIMITATION 

1.4.1 Tandem Solar Cell 

 
In order to surpass the Shockley-Queisser limit for of the single junction solar cell, a 

tandem is one of the potential candidates. Tandem is one of a type of multi-junction solar cell, 

which comprises of two junctions. This type of solar cell has a stacked structure of solar cells 

using a material having a large band gap from the light incident side. In a solar cell of this 

structure, light with high energy (short wavelength) is absorbed by a material with a large band 

gap, and light with low energy (long wavelength side) is absorbed by a material with a small 

band gap. Figure 6 shows the improvement of the light absorption. 
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FIGURE 6: LIGHT ABSORPTION DIFFERENCE BETWEEN SINGLE -JUNCTION SOLAR CELL (LEFT) 

AND TANDEM SOLAR CELL (RIGHT) 

 

In this manner, by selecting a material which absorbing sunlight in different 

wavelengths, light in both shorter wavelength (highlighted in blue in Figure 7) and longer 

wavelength (highlighted in yellow in Figure 7) can be used more effectively. The loss shown 

in 1.3.1 is also reduced, and high efficiency can be obtained. 

 
FIGURE 7: ABSORPTION OF AM1.5 DIRECT SOLAR SPECTRUM FROM DIFFERENT LAYERS OF 

TANDEM 

At the present time, the highest efficiency of multi-junction solar cells has been reported 

to be 44%, which is the InGaP / GaAs / InGaAs three-junction type with light concentrator 

(Sharp) [9]. However, this type of multijunction solar cell is not widely used because it is 

expensive due to the use of the toxic substance arsenic, the use of rare metals such as gallium 

and indium, and the complicated manufacturing process. It is not suitable for the commercial 

use as a solar cell and the applications are now limited to only in lab-scale and projects that 

prioritizes efficiency over cost, like space missions. 

Bottom 
Cell 

Top  
Cell 

N-Type 

P-Type 

Tunnel 
Junction 

N-Type 

P-Type 

P-Type 
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FIGURE 8: TANDEM MAXIMUM EFFICIENCY UNDER AM1.5G [13] 

Figure 8 shows the maximum efficiency of tandem to be used as a guideline for material 

selection. The highest efficiency (~over 45%) for tandem can be achieved by matching 

crystalline silicon (1.1 eV) with other material with band gap of 1.7 eV.  

1.4.2 All-Silicon Tandem Solar Cell and the Candidates of Top Layer 

The development of all-silicon solar cells made only of silicon materials is expected as 

a way of solving the disadvantages of multi-junction solar cells such as cost increase by 

utilization of rare metals and the use of toxic materials, and also the lattice mismatch problem 

when using the material with different lattice constants. Silicon accounts for about 27% of the 

crust, and is the second most abundant element on earth, so it is a material suitable for mass 

production in terms of the abundance of resources and its safety. In addition, it is the most 

popular solar cell material at present, and the ratio of crystalline silicon type to the production 

of solar cells is 86.8% of the total in 2011 [14]. In the all-silicon solar cell, a single crystal 

silicon solar cell is used for the bottom cell (as shown in Figure 9), and a silicon material having 

a wider band gap is used for the top cell. In order to fabricate this solar cell, it is essential to 

develop a silicon material with a wider band gap.  

In recent years, it has become possible to control the band gap by nano-sizing the silicon 

and using the quantum size effect. It has been reported that the band gap of bulk silicon can be 

expanded from about 1.1 eV to about 1.9 eV by reducing the size of the silicon material to 

several nm [14]. Among these, one of the most prominent nanosized silicon-based materials 

are Si nanowire [15], [16] and nanopore arrays [17], [18]. These structures are comprised of a 

series of vertically aligned silicon nanostructures, which not only reduce the volume of the 
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absorber layer, but also provide near-ideal photon absorption across the solar spectrum for 

improved efficiency. It has been suggested similarly that nanosizing band gap can be expanded 

by nano-porosity [19], and it has been suggested that, with nano-porosity, the quantum size 

effect is induced. Moreover, the nanoporous structures also offer another benefit, which is the 

enhanced light-trapping property that improves the effective light-path length in the 

semiconductor materials [20]–[22]. This occurs when the pore size on the surface is equivalent 

or greater than the wavelength of the incident light. In case of porous silicon, when its porosity 

is increased, the reflectance can be reduced to 3~30% while the band gap is increased [23], 

[24].  Because of these distinguishing features, porous silicon is a promising material for use 

in PV technology and an intriguing candidate for the top absorber in silicon tandem solar cells 

[25].  

 
 

FIGURE 9: THE SELECTION OF MATERIAL AS A TOP CELL REGARDING TO ITS BAND GAP 

ENERGY 

1.5  POROUS SILICON AS A CANDIDATE OF THE TOP CELL OF TANDEM 

Porous silicon is a silicon material with a porous structure and is classified into 

microporous (<2 nm), mesoporous (2 to 50 nm), and macroporous (> 50 nm) according to the 

pore size. The porous silicon can be fabricated by using a wafer as an anode and a platinum as 

a cathode, then applying the anodic oxidation using hydrofluoric acid to etch the surface. It is 

known that the structure of porous silicon changes largely depending on reaction conditions 

(electrolyte, current density, oxidation time, temperature, presence or absence of light 

Bottom Cell 
Crystalline  

Silicon 
(Eg = 1.1 eV) 

Top Cell 
High Band Gap 
Silicon Material 

(Eg  > 1.5 eV) 
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irradiation) and silicon substrate (resistivity, conductivity type, plane orientation). By changing 

these conditions, the structure of porous silicon can be controlled to some extent [26]. The 

application of porous silicon to solar cells plays an important role as an antireflective film [27], 

[28], utilizing the increase of open voltage with increase of band gap by quantum size effect 

[29], and texture structure and lower refractive index compared with bulk silicon. It is expected 

as a top cell material for tandem solar cells. When porous silicon is used as a solar cell material, 

it is necessary to improve defects such as an increase in surface area per volume, an increase 

in oxidation and surface recombination, a high resistance value, and a low light absorption 

coefficient. 

1.6  SURFACE PASSIVATION 

 The surface passivation is a method to limit the recombination rate of the solar cell by 

using a non-conductive material to deactivate the dangling bonds on the surface, which are the 

unsatisfied valence electron on the immobilized atoms (shown in red dashed circle in Figure 

10). This dangling bond plays an important role in semiconductor device operation as it can 

decrease the solar cell parameters by creating the extra trap energy state that has lower energy 

level than the conduction band (Figure 11), which causing the excited electron to fill in this 

energy level rather the conduction band where electron can be collected and used as electricity. 

 

 
FIGURE 10: DANGLING BONDS ON THE SURFACE OF POROUS SILICON 

 

 
FIGURE 11: TRAPPED ENERGY LEVEL CAUSED BY DANGLING BONDS 
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In order to reduce the loss due to surface recombination shown in 1.3.1, passivation is 

one of the most critical processes for fabricating high-quality solar cell. In single crystal silicon 

solar cells, various materials such as alumina, amorphous silicon, silicon dioxide (SiO2), and 

silicon nitride (SiN) are used extensively. There are various methods to passivate the surface. 

The most common method is the atomic layer deposition (ALD) that deposit the passivating 

atom on the surface layer by layer, in which it replaces the dangling bonds, then annealing with 

high temperature to form the thin film on the surface [30], [31]. In terms of the passivation of 

the silicon with planar surface, alumina (Al2O3) films deposited on silicon surfaces via ALD 

process provides the negative fixed charges at the Al2O3/Si interface, thus results in a greater 

passivation quality for the n-type-based solar cells with p+ emitters [32], [33]. For p-type solar 

cells with phosphorus diffused n+ emitters, SiO2 can be deposited to provide an effective 

passivation film due to their excellence in passivating the Si-SiO2 interface [34]. The recent 

study shows that the thin SiO2 film with thickness of 70 nm formed by the anodic oxidation 

process at room temperature can demonstrate an exceptional surface passivation quality and 

stability on the crystalline silicon substrate with an efficiency of more than 23% [35]. However, 

the application of the anodic oxidation to the nanostructured silicon has not been extensively 

studied yet. 

As porous silicon, which is a high aspect-ratio nanostructures with large surface areas, 

has a high tendency to be oxidized uncontrollably by the spontaneous process of native 

oxidation when exposed to the atmosphere [36], [37], many studies on various passivation 

techniques have been conducted to improve the surface stability of the porous silicon. For 

instance, the wet thermal oxidation [38]; the rapid thermal treatment in NH3 [39]; and the room 

temperature oxidation with ozone [40]. However, as these passivation techniques are not 

applied to the porous silicon with p-n junction, they might not be able to use for the 

photovoltaics purpose and might only limit to the other applications like biosensors and 

microelectronics where the porous silicon is used as the photoluminescence (PL) emitting 

materials. For the applications in photovoltaics, at the present time, the nanostructured silicon-

based solar cells without surface passivation [41]–[43] show inferior efficiencies compared to 

the conventional crystalline silicon cells. The major obstacles that prevent porous silicon from 

being used in solar cell applications are associated with the increased photocarrier trapping at 

the remarkably increased surface area of nano-porous silicon, resulting in reductions in both 

the short-circuit current and open-circuit voltage of the device, and thus decreasing the 
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efficiency. This suggests that the surface passivation of the porous silicon is critical for 

improving the performance of the nanostructured solar cell. 

 

To effectively passivate the porous silicon, additional technological challenges must be 

established; these include the controllability of silicon oxide thickness in nanometer scale, the 

controlling of the homogeneity of the passivated films, and the preservation of the original 

porous structure. Oh et al. fabricated a black silicon on the p-type-based solar cell with a 

thermal silicon oxide passivated layer that gave a high efficiency of 18.2% and a low effective 

recombination velocity of 53 cm s-1 on the surface [44]. However, although having a little 

influence on the structure when applied to crystalline silicon, the thermally grown silicon oxide 

technique has a restriction when applied to porous silicon nanostructures with a high aspect 

ratio of 400:1 [45] due to its thermal sensitivity. The thermal SiO2 deposition has an operating 

temperature in the range of 400–1100 °C [38], [39], which is high enough to damage the nano-

porous structure [46]. As a result, the technique for depositing an oxide passivation layer on 

nanostructured silicon must be devised in such a manner that the thickness of the oxide can be 

precisely controlled to avoid the total oxidation, while the original structure must be retained 

by limiting the maximum processing temperature to be low enough that it is not deteriorating 

or causing any undesired structural changes. 

 

One of the other possibility passivation methods is to use the supercritical fluid. The 

supercritical fluid method is also considered to be an effective passivation method as the 

supercritical fluid has advantageous properties of gas-like diffusivity and liquid-like 

dissolubility in the same time [47]. This is suitable for the nanostructure as the supercritical 

fluid can penetrate through the pore structure and deactivate the dangling bonds inside the deep 

pore’s wall. Furthermore, some substances, like CO2, becomes the supercritical fluid state in 

very mild condition (32°C, 7.39 MPa), which can be used to carry the passivating molecule to 

the thermo-sensitive material like porous silicon [48]–[50]. 

1.7  PROSPECTIVE SCALABILITY OF POROUS SILICON SOLAR CELL 

With the currently available technologies for fabricating the porous silicon layer in 

more scalable volume or in the industrial scale [51], e.g., in microelectronics [52] and industrial 

microelectromechanical systems (MEMS) manufacturing [53], together with the double layer 

transfer process (DLPS) technology that allows the utilization of the silicon wafers in a more 
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efficient way, thus reduces the manufacturing cost [18], [54], [55], the fabrication of porous 

silicon and the silicon oxide passivation could be implemented, with some optimization of the 

process, in the actual photovoltaics industrial scale. Hence, as an important step toward 

developing a more viable passivation technique to be applied to porous silicon as the top emitter 

of silicon solar cell, the room temperature electrochemical passivation emphasizes the 

promising possibility that this fast and inexpensive method can improve the passivating quality 

of the porous silicon layer as well as enhance the light-trapping property in thin-film silicon 

solar cells and possibly be used as a wide band gap top-cell material in all-silicon tandem solar 

cell applications in the next generation PV cells. 
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CHAPTER 2: STATEMENT OF PURPOSE 
 
 

The development of a clean and sustainable energy is an important issue for the future 

of global economics and environment. Among many renewable energy technologies, silicon 

solar cells have attracted an attention due to the stability and abundance of Si semiconductor 

material with suitable optoelectrical properties. However, the best single junction solar cells 

have reached the efficiency of 26.7% in laboratory that is very close to its theoretical limit of 

32%, which means that there  only a little room remained for improving the efficiency of the 

solar cell. To improve the solar cell efficiency and surpass the theoretical limitation introduced 

previously, the porous silicon is chosen as a promising material the top layer of all-silicon 

tandem solar cells. This is attributed to the improved optoelectronic properties of porous silicon 

which are due to its reduced surface reflectivity and its possibly wider band gap, which was 

previously attributed to the quantum size effect. It also eliminates the lattice mismatch issues 

usually found in other type of multi-junction solar cells. However, the fabrication process of 

porous silicon greatly increases the surface area and leaves behind dangling bonds on the top 

surface. These dangling bonds acts as recombination centers and directly affect the carrier 

extraction in a photovoltaics device. This can be mitigated by the passivation of the porous 

silicon layer. However, the passivation of this sensitive surface is a challenging problem as the 

common method that applies to crystalline silicon solar cells may not be able to achieve a 

uniform passivated film on the high-aspect ratio structure like porous silicon. A key purpose 

of this thesis is to develop a different electrochemical passivation method of porous silicon 

most suitable for all-Si tandem solar cells. 

To achieve this purpose, we need to address specific sub-problems, which are:  

 

• The fabrication process of porous silicon 

• The process of electrochemical passivation 

• The properties of passivated porous silicon 

• The performance of porous silicon in a solar cell 

 

First, the fabrication process of porous silicon is considered. In this research, the p-type 

crystalline silicon is used as the base layer. The wafer is cleaned, doped, and annealed to 
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fabricate the p-n junction with suitable junction depth. We then use a simple, fast, and low-cost 

method of electrochemical etching (anodization) to prepare porous silicon layers on the N+-

emitter region. The current density and anodization time are selected according to the literature 

and previous research to obtain the desired porosity and porous layer thickness, which are key 

features in determining its optoelectronic properties. The purpose of this is to obtain the porous 

structure in the N+-emitter region with proper porosity that can reduce the surface reflectivity 

in ultraviolet (UV) and visible regimes (300-1100 nm), which normally are inefficiently 

absorbed in polished crystalline silicon wafers, as well as the proper thickness, so that the 

surface recombination can be controlled. Also, we would like to investigate this nano-sizing 

effect of the porous silicon with this structure with regard to the possibility of band gap 

expansion in this heterojunction structure. 

 

For the process of passivation, the electrochemical passivation was applied to passivate 

the surface immediately after the porous silicon layer is fabricated. This approach was chosen 

over more conventional high temperature passivation processes because it enables the precise 

control of the thickness of the oxide layer with a quick processing time at room temperature. 

This lowers the risk of negatively affecting the porous silicon's original nanostructure. The 

passivation current density is determined according to the diffusion and reaction rate of the 

oxidation of porous silicon, which will be elaborated later in discussion part. The passivation 

times will be varied to investigate the effect of oxide thickness. The purpose of this variation 

is to produce the passivated porous silicon with the sufficient oxidation of the dangling bond 

surface states as well as the uniform silicon oxide layer to provide an adequate passivation to 

be used in photovoltaic application. In comparison to our original method of electrochemical 

passivation, the other methods are also investigated, including the conventional ALD as well 

as the supercritical fluid passivation. For clarification, because we would like to evaluate only 

the true effectiveness of the SiO2 passivation layer, any further fabrication process (except 

electrode deposition) will not be conducted in this research, e.g., back surface field (BSF). 

 

For the properties of passivated porous silicon, many characterizations are conducted 

to evaluate each fabrication conditions. The depth of p-n junction from the surface and the 

porous structure (the porous layer thickness, the thickness of the pore wall, and the pore 

spacing) are characterized as these are important determinants of the final optoelectrical 

properties of the porous silicon. The optical and vibrational spectrum are measured to evaluate 
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the optoelectrical properties of the fabricated porous silicon. These reflectance, transmittance, 

and absorbance data can be used to estimate the band edges as well as the quantum efficiency 

in last section. Finally, estimation of the band gap energy of porous silicon is made to verify 

the possibility of the expansion by the spectroscopy technique. 

 

Furthermore, the performance of porous silicon as solar cells is investigated. The silver 

(Ag) electrodes are deposited on both front and rear side of all samples to fabricate the solar 

cell. The structure would be as follows (from top to bottom):  

 

Ag front electrode/ SiO2/N+ emitter porous silicon/ P-type c-Si/Ag back electrode. 

 

The effect of the passivation duration is evaluated by the photovoltaic performance measured 

with solar simulator; these include the current density-voltage (J-V) curve, open-circuit voltage 

(Voc), short-circuit current density (Jsc), fill factor (FF), efficiency (η), shunt resistance (Rsh), 

and series resistance (Rs). The external quantum efficiency (EQE) data were measured, while 

the internal quantum efficiency (IQE) was calculated based on the reflectance data from 

characterization from previous section, to evaluate the quantum efficiency. The bare c-Si solar 

cell is used as a reference cell and to evaluate the improvement of the passivated porous silicon 

solar cell.  

 

Finally, we will evaluate key properties of passivated porous silicon which are 

important for solar cells performance, namely: the band gap and band edges. To achieve 

mechanistic understanding of the resulting properties, we will also perform numerical 

calculations with quantum chemistry and molecular dynamics methods. This computational 

method allows us to obtain a direct insight at the atomistic model of the structure as well as the 

effect of porosity and different degree of passivation onto the specific electronic properties 

such as band structure, trap states, and the expansion of band gap. This is necessary as some of 

the mechanistic underpinning of the changes of properties due to porosity and passivation 

cannot be understood with experimental approach alone. In particular we will test a key 

proposition advanced in previous literature about the band gap expansion via quantum sizing 

effect. Therefore, this part of the study will investigate the effects of porosity and passivation 

on the porous silicon model with the relatively large size (up to ~6500 atoms). The models are 

based on crystalline structures, where the pores are introduced according to the actual 
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experimental visual data following by the passivation with hydrogenation. The models are 

optimized with Molecular Dynamics (MD) method following by Density Functional Tight 

Binding (DFTB) method. For the characterization, the density of states (DOS) is calculated to 

investigate the band structure of the model. The results from simulation are used to compare to 

the actual experimental data 
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CHAPTER 3: METHODS AND MATERIALS 

 

 In this chapter, the methods and materials of each experiment will be explained and 

calculation as well as the methodology of the research. Beginning with the overview part, this 

includes the methodological approach towards the research problem and the scope of work as 

described in the previous chapter, and the evaluation of the result. Afterwards, the experimental 

and computational details will be explained according to the methodological approaches. The 

explanations will be divided mainly into two parts–experimental and simulation–for the sake 

of simplicity, even though the results of experiments and simulations will be discussed 

collectively in the next chapter.   

3.1  OVERVIEW OF RESEARCH 

This research will focus on the investigation of the porous silicon as a candidate for the 

top cell of all-silicon tandem solar cell as well as the improvement of the surface passivation 

methods of porous silicon. For the experimental part, the explanation will follow the fabrication 

process, which includes the fabrication of porous silicon, the processes of passivation, and, 

finally, the fabrication into the solar cell device. Along with each step, the characterization 

methods will be listed, and its purposes will be described.  

 

For the experimental part, firstly, the porous silicon as a material will be evaluated with 

following characterizations: 

1) SEM image:   Porous layer thickness, porous structure from top view 

2) TEM image:   Porous structure in detail and PN-junction depth 

3) Electrochemical CV (ECV): PN-junction depth and doping profile 

4) PL spectroscopy:  Estimation of band gap energy 

5) UV-Vis spectroscopy:  Optical spectrum 

6) FTIR spectroscopy:  Vibrational spectrum 

 

In this part, the scanning electron microscope (SEM) image, transmission electron microscope 

(TEM) image, and electrochemical capacitance-voltage (ECV) profiling is used to confirm the 

structure of the porous layer as well as the doping profile of N+ emitter layer, i.e., p-n junction 

depth. The relationship of porous layer depth in relation with p-n junction is believed to have 
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a significant effect on the role of porous silicon as a top layer in tandem solar cell; this will be 

explained in the next chapter. Next, photoluminescence (PL) measurement is used to estimate 

the band gap of the porous silicon compared to the crystalline sample to investigate the effect 

of nano-structuring: the conversion of indirect to direct band gap material, and any 

change/expansion of the band gap. Lastly, the UV-Vis and Fourier Transform Infrared (FTIR) 

spectrophotometry are used to obtain the information about the optical and vibrational 

responses of the samples: reflectance, transmittance, absorbance. These results will also be 

used to calculate the internal quantum efficiency (IQE) to characterize the light response of the 

sample as a solar cell. 

Secondly, the passivated porous silicon will be evaluated using the following 

characterizations: 

1) QSSPC:   Carrier lifetime and implied VOC 

2) MWPCD:   Carrier lifetime 

3) SEM image   Structural change 

4) TEM image:   Structure of passivated film (only ALD) 

 

Quasi-steady-state photoconductance (QSSPC) measurement is used to investigate the quality 

of the base silicon wafer, the N+ emitter layer, and the metal-semiconductor contact in term of 

its carrier lifetime and the implied VOC. Microwave-detected photoconductance decay 

(MWPCD) measurement is used to investigate the carrier lifetime of every passivation 

technique as well as the sample without any passivation to confirm the quality of passivation. 

SEM image is used to check the structural change after passivation. TEM is used only with 

ALD-passivated sample to investigate the post-annealed alumina film and confirm the 

uniformity of the passivation film and its thickness. 

 

Lastly for the experimental part, the final passivated porous silicon solar cell will be 

evaluated as by solar simulator to obtain the IV-curve, EQE, and IQE data. The open-circuited 

voltage (VOC), short-circuited current (JSC), fill factor (FF), shunt and series resistance, and 

conversion efficiency will be extracted from IV-curve data. 

 

For the simulation part, a porous silicon model is made to represents key features of the 

experimental samples. This includes the porosity and the amorphization according to the real 

characterization data. The effect of passivation is studied by varying the amount of passivating 

material on the surface of the pore. The models are then relaxed or optimized using 
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computational chemistry methods and codes, and the resulting electronic properties like density 

of states (DOS) is calculated and used as the determinants of the effect of passivation.  In this 

research, three types of calculation method are used: Density Functional Theory (DFT), 

Density Functional Tight-Binding (DFTB), and Molecular Dynamics (MD). The software/code 

for each method are listed as following: 

 

1) QuantumEspresso (QE): DFT calculation 

2) DFTB+:   DFTB calculation 

3) GULP:    MD calculation 

 

The basic principle of each calculation, the software/code, and the parametrization will be 

explained in this latter part of the chapter. The advantages and disadvantages of each method 

will be discussed as it is important to choose an appropriate method to obtain the best result, 

while keeping the cost and time of calculation reasonable. Also, the related software will also 

be introduced and briefly explained its purposes. 

3.2  METHODS OF EXPERIMENT 

3.2.1 Overall Fabrication Flow 

 

To understand the whole picture of the process, the overall process to fabricate the 

passivated porous silicon solar cell is shown in Figure 12. As there are many characterizations 

between each step of fabrication, it will be illustrated again in each section. 

 
 

FIGURE 12: OVERALL PASSIVATED POROUS SILICON SOLAR CELL PROCESS 
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Totally, there are three steps of fabrication that are needed to be explained. Briefly, the 

process will be as following: 

 

 

Porous Silicon à Passivated Porous Silicon à Passivated Porous Silicon Solar Cell 

 

3.2.2 Porous Silicon Fabrication 

  

Materials 

 

Silicon wafer, P-Type, <100>, 1-2 Ω.cm, 200 μm 

Hydrofluoric acid (46-48%) Wako Pure Chemical Industries, Ltd. 

Ethanol (99.5%) Kanto Chemical Co., Ltd. 

Phosphorus SOD (Spin-on Dopant) Standard Solution P8545PV Filmtronics 

 

 Equipment 

 

Precision Manual Scriber IZU-SC-150 Izumi Tech Co., Ltd. 

Spin Coater Opticoat MS-B100 Mikasa 

Mini Lamp Annealer MILA-5000 series Advance Riko, Inc. 

Circulating Chiller EYELA CCA-1111 

DC Voltage Current Source/ Monitor R6240A Advantest 

In-house Teflon Electrochemical Etching Equipment 

 

Experimental Operations 

 

For porous silicon with P-N junction 
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FIGURE 13: POROUS SILICON (DOPED) FABRICATION 

 

1) Silicon wafer is cut from into 3´3 cm2 with the precision scriber. 

2) Clean the silicon wafer with ethanol and deionized (DI) water twice to clean the dust and 

grease on both front and rear surfaces. Then immerse the wafer into HFaq 10% (w/w) for 

1 minute to remove the native oxide film. Finally, immerse in the DI water for 30 seconds 

to wash the remaining HF. 

3) To dope the wafer, the phosphorus SOD solution of 100 μL is spin-coated on the front 

surface. The condition of spin-coating is set according to the manufacturer’s technical data 

to assure the uniform film thickness profile (with rpm) and enough time for the solvent to 

evaporate (with spinning time). These are illustrated in Figure 14 and in following detail:  

a. [0-5 second] accelerate from 0 to 1000 rpm 

b. [5-8 second] keep at 1000 rpm (SOD is dispensed at 5th second) 

c. [8-25 second] instantly increase to 1500 rpm 

 
FIGURE 14: CONDITION OF SPIN-COATING AND THERMAL DIFFUSION 

4) For thermal diffusion, spin-coated silicon wafer is subsequently annealed to form the N+ 

emitter layer at top layer. The condition of temperature is shown in Figure 14. The first 
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80°C step for 1 minute and 20 seconds is to ensure the evaporation of the solvent remained 

in the phosphorus film. The temperature is then increased with the rate of 10°C/s until 

reaching 900°C, which is adequate to activate the drive-in process of phosphorus into 

silicon material. The duration of 17 minutes is kept to obtain the desired thickness of N+ 

emitter layer as well as the doping profile. The chamber is continuously flowed with N2 

with constant flow rate of 20 SCCM to prevent the oxidation of phosphorus by heating.  

5) To fabricate the porous silicon with P-N junction, the anodization process is performed to 

etch the silicon surface. As shown in Figure 13, the Si wafers are placed horizontally at 

the copper base of the Teflon wet-etching cell [18], [56], where the surface to be etched is 

faced upside. The copper base is used to provide a lower electrical contact to the wafers. 

The cylindrical etching chamber is then placed and tightened on the top of Si wafers with 

the use of 20-mm-diameter O-ring to prevent the leak of the electrolyte. The 4 mL of the 

electrolyte of 46% HF: 99.5% ethanol = 1:1 solution is sequentially filled. The 15-mm-

diameter platinum net (cathode) is immersed in the electrolyte, and its position is adjusted 

to be at the center of the etching chamber. Finally, the etching process is performed under 

indoor irradiation conditions at room temperature. The constant current of 75 mA/cm2 is 

applied through the wafer by using current source for 6 seconds.  

6) The etched wafer is removed from the etching cell after washing with DI water, and dry. 

7) The porous silicon wafer is cut to 1´1 cm2 by the precision scriber (in the case of non-

passivated sample). 

 

For porous silicon without P-N junction 

 

 
FIGURE 15: FABRICATION OF (UNDOPED) SILICON WAFER 

  

1) Silicon wafer is cut from into 3´3 cm2 with the precision scriber. 

2) Clean the silicon wafer with ethanol and deionized (DI) water twice to clean the dust and 

grease on both front and rear surfaces. Then immerse the wafer into HFaq 10% (w/w) for 
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1 minute to remove the native oxide film (SiO2). Finally, immerse in the DI water for 30 

seconds to wash the remaining HF. 

3) To fabricate the porous silicon without P-N junction, the solution of [HFaq: Ethanol = 1:1] 

of 4 mL is used as an electrolyte and etching agent. Then the constant current of 75 

mA/cm2 is applied through the wafer by using current source for 200 seconds. The reaction 

is carried out in the indoor irradiation. The reason the reaction time is increased is because 

the high resistance of undoped wafer. The voltage required to generate 75 mA/cm2 current 

density is higher than the upper limitation of the current source. 

4) The etched wafer is removed from the etching cell after washing with DI water, and dry. 

5) The porous silicon wafer is cut to 1´1 cm2 by a vacuum-stage cutter. 

 

3.2.3 Passivated Porous Silicon Fabrication 

 

 Passivation Methods 

  

Atomic Layer Deposition (ALD) Passivation 

 
 

FIGURE 16: ALD PASSIVATION PROCESS SCHEME 

       Materials  

 

Trimethylaluminum (TMA) 

HFaq 5% (w/w) 

 

Experimental Operations 

 

1) Porous silicon wafer is cleaned by dipping in HFaq 5% solution for 7-8 seconds to remove 

the native oxide. It is then rinsed with DI water and dry with N2. 

2) The ALD passivation is done by using TMA as Al source in Ar atmosphere to control the 

deposition thickness of 5, 10, and 20 nm. 
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3) Then it is annealed at 400°C for 30 minutes in N2 atmosphere to form Al2O3. 

 

Electrochemical Passivation 

By using the anodization process in H2O/HCl at ambient temperature, the Si surface, including 

the dangling bonds (surface states) formed by the etching on the porous silicon layer, is 

anodically oxidized and the thin silicon oxide layer is formed. The anodic oxidation reaction 

is as follows: 

Si  +  2H2O ↔ SiO2 +  2H2 ……………………………(8) 

In order to confirm that the porous silicon layer is not completely oxidized, the volume ratio 

of SiO2 thin film per volume of porous silicon layer in each passivation time is calculated based 

on the porosity and the kinetic of the anodization reaction (8) [57]. 

 

 
FIGURE 17: ELECTROCHEMICAL PASSIVATION PROCESS SCHEME 

       Materials 

 

HCl 1M 

 

 Equipment 

 

DC Voltage Current Source/ Monitor R6240A Advantest 

Teflon Electrochemical Etching Equipment 

 

 

Experimental Operations 
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1) From 3.2.2., the etched porous silicon wafer is continuingly processed by removing all HF 

solution and rinse with DI water twice. 

2) 4 mL of HCL 1M is added to the Teflon etching cell. This time, the copper plate is used 

as a cathode, while platinum mesh is used as an anode. Then the constant current density 

of 0.1012 mA/cm2 is applied through the wafer by using current source for specific amount 

of time. The reaction is carried out in the indoor irradiation. 

 

 

Supercritical Fluid Passivation 

 
 

FIGURE 18: SUPERCRITICAL PASSIVATION PROCESS SCHEME 

Materials 

N2 (gas) 

CO2 (liquid) 

 

 Equipment 

Thermostat Oven ETTAS EO-300B As One Corporation 

High Pressure Cell SUS316 25 MPa 100°C Taiatsu Japan 

*In collaboration with Shimoyama laboratory, Tokyo Institute of Technology* 

 

Experimental Operations 

1) Porous silicon wafer is passivated by nitrogen gas with supercritical CO2 as a carrier inside 

the pressurized container. N2 is filled in the chamber until reaching 5 MPa. Then the liquid 

CO2 is flowed into the container by pump until the overall pressure reaches 20 MPa. 

2) The system is keeping as a batch process at 20 MPa and 100°C for 2 hours. 
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FIGURE 19: SCF PASSIVATION REACTION SCHEME 

 

3.2.4 Solar Cell Fabrication 

 

Materials 

 

Tungsten Wire (W-46187, Diameter: 0.25mm), Nilako 

Silver Wire (Ag-401325, Diameter: 0.30 mm), Nilako 

 

Equipment 

 

Volt-Slider Type V-130-3 Yamabishi 

In-house Resistive Thermal Evaporator Chamber 

Fishbone and Square Electrode Masks 

 

Experimental Operations 

 

 
 

FIGURE 20: ELECTRODE DEPOSITION OF SOLAR CELL 
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1) Passivated silicon wafer from section 3.2.3 is cut from 3´3 cm2 to 1´1 cm2 by the precision 

scriber. 

2) The cut wafer is attached firmly to the fishbone electrode mask with an area of 0.39 cm2 

by adhering to the glass substrate with tape and put in the in-house resistive thermal 

evaporator chamber. Then it is vacuumed for 30 minutes. Before applying the current, the 

N2 gas is filled in the chamber 3 times to ensure that there is as small amount of air as 

possible. 

3) The current is flowed through the coiled tungsten wire to heat 6 silver hooks (5 mm in 

length each) for 30 seconds, which evaporates the silver due to resistive heating, the 

voltage is adjusted by the volt-slider. The silver thin electrode thickness is 40-60 nm. Then 

refill the silver hook and repeat this step one more time.  

4) Detach the fish bone electrode mask and continue to deposit the rear electrode with the 

square mask with same process. 

3.2.5 Characterizations Methods and Materials 

 

A. FESEM 

 

Materials 

 

Carbon tape 

Carbon paste 

 

Equipment 

 

Field Emission Scanning Electron Microscope (FE-SEM) JSM-6301FZ JEOL 

Platinum Auto Fine Coater JFC-1600 JEOL 

Image Analysis Software ImageJ 

 

Characterization Operation 

 

1) Cleave the samples to small size to fit both flat stage and cross-sectional stage. 

2) Using carbon tape and carbon paste to adhere the sample flat on the stage surface. 

3) Coat with platinum to improve the conductivity for 8 seconds. 
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4) Observe the structure or cross-section with FE-SEM under low pressure (< 9.6´10-5 Pa). 

The voltage of 5 kV is used. 

 

B. Electrochemical Capacitance-Voltage (ECV) Profiling 

 

Equipment 

 

WEP Wafer Profiler CVP21, Furtwangen, Germany (in collaboration with INSA, Lyon) 

 

Characterization of Method and Operation 

The doping profile and the depth of the PN-junction interface formed by this doping 

condition are characterized by the electrochemical capacitance voltage (ECV) method. This 

ECV measurement is performed by etching the surface of the samples and measure the 

capacitance voltage value at each depth, which can be interpreted concentration of the dopants.  

 

 
FIGURE 21: ELECTROCHEMICAL CV-PROFILING SCHEME [58] 

 

1) Immerse the doped samples without porous structure in the HFaq 10% (w/w) for 7 minutes 

to remove the phosphosilicate glass (PSG), which is a non-conductive layer. 

2) The sample is pressed to the electrochemical cell filled with electrolyte with 5 mm in 

diameter sealing ring. The electrolyte also acts as an etching agent, which etch the wafer 

with specific depth and the capacitance in each depth is then measured. The capacitance is 

interpreted as the carrier concentration with Mott-Schottky equation (Equation 7). 
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         …….(7) 

Where  C: Capacitance per Area 

   A: Contact area 

 eR: Relative dielectricity if the semiconductor 

 e, e0: Fundamental constants 

 

3) Repeat the measurements with three samples 

 

*Note that the etching process referred in the "etching area" is an electrolytic etching of the 

doped c-Si carried out solely for the purpose of ECV profiling of the carrier concentration at 

various depths from the surface and is different from the etching process described in the 

previous section for fabricating the porous silicon layer. 

 

C. Estimation of Band Gap using Photoluminescence (PL) 

 

Equipment 

 

NIR Compact Fluorescence Lifetime Spectrometer C12132 (Class B Laser) Hamamatsu 

Variable Temperature Liquid Nitrogen Cryostat (Optistat DN2) Oxford Instruments (in 

collaboration with Yamada-Miyajima laboratory, Tokyo Institute of Technology) 

 

Characterization Operation 

 

1) Apply the thermal grease to the rear side of sample to improve the thermal conductivity.  

2) Vacuum the system and flow in the N2 into the chamber 5 times to purge the air out. Then 

vacuum the system with charcoal heating (308 K) for 8 hours or until the pressure is under 

2´10-5 hPa. 

3) Pour in the liquid nitrogen to cool down the system to 77K. 

4) Measure the PL between 580 – 1030 nm with spectrometer of 532-nm excitation 

wavelength for each temperature: 80, 130, 180, 230, and 298 K. 

N = −2

eε0ε R •
d(1/C 2 )
dV
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D. Characterization of the optical properties by UV-Vis 

 

Equipment 

 

SolidSpec-3700 UV-Vis-NIR spectrophotometer, Shimadzu (in collaboration with Miyajima 

laboratory,Tokyo Institute of Technology) 

 

Characterization Operation 

 

1) Prepare the samples with the desired fabrication condition. 

2) Measure the background first before continuing to measure the samples the atmosphere in 

the range of 300-2400 nm. 

 

E. Characterization of the vibrational spectrum by FTIR 

 

Equipment 

 

IRAffinity-1 FTIR spectrophotometer, Shimadzu (in collaboration with Miyajima 

laboratory,Tokyo Institute of Technology) 

 

Characterization Operation 

 

1) The samples are prepared with the desired fabrication condition, except that it is not needed 

to cut the sample from 3´3 cm2 into 1´1 cm2 in size. 

2) Measure the background first before continuing to measure the samples in the N2 

atmosphere in the range of 500-4000 cm-1. 

 

F. Carrier Lifetime Measurement by MWPCD and SEMILAB 

 

Equipment 

Lifetime Measuring System LTA-1510EP Kobelco (in collaboration with Miyajima laboratory, 

Tokyo Institute of Technology) 
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SEMILAB (in collaboration with Alain Fave’s laboratory, INSA, Lyon) 

 

Characterization Operation 

 

1) The carrier lifetime of sample with 1´1 cm2 size is measured by MWPCD system with 

following parameters: 

a. Measurement Pattern: 0.5 mm 

b. Wafer Size:  25 mm2 

c. Average time:  1024 times 

2) As the actual wafer size is 1´1 cm2, which is smaller than 25 mm2 measuring area, the 

average carrier lifetime value is then calculated by counting each data and average by hand. 

 

G. QSSPC 

 

Materials 

 

Quinhydrone (0.05 M in methanol) 

 

Equipment 

 

WCT-120 The Standard Offline Wafer-Lifetime tool, Sinton Instruments (in collaboration 

with Miyajima laboratory, Tokyo Institute of Technology) 

 

Characterization Operation 

 

1. For the evaluation of the c-Si base layer, the bare wafer with 3´3 cm2  is immersed in 

the quinhydrone/methanol (0.05M quinhydrone in methanol) for 10 minutes. 

2. The measurement is done in the room temperature 

3. For the evaluation of the other layer of the cell, fabricate the cell in the symmetrical 

configuration, and measure directly. 

 

H. Nano-structure observation by Transmission Electron Microscope (TEM) 
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Equipment 

 

Transmission Electron Microscope (TEM) JEM-2010F, JEOL, 200 kV 

Focus Ion Beam (FIB) FB-2100 

 

     Characterization Operation 

1) A FIB method is used to prepare the TEM specimens. In prior to the measurement, the 

surface of the porous silicon sample is coated with a 200-nm-thick carbon as a protective 

layer. 

2) The material is excavated from both sides to a depth of 5 m using a beam of Ga+ ions to 

form a foil from the porous silicon layer.  

3) The foil from the porous silicon layer is extracted and deposited on the TEM membrane.  

K. Solar Cell Parameter measured by Solar Simulator 

 

Equipment 

 

Solar Simulator CEP-25MLH Spectrometer 

Tungsten Carbide Probe (K15LM Type) 

Sample Stand for Back Current Collector 

Xenon Lamp Power Supply Model XCS-150A Jasco 

Silicon Photodiode BS-520 S/N 096 Bunkoukeiki 

 

Characterization Operation 

 

1) The solar cell sample is put on the stage and connect the probe to the front electrode. 

2) The J-V curve (shown in Figure 22) is obtained by irradiating the pseudo-sunlight 

generated by xenon lamp (AM1.5 100 mW/cm2). The solar parameters: open-circuited 

voltage (VOC), short-circuited current density (JSC), fill factor (FF), and conversion 

efficiency is obtained from the equation 8 and 9 

3) Furthermore, the shunt resistance (RSH) and series resistance (RS) are calculated by the 

slope at VOC = 0 and JSC = 0, respectively. 
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FIGURE 22: I-V CURVE OF SOLAR CELL [59] 

 

..…….(8) 

…………….….(9) 

Regarding the covered area of the Ag front electrode, the porous silicon and the c-Si cells 

absorb light in the region of 300–1200 nm, where the thin Ag electrode in this experiment has 

a low transmittance to, which means its effect to the absorbing region is negligible. As a result, 

the PV parameter may be determined by using the solar cell's active area. 

L. External and Internal Quantum Efficiency Measurement (EQE and IQE) 

 

Equipment 

 

Solar Simulator CEP-25MLH Spectrometer, Bunkoukeiki 

Spectral Response Measurement System (CEP-2000ML, Bunkoukeiki) 

Xenon Lamp Model XCS-150A, JASCO 

UV-Vis spectrophotometers V-570, JASCO 

Tungsten Carbide Probe (K15LM Type) 

Sample Stand for Back Current Collector 

 

Conversion Efficiency (η) = 
Pmax

Pin
×100% = 

JSC ×VOC × FF
Irradiance

×100%

Fill Factor (FF) = 
Pmax

JSC ×VOC
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Characterization Operation 

 

1) The solar cell sample is put on the stage and connect the probe to the front electrode. 

2) EQE result (shown in Figure 23) is obtained by irradiating a light with 1-nm step increment 

from 300 – 1200 nm. The EQE is a proportion of the energy of generated electron to the 

input irradiated photon energy as shown in equation 10. 

3) IQE data are calculated with the inclusion of the reflectance data obtained by UV-Vis 

spectrophotometers in previous section. 

 

 
 

 
FIGURE 23: EXTERNAL QUANTUM EFFICIENCY (EQE) [60] 

 

      ……………..……….(10) 

It should be noted that the JSC, η, EQE and IQE values shown in the next chapter are calculated 

using the active area of the solar cell surface, which means that the Ag electrode area are 

excluded. As a reference, the fabrication process of the c-Si solar cell, except the porous silicon 

formation part, is the same with those for porous silicon solar cells.  

3.3  METHODS OF SIMULATION 

3.3.1 Overview of the Simulation 

 

E.Q.E = 
Electron out

Photon in
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 Along with the results based on various experiments and characterizations, a 

computational approach, is also used to investigate the properties of porous silicon model. to 

confirm changes in the electronic properties induced by porosity, amorphization, and 

passivation. 

In order to be comparable to the experiment, a porous silicon model must be properly 

selected or generated in a way that represents the actual structure as much as possible; for 

instance, the porosity, the crystallinity, the element/molecule on the surface of the pore, etc. 

The porosity of the material is defined as the proportion of the volume of void space in the 

material to the total volume of the material. As the model will be calculated in a periodic mode, 

the final geometry of the material and pore must be properly selected so that the thickness of 

the wall and the pore spacing are similar to the actual sample (in nanometer scale); that is why 

merely using the smallest model with the target porosity will not be a good representative as 

the wall and spacing will be too small (in angstrom scale) in periodic mode. With all these facts, 

a relatively large model of porous silicon in term of number of atoms is required in order to 

achieve a realistic calculation. In term of the selection of crystallinity of the model, it is well-

known that the etching process to fabricate the porous silicon from base crystalline silicon 

wafers will result in the amorphization of the top layer of the surface [61], while the 

crystallinity of the inner layer remains unaffected (shown in Figure 24). 

 
FIGURE 24: CRYSTALLINITY OF THE POROUS SILICON (LEFT) TEM IMAGE OF FABRICATED 

POROUS SILICON (RIGHT) SIMPLIFIED CROSS-SECTIONAL MODEL OF POROUS SILICON WITH 
AMORPHOUS SI ON THE SURFACE AND CORE CRYSTALLINE SILICON (NOT TO SCALE) 

 

Together with the result from XRD measurement, the existence of the a-Si on the surface is 

confirmed. Therefore, in prior to simulate the realistic model which is composed of both c-Si 

and a-Si, the porous silicon model based only with c-Si will be calculated as a first step. Lastly, 

c-Si 

a-Si a-Si 
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to investigate on the effect of passivation, only the hydrogenation of the surface will be used 

as a first step. The method to add the hydrogen atoms to the model will be explained later in 

this section. 

 

Three principles of calculation method are used in this research: Molecular Dynamics (MD), 

Density Functional Theory (DFT), and Density Functional Tight Binding (DFTB). For MD, 

the calculation is based on the classical equations of motion in which force fields are used as a 

method to estimate the potential energy between atoms or molecules. It is relatively fast 

compared to other two methods, less CPU-intensive, and able to calculate a large model. 

However, as it is based on the classical physics, MD cannot provide insight into electronic 

properties. It is also dependent on the accuracy of the force field which may not account for all 

relevant interactions. For the latter, electronic structure methods are needed such as the density 

of states (DOS). DFT, is a first principle, or ab initio, method which means that all of the 

physical properties are calculated directly from the basic physical quantities (for instance, mass, 

charge, coulomb force of electron and atomic nuclei, etc.) based on the quantum mechanics. 

This method yields a better approximation and provides electronic structure information, yet it 

is CPU-intensive especially for the large-scale model. For this reason, in this work, we also use 

DFTB, which is a semiempirical electronic structure method that is parameterized either with 

DFT calculations or directly to experimental data (e.g., to correctly reproduce the band 

structure). This allows performing calculations about 3 orders of magnitude faster than DFT 

while achieving DFT-like accuracy for well-parameterized systems, which is the case for Si 

[62]. As in solid state DFT calculations, especially in those with relatively large simulation 

cells (>10 Ang), one typically has to rely on GGA functionals which are known to 

underestimate the bandgap by about 30%, DFTB, in spite of being a more drastic 

approximation than DFT, due to its semi-empirical nature allows obtaining a band structure in 

better agreement with the experiment than GGA DFT [63]. This is true in particular for Si 

where the DFTB parameterization that we use was shown to correctly reproduce the band 

structure, which a quantitatively accurate bandgap [64]. With all these advantages and 

disadvantages of each method, we use all three together to capitalize on the strength and avoid 

the disadvantages of each method, namely: 

- MD is used to pre-optimized the structures 

- DFTB is used for final optimization and band gap / DOS calculations 

- DFT is used to cross-check DFTB results for selected systems. 

 



 41 

As the purposes of this calculation are to investigate the electronic structures of passivated 

porous silicon models, a proper structure must be obtained in order to have a good estimation. 

Firstly, the optimization or relaxation process of the initial structure is performed in order to 

obtain the structure with the lowest energy possible, i.e., the most stable structure. Without this 

process, the position of some adjacent atoms could be too close to each other’s, causing the 

local potential energy to be higher than it should be, thus compromising the estimation of 

electronic structure. In certain positions, some could be improperly bonded with its neighboring 

atoms, resulting in the dangling bonds which create the trapped states in the band structure. In 

this study, all 3 methods are used for optimization/relaxation process. For the electronic 

structure calculation, the DFTB method is used as the codes itself come with a suitable 

parametrization for evaluating the band structure of silicon-based model. In case of DFT 

method, despite being ab initio and having a function to calculate the band structure as well, 

its inaccuracy in band gap estimation is well-known and the calculated values tend to be 

underestimated compared to the real experiment. Therefore, for the best estimation of the result, 

the density of states (DOS) and the band diagram of all structures, regardless of which method 

was used for relaxation, will be calculated by DFTB. The resulting band structure from each 

method of relaxation will be compared and discussed in term of its quality and its accuracy to 

the experiment.  

 

The further detail of each simulation is described in the following sections: 

3.3.2 Density Functional Theory (DFT) 

Density functional theory (DFT) is a practical method for finding solutions to the 

Schrödinger equation, which is the fundamental equation that describes the underlying 

quantum behavior of atoms, molecules, and solids [65]. The key question it tries to answer is 

what the energy of a given (clamped nuclei) structure is. From there, energy as a function of 

structure can be computed and therefore optimal structures, transition states, energy differences 

between different phases, interaction energies, etc., can be found.  As the mass of an electron 

is 1800 times less than that of the nucleus, the calculation can be divided into two distinct parts: 

first by solving the electron ground states where the nuclei are held fixed, and second by solving 

the nuclear Schrödinger equation by introducing the concepts of potential energy surfaces, 

equilibrium geometries, and binding energy. This method is called the Born-Oppenheimer 

(BO) approximation, which allows us to approximate the change of the energy of the material 
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when some atoms are moved around. One of the simplest forms of the Schrödinger equation is 

the time-independent, nonrelativistic Schrödinger equation:  

!− ℏ!

"#
∑ ∇$"%
$&' +	∑ 𝑉(𝑟$)%

$&' +	∑ ∑ 𝑈(𝑟$ , 𝑟()()*
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$&' - 	𝜑	 = 		𝐸𝜑 ……………(11) 

Where φ is the electron wavefunction where φ = φ(r1,r2,…,rN), E is ground state energy of 

electron, m is mass of electron, and ℏ is a Planck’s constant, and r are coordinates of all atoms. 

The terms in the bracket are divided into three parts, which defines the kinetic energy, the 

interaction of electron-nuclei, and the interaction between electrons, in that order. These are all 

simple coulombic interactions. 

 For the electron wavefunction φ = φ(r1,r2,…,rN), which is a function of the coordinates 

of all N electrons, it is more convenient to approximate this term as it will be very difficult to 

solve the Schrödinger equation as the number of electrons in molecule increases. This can be 

approximated by combining the wavefunctions of electrons as a Hatree product: 

𝜑 =	𝜑*(𝑟)𝜑"(𝑟)…𝜑%(𝑟)   ……………………(12) 

For electron-electron interaction part in Hamiltonian, φ(r) cannot be solved without 

simultaneously considering the other electron wavefunctions. Instead, the probability of 

finding electron in particular position in space, n(r), the electron density, is used: 

𝑛(𝑟) = 𝜑∗(𝑟)𝜑(𝑟)                         …………….. (13) 

Where 𝜑$(𝑟)  are 1-electron wavefunctions called orbitals. Hohenberg and Kohn 

found that the ground-state electron density uniquely determines all properties of the ground 

state, including its energy and wavefunction [66]. This is important because it significantly 

reduces the number of calculations from potentially thousands of dimensions to only 3 

dimensions. The functional of 1 electron wavefunctions involved described by Hohenberg 

and Kohn can be written as: 

𝐸[{𝜑$}] = 	𝐸,-./-[{𝜑$}] +	𝐸01[{𝜑$}]                 …………..(14) 

Where the functional is divided into two terms: what is known so far is included in Eknown, 

and everything else, EXC, which includes all quantum effects not included in the known 

term. 
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The definition of each term is similar to in Equation 11, except that there is an extra term at the 

end describing coulomb interaction between pair of nuclei, Eion. With this theorem, they also 

define another property of the functional stating that: the electron density that minimizes the 

energy of the overall functional is the true electron density corresponding to the full solution 

of the Schrödinger equation. Later on, Kohn and Sham proved this theorem and showed a 

practical way to compute the orbitals. This equation is called “Kohn-Sham equation”[67]: 

!− ℏ!

#
∇" + 	𝑉(𝑟) +	𝑉:(𝑟) + 𝑉01(𝑟)-	𝜑$(𝑟) 		= 		 𝜀$𝜑$(𝑟)            ………………..(16) 

Where the VH(r) is Hatree potential and VXC(r) is an exchange-correlation energy. This is with 

a type of Schrödinger equation for only a single electron, and the wavefunction of this electron 

(called orbital) depends only on three spatial variables, φi(r). By using the iterative approach 

to Kohn-Sham equation, the ground state electron density can be solved. The iterative approach 

must be used as a way to break the calculation loop in solving the Kohn-Sham equation. This 

is originated from the dependence of the effective potential 𝑣4;;(𝑟) = 	𝑉(𝑟) +	𝑉:(𝑟) +

𝑉01(𝑟) on the electron density as well as the dependence of the electron density on the single-

electron wavefunction, which must be solved by Kohn-Sham equation. 

 The exchange-correlation functional, EXC, is very difficult to define. Many functionals 

have been developed to best represent it for particular types of materials and applications. One 

of the most basic forms is the local electron density approximation (LDA). Combining LDA 

with the local gradient in electron density, the generalized gradient approximation (GGA) is 

obtained. 

The following table lists the DFT software/code, and the related pseudopotential file used in 

this simulation. The pseudopotential file is an approximated and simplified description of the 

complex system like in the atomic all-electron potential, which allows a calculation with a 

significantly smaller number of nodes. 

TABLE 1: SOFTWARE AND PARAMETERS USED IN DENSITY FUNCTIONAL THEORY (DFT) 
CALCULATION 

 
Software/Code Version Application Pseudopotential File 

QuantumEspresso [68], [69] 6.3 Structure Optimization Si.pbe-n-rrkjus_psl.1.0.0. 
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3.3.3 Density Functional Tight Binding (DFTB) 

The derivation of the Density Functional Tight Binding (DFTB) model is performed based on 

a Taylor series expansion of the Kohn-Sham DFT energy equation (Equation 16) around an 

appropriately selected reference electron density ρ(r) [70]. Instead of calculating for the density 

ρ(r) that minimizes the total energy (ground-state) like in DFT approach, a reference density 

ρ0 is assigned which is perturbed by some electron density fluctuation, ρ(r) = ρ0(r) + δρ(r). 

Furthermore, the exchange–correlation energy functional (EXC) is then undergone a Taylor 

series expansion up to the 3rd order and the total energy equation can be written as: 

𝐸<=>?	3[𝜌' + 𝛿𝜌] = 	𝐸'[𝜌'] + 𝐸*[𝜌' + 𝛿𝜌] 	+ 𝐸"[𝜌' + (𝛿𝜌)"] +	𝐸3[𝜌' + (𝛿𝜌)3] ……(17) 

Where each component of the expansion is defined as: 
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There are three generations of the DFTB models that have been developed over the years, 

where one was built successively on top of each previous model and includes more terms of 

the expansion. The first version is the 1st order non-self-consistent DFTB1 [71], [72] (originally 

DFTB or non-SCC DFTB), following with the 2nd order DFTB2 [73] (originally SCC-DFTB), 

and finally the most recent version of 3rd order, DFTB3 [74]–[76]. 

The DFTB1 model makes use of three major approximations: (1) it includes only the 

E0[ρ0] and the E1 [ρ0+δρ] terms from Equation 17, (2) it is based on the linear combination of 

atomic orbital (LCAO) ansatz of the Kohn-Sham orbitals, and (3) the two-center approximation 

of the Ĥ [ρ0] is applied. Basically, this DFTB1 approximates the DFT by using a minimal basis 

set of nearest neighboring atoms and the Slater-Koster tables, which contain pre-calculated 

matrix elements. Also, as the E0[ρ0] depends solely on the reference electron density, the 
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DFTB1 model further approximates the E0[ρ0] term as a sum of the pairwise repulsive potential 

called a repulsive energy term (Erep): 

𝐸'[𝜌'] 		≈ 			 𝐸64J 	= 	
*
"
∑ 𝑉C?

64J
C?  ………………………..(22) 

  The DFTB2 model includes the E2 [ρ0+(δρ)2] in equation 17 on top of DFTB1. The 

additional features are the use of a self-consistent charge step (SCC), and the optimization of 

the Mulliken charges. Lastly, the DFTB3 model includes the E3 [ρ0+(δρ)3] terms in equation 

17 further, which includes the additional polarization term. 

The following table lists the detail and the related Slater-Koster files used in this DFTB 

calculation. 

TABLE 2: SOFTWARE AND PARAMETERS USED IN THE DENSITY FUNCTIONAL TIGHT BINDING 
(DFTB) CALCULATION 

 
Software Version Application Slater-Koster File Ref 

DFTB+ [70] 22.1 
Structure relaxation pbc [77], [78] 

Band structure calculation siband [64], [79] 

 

The pbc is used for structural relaxation as it is good and well-parametrized for the silicon 

clusters. The siband is preferred over pbc for the band structure calculation because it is a 

Slater-Koster files made specifically for accurately calculate the electronic structure of DFTB 

for Si, O, and H containing materials. Both of these parametrization files are based on DFTB2. 

 Also, for the comparison of the resulting band edge values between the different model, 

the DFTB built-in function to calculate the electrostatic potential is used to compared the 

electrostatic potential of the vacuum level and uses this reference value for offsetting all of the 

DOS result. 

3.3.4 Molecular Dynamics (MD) 

The core of the Molecular Dynamics (MD) method is based on the determination of the 

trajectories of the atoms or molecules by numerically solving the Newton’s equation of motion. 

This can be done by analyzing the internal energy (U) of the system. In principle, computing 

the internal energy of a solid involves a many-body problem. This is highly expensive to 

calculate at any level of theory in the present time, which is why the approximations must be 
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made for the simplification of the problem. The first assumption is that the energy can be 

divided into an expansion in terms of interactions between different atoms in the total number 

of atom (N):  

𝑈 =	∑ 𝑈$%
$&* +	*

"
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$&*     ……..(23) 

Where the first term defines the internal energy of the atom itself (irrelevant for dynamics or 

for interaction energies), the second term is the interaction between the pair atoms, triples (3-

body) and so on. This approximation can result in a high accuracy if the expansion order is 

high enough. However, it is known that the as the order of the terms becomes higher, the 

contribution will become progressively smaller for most of the systems. This is why the higher 

order terms, up to a certain point, is neglectable and will be compensated by a parametrization 

instead. In general, up to four-body terms is considered a reasonable approach for most systems 

[80], [81]. Moreover, it is intuitively evident that the greater the distance between two atoms, 

the weaker their interaction. As a result, the distance cut-offs can be introduced to simplify the 

computational task. 

 In the MD simulation, the forces are calculated using the Force Field (FF) model, which 

must be selected properly to the interested system as the nature of the forces between particles 

in each system (organic/inorganic/metal/etc.) are different. A  typical force field includes terms 

that defines an electrostatic (Coulombic) interaction between atoms, spring-like terms that 

mimic the length of each covalent bond, and other terms expressing several types of interatomic 

interactions. The following section lists some of the widely used interatomic potential models: 

Coulomb Interaction 

𝑈$(1.KL.#M 	= 		
N)N*

OPQ%6)*
   ………………..(24) 

Where q is the charge on one body, r is the distance between two bodies, and ε0 is the 

permittivity of free space. 

 Two-body Short range Interactions: 

𝑈$(
?KR,$-STU# 	= 		𝐴𝑒𝑥𝑝 N− 6)*

D
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+    ………(25) 
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   𝑈$(
V4--U6W2X.-4Y 	= 			 1,

6)*
, −	

1+
6)*
+    ………(26) 

Where A and C are the constants. 

The following table lists the software/code and the related force fields used in this simulation 

TABLE 3: SOFTWARE AND PARAMETERS USED IN MOLECULAR DYNAMICS (MD) CALCULATION 
 

Software Version Application Force Field Ref 

GULP [80] 6.0 Structure Optimization Tersoff [82]–[84] 

 

3.3.5 Generation of the Hydrogenated Porous Silicon Model 

 

• Model: 

The model used in this simulation is based on the crystalline silicon model. The unit cell of 

cubic c-Si is obtained from the database [85]. Then it is transformed in VESTA software to 

achieve a desired size as a base cell ready for introducing a pore. 

 
FIGURE 25: MODEL OF CRYSTALLINE SILICON (C-SI). THE UNIT CELL CAN BE TRANSFORMED 

INTO THE DESIRED BOX SIZES IN XYZ DIRECTION. IN THIS FIGURE, THE EXAMPLE OF 512-ATOM 
AND 4096-ATOM MODEL ARE PRESENTED. 

 

• Pore Generation: 

Pore is introduced to c-Si based cell manually by geometrically removing the atoms in the 

CIF file using python codes to generate porous silicon model with the corresponding porosity 

as well as the other pore dimension, such as the wall thickness and the pore spacing. 4 types of 

models are formulated as a representative of PSi/c-Si model in this thesis. These models are 

internal sphere, internal cube, pillar, and crater models. The spherical and cubic pore is carved 

512-atom 

4096-atom 
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at the center of the cubic box base cell to generate the internal sphere and internal cube models. 

The surrounding atoms are removed in the cuboid base cell to some height to generate the pillar 

model with desired pillar diameter, height, inter-pillar spacing and base layer thickness. Finally, 

the hemisphere-tipped cylinder is carved out of the cuboid base cell to the desired depth and 

diameter in order to generate the crater model. 

 

• Passivation 

The passivation process is conducted by the hydrogenation of the surface. The 

hydrogenation process is done using the built-in function of Materials Studio software: Update 

Hydrogen. This function adds hydrogen to the atoms that are not completely bonded, i.e., 

possessing dangling bonds, one hydrogen per one dangling bond, thus saturating the surface.  
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CHAPTER 4: RESULTS AND DISCUSSIONS 

4.1  POROUS SILICON 

4.1.1 Determination of PN-junction 

  
Electrochemical Capacitance-Voltage (ECV) and Transmission Electron 

Microscope (TEM) images 

 

The ECV profiling is conducted on phosphorus (P) doped bulk p-Si wafers, after removing the 

thermal oxide from the wafer surface by mildly etching, to obtain the activated P concentration 

profiles at annealing temperature of 900 °C for 17 minutes to investigate the location of the p-

n junction interface. Three samples of phosphorus-doped silicon wafers (Sample 1 and 2) are 

measured with ECV and compared with data made from our previous researcher (Sample 3). 

The P-type (boron) based silicon wafer has a resistivity of 1-2 W.cm, which is equivalent to the 

doping level of 7.17 ´ 1015 - 1.512 ´ 1016 cm-3 [86]. The data is shown below in Figure 26. 

 

 
 

FIGURE 26: ELECTROCHEMICAL-CV DATA OF THREE DOPED SILICON WAFERS WITH 
ARITHMETIC SCALE (LEFT) AND LOGARITHMIC SCALE (RIGHT) AND DIAGRAM OF THE 

ETCHING AREA OF 5 MM2 AT THE CENTER OF THE DOPED WAFER SAMPLES (INSET). 
 

 The carrier concentration in the n-type layer is as high as 9.46 ´ 1020 for Sample 1, 1.1 

´ 1021 cm-3 for Sample 2, and 6.6 ´ 1020 cm-3 for Sample 3. In Figure 26, the log scale graph 

on the right shows two characteristic regions. The first is the region from the surface down to 

100 nm depth, where the carrier concentration is high and stable. This region is caused by slow 

substitutional diffusion, where the phosphorus atom replaces the silicon atoms in the crystalline 

∅=5 mm2 
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structure. The second region is the region from 100-200 nm depth, where the carrier 

concentration drops down to a lower concentration of 1015 cm-3. This is caused by the fast 

interstitial diffusion, where the phosphorus atom diffuses in the interstices. 

In order to determine the position of the p-n junction, in both the arithmetic and 

logarithmic scales, a sharp decline in the carrier concentration is observed to be around the 

wafer depth of 200 nm, indicating a high P-doping concentration of the n-layer on the top of 

the p-Si base wafer; this suggests that the p-n junction is located approximately around this 200 

nm depth. Even though there are some differences in the carrier concentration between samples 

in the highly doped area from the top surface to around 150 nm depth (Figure 26 left), there is 

no discernible impact on the underlying location of the p-n junction. When considered in the 

logarithmic scale, the drop of the carrier concentration has a similar curve in every sample, as 

can be seen in Figure 26 (right). 

 

 
FIGURE 27: ECV DATA WITHIN SAME SAMPLE WITH ARITHMETIC SCALE (LEFT) AND 

LOGARITHMIC SCALE (RIGHT) AND DIAGRAM OF THE ETCHING AREA OF 0.7 MM2 IN DIFFERENT 
AREA (1,2,3) ON DOPED WAFER SAMPLE (INSET). 

 

To further investigate the homogeneity of the doping profile, the ECV profiling was also 

measured on Sample 4 in three different areas (1,2,3). The result shown in Figure 27 confirms 

that a uniform n-layer is formed on the top of p-Si wafer by thermal diffusion of the P-dopant 

as the steep drop-off is also located around 200 nm similar to Figure 26. 

Moreover, the doped porous silicon is also observed visually by using TEM image to 

compare the result with ECV. 

1 
2 

3 

∅=0.7 mm2 
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FIGURE 28: CROSS-SECTIONAL TEM IMAGE OF DOPED POROUS SILICON LAYER (526 NM) FOR 

OBSERVATION OF THE P-N JUNCTION BY DIFFERENCE OF POROSITY AND CONTRAST 
 

A cross-sectional TEM image of the 526 nm thick porous silicon layer on a c-Si substrate 

is shown in Figure 28, displaying bright and dark contrast layers as a result of the different 

porosity between them. The porosity of the porous silicon layer formed on the top bright 

contrast layer (222-nm-thick) is different from that of the porous silicon layer on the bottom 

contrast dark layer (255-nm-thick), which indicates a different P-doping density of the n-type 

silicon region. As a result, the porosity of porous silicon could be controlled by varying the of 

P-doping level [87]. It is worth noting that the depth of the top bright contrast layer corresponds 

to the high P-doping concentration of the n-layer as shown in the ECV profile, which confirms 

that the p-n junction is located below 200 nm from the surface. 

 

Discussion on the Selection of P-N Junction Depth and Porous Layer Thickness 

 
 To determine the P-N junction depth, the real scale graph is used. The tangent line 

drawn from the second region (the drastic drop) to intersect with the horizontal axis is an 
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estimated depth of P-N junction, which is located at 160 - 200 nm. These data are used to 

determine the condition of fabrication of the porous silicon. The Figure 29 shows the 

relationship between P-N junction vs porous silicon layer thickness. 

 

 
FIGURE 29: TYPES OF STRUCTURE BETWEEN POROUS LAYER AND P-N JUNCTION 

 

There are 3 types of structure to be discussed: Type I, II, and III. Type I is where the 

porous silicon lies within the N-type silicon and does not reach P-N junction. In this structure, 

the porous silicon acts only as an anti-reflective surface. Type II structure is where the porous 

silicon exceeds the P-N junction depth and lies deep within the P-type silicon. In this case, the 

porous silicon reaches the P-N junction, which allow more probability that the higher energy 

photoelectrons generated by the quantum size effect reach the P-N junction, while still acting 

as an anti-reflective film. However, the deeper porous layer drastically increases the surface 

area, which means the recombination rate also likely drastically increases. Therefore, it is 

necessary to control the depth of porous silicon to just reach the P-N junction only, not any 

deeper than that. Type III is a structure type where the porous silicon reaches the P-N junction 

and slightly lies within P-type silicon. This is expected to be the best structure due to the least 

recombination, the higher collection probability of the photoelectron generated by quantum 

size effect to, and anti-reflective film. 

Therefore, the condition to etch the porous silicon is selected by these relationships, 

which means we should fabricate the porous layer to be deeper than 200 nm because the P-N 

junction depth is at 200-250 nm. 
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4.1.2 Structure of Porous Silicon 

 

Scanning Electron Microscope (SEM) images 

 
In this experiment, the porous silicon is fabricated with the condition of 75 mA/cm2 for 

6 seconds to obtain over 200 nm thickness and exceeds the P-N junction depth. The condition 

was calculated by previous studies and is used in this experiment for the continuity of the study. 

Two SEM images are selected to show both the thickness and part of the surface. 

 

 
  

FIGURE 30: SEM IMAGES OF POROUS SILICON 40° TILTED (LEFT) AND 0° (RIGHT) 
 

 In Figure 30, it is confirmed that the porous layer thickness fabricated with this 

electrochemical etching condition is in the range of 200 – 250 nm. The thickness profile is 

found to be inhomogeneous, where the center is the thinnest (~200 nm) and becoming thicker 

along the radial direction (up to 250 nm), which still keeps the P-N junction inside the porous 

layer. The surface from the 40° tilted image shows a clear porous structure seen from the top 

view. However, the pore is not as well-structured as expected, it is more like an amorphous 

structure, of which the effects need to be clarified. 

With this fabrication condition, porous silicon layers with the average porosity of 25% 

and thickness varied to some degrees (200-250 nm) are prepared on c-Si substrates. A porosity 

of 25% is calculated based on the effective medium approximation (EMA) with Bruggeman’s 

Model [88] and is optimal to achieve a low lattice-mismatch between the porous silicon layer 

and c-Si substrate. 

 



 54 

 
Transmission Electron Microscope (TEM) images 

 
FIGURE 31: (A) TEM IMAGE OF POROUS SILICON LAYER WITH 146 NM THICKNESS (PS-1); (B) 

HIGH RESOLUTION TEM OF PSI/C-SI INTERFACE AT THE BOTTOM OF PS-1 LAYER; (C) TEM 
IMAGE OF POROUS SILICON LAYER WITH 176 NM THICKNESS (PS-2); (D) HIGH RESOLUTION TEM 

OF PSI/C-SI INTERFACE AT THE BOTTOM OF PS-2 LAYER 
 

An overview of the PS-1 layer, which has a uniform thickness of 146 nm on a c-Si substrate, 

is shown in Figure 31a. The pore appears to be made of an amorphous substance as a result of 

the amorphization of the thin Si walls on the surface of pores, which is possibly caused by the 

FIB milling process in the TEM sample preparation. The Si skeleton's projection resembles a 

crystalline substance in appearance. Straight pores that have formed perpendicular to the 

surface are seen in the PS-1 layer. Uniform porosity, which in reflecting the uniform doping 

concentration of the n-layer, is shown by consistent contrast in the PS-1 layer. Figure 31b 

shows a high-resolution TEM (HRTEM) image of the PS-1/c-Si interface. Moreover, the n-

PS-1 layer's crystalline skeleton is oriented in the same direction as the c-Si substrate, 

suggesting an atomic lattice matching (shown by red dotted lines in Figure 31b) at the PS-1/Si 

interface. The 176-nm thick PS-2 layer is shown in Figure 31c. Due to a minor top-surface 
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etching effects from the FIB milling pretreatment procedure for TEM imaging, the measured 

layer thickness (176 nm) is less than the 200 nm-thick PS-2 layer as-fabricated. A continuous 

PS-2/c-Si interface can be seen in the corresponding HRTEM image (Figure 31d). Si 

crystallites and pores are identified by the speckled contrast of dark and bright areas, 

respectively. Lastly, the bottom PS-2 layer has a lower hole size of 3 nm with a neighboring 

distance of 3.5 nm, while the top PS-2 layer exhibits a pore size of around 10 nm with a mean 

distance between neighboring pores of about 15 nm. 

With this detailed information from TEM image, the pore size, porosity, pore spacing, 

wall thickness, as well as the porosity data will be used to generate the simple porous silicon 

model that is both suitable for the calculation capacity and representative to the actual structure. 

 

4.1.3 Evaluation of optical band gap of porous silicon 

 
Photoluminescence (PL) spectra 

 
 The PL spectrum is measured to investigate the luminescence of the porous silicon as 

it might suggest the band gap expansion. The band gap energy of crystalline silicon has a value 

of 1.12 eV [89] and is indirect, while the band gap of porous silicon is direct and can be ranged, 

according to previous reports, from 1.4 eV to 2.2 eV [90] depending on the structure. The 

measurement is made from 80K up to room temperature with an increment of 50K to confirm 

the direct transition of the porous silicon. The measured data are shown in Figure 32 below. 

 

The result from Figure 32 shows that the PL peak of porous silicon is located around 

645 nm for every temperature, which is equivalent to the energy of 1.92 eV. The fact that this  

peak is observed even at room temperature indicates that this is caused by the radiative 

relaxation of the direct band gap material, which then confirms the direct transition of the 

porous silicon from the indirect band gap of the c-Si base wafer. This efficient visible light 

emission is a well-known property of porous silicon, which attracted its attention on the 

research at the first place. Therefore, at first glance, we might expect that this could be a proof 

of the band gap expansion of the porous silicon and could possibly result in the improvement 

of VOC when this porous silicon wafer is finally fabricated into the solar cell. 
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FIGURE 32: PHOTOLUMINESCENCE (PL) SPECTRA OF 200-NM-THICK POROUS SILICON WITHOUT 
P-N JUNCTION IN VARIOUS TEMPERATURES: 80, 130, 180, 230, 298K 

 
  

However, the band gap energy calculation from PL data is subject to many limitations. 

For instance, PL emissions do not provide an exact band gap energy like UV-Vis absorbance 

(in next section). Also, the origin of the photoluminescence in visible range in porous silicon 

is still unclear and is subject to many debates even in the present time. Emission from defect / 

impurity states rather than from the band age is a possibility, The Table 4 below lists the 

reported photoluminescence band. 
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TABLE 4: POROUS SILICON LUMINESCENCE BAND [26] 
 

Label Spectral Range Typical lifetime at RT Generally Proposed Origin 

IR Band 
Near IR 

1100 - 1500 
10 ns to 10 µs States at the silicon surface 

S-Band 

(Oxygen-terminated) 

Near IR to yellow 

590 - 1300 
A few ns to ~150 µs 

Fast relaxation of excitation to surface states 

related to Si=O 

S-Band 

(Hydrogen-

terminated) 

Near IR to blue 

400 - 1300 
µs range 

Quantum confinement in Si nanocrystals; 

indirect band gap transitions 

Hot PL Band 
Yellow to blue 

425 - 630 
ps range Observed only under high excitation 

F-Band 
Blue-green 

420 - 470 
~10 ns 

Oxide-related defects/ Organic contamination/ 

Direct bandgap core luminescence 

UV Band 
UV 

270 - 350 
Ps-ns Oxide-related defects 

Long-lived Band 
Blue-green 

450 - 540 
1-8 s Oxide-related species 

 

 As can be seen from the PL result in Figure 32, the most possible origin of PL in the 

fabricated porous silicon in this thesis is in the range of the S-band. There are many possible 

origins of this S-band PL, which can be classified according to its proposed models: those 

based on quantum confinement alone [23], [91]; nanocrystal surface states [92]–[94]; specific 

defects or molecules [95]–[97]; and structurally disordered phases [98]. From all the proposed 

origins, it seems that the weight of evidence now tends toward the quantum confinement-based 

model, which are consistent with the experimental data as a whole [99]. In the case of the 

porous silicon sample in this experiment, it is possible that the obtained PL is originated by the 

large amount of oxygen-terminated and hydrogen-terminated surface states caused by the 

anodization process rather than the quantum confinement effect alone. The effect of this nano-

sizing to the band structure needs a further investigation, which will be discussed in the 

simulation part later on. 

 

UV-Vis spectra 

 
 UV-Vis spectra are measured to evaluate the reflectance, transmittance, and absorbance 

of the porous silicon which can be used to determine its optical band edges. The as-fabricated 

porous silicon with the same anodization condition without any passivation is used in 

comparison to the c-Si base wafer. The result of the measurement is shown in Figure 33. 
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FIGURE 33: UV-VIS SPECTRUM OF AS-FABRICATED POROUS SILICON AND CRYSTALLINE 

SILICON (C-SI) BASE WAFER. 
 

 
 As can be seen from the top right figure, the porous silicon of 200 nm thickness is 

shown to be effective in reducing the reflectance compared to that of the bulk c-Si sample 

throughout the entire UV-Vis spectrum. The amount of reduction is observed to be about 40% 

in the UV range of 300-400 nm and 20% in the IR range of 1100-2500 nm on average. In the 

visible region to near IR (400-1100 nm), the reflectance sharply drops from over 20% to its at 

lowest of 5% at 450 nm, then increases and has a broad peak of 30% centered at 600 nm, and 

finally drops again to 7% at 1000 nm. This low reflectance demonstrates the potential anti-

reflection property of the porous layer caused by the texturization of the surface [100]–[102]. 

 In the bottom left graphs in Figure 33, the transmittance is shown. It is clearly seen 

from that the transmittances of both porous silicon and c-Si samples start to decrease at 1150 

nm and sharply drop to zero around 900 nm. The absorbance is then calculated correspondingly 

using both reflectance and transmittance data. From the absorbance result in the bottom right 

graph, it suggests that the optical band edges of both porous silicon and c-Si samples are located 

around 1100 nm wavelength; this corresponds to the energy of 1.12 eV, which is clearly the 

band gap energy of c-Si. Apart from the reflectance reduction of porous silicon, the effect of 

the direct transition of the band gap from indirect of c-Si to direct band gap of porous silicon 
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is also observed as the absorbance is higher in the region above 900 nm. Also, the gap states 

are also found in the region of 1700-2400 nm. 

As both results are similar except in the 300-1100 nm region, this suggests that the 

fabricated porous silicon either has the same optical band gap energy as of the c-Si base wafer 

or is largely influenced by the band gap of the c-Si base layer. This is because the porous silicon 

is fabricated on top of the c-Si, making it a heterojunction structure. This effect of the 

heterostructure on the VOC will be seen later on when constructing to the solar cell and will be 

discussed more in detail in the VOC issue section in the end of this chapter. 

4.2  PASSIVATED POROUS SILICON 

4.2.1 Mechanisms of Electrochemical Passivation and Condition Calculations  

 
Porous silicon has a very large surface area compared to bulk silicon and is 

thermodynamically unstable. At present, thermal oxidation in the presence of a catalyst is 

mainly used as a method to reduce the surface recombination rate, but since it is a high 

temperature process, there is a possibility that structural change and oxidation may progress 

for porous silicon. In the case of passivation by formation of an oxide film, it is necessary to 

advance oxidation under milder conditions. Therefore, in this research, we considered forming 

an oxide film using an electrochemical method. By appropriately selecting the current density 

and the oxidation time, it is expected that the oxide film is thick enough to subdue the dangling 

bonds on the surface uniformly and thin enough that it does not act as a resistive oxide layer as 

in Figure 34. 

 
FIGURE 34: ELECTROCHEMICAL PASSIVATION REACTION SCHEME 

 

However, when considering the reaction inside the pore, the control of the nanostructure 

cannot be achieved without considering which the reaction rate or mass diffusion is dominant. 
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The redox reaction formula of silicon when hydrochloric acid is used as the electrolyte is shown 

in equations 27 and 28. 

………………...……(27) 

                        …………………..… (28) 

As can be seen from these equations, in the oxidation reaction of silicon (equation 27), 

H2O is consumed and H+ is formed, so the diffusion of these species becomes dominant. If the 

resistance of the substrate is low enough, as in a silicon wafer, the reaction on the surface of 

the pore will selectively occur as shown in Figure 35 (Top) which means that the diffusion is 

slower than the reaction, so a SiOX film is formed to cover the top of the porous structure. On 

the other hand, if the reaction is rate-determining, the reaction occurs uniformly over the entire 

wall surface of the pores, and it is considered that an oxide film is formed along the porous 

structure as in Figure 35 (Bottom). Therefore, it is required that the oxidation be performed in 

a place where the reaction is sufficiently slower than diffusion process. 

 

Considering the rates of reaction and diffusion, the Thiele number is used as an indicator, 

shown in equation 29 

       ………………….………………(29) 
 

Where  k  =  reaction rate constant 

D = diffusion coefficient 

L = pore depth.  

 

From this equation, since the k of the numerator is an indicator of reaction rate and the 

denominator D/L2 is an indicator of diffusion rate, it can be understood that the Thiele number 

indicates the ratio of reaction rate and diffusion. As described above, in order to form an oxide 

film along the porous structure, conditions are required that the reaction is sufficiently slower 

than diffusion. Therefore, it is sufficient to set conditions that make the Thiele number smaller. 

However, the reaction rate constant contained in the Thiele number is generally difficult to 

measure. Therefore, we examined the use of the modified modulus using the average reaction 

rate r instead of the reaction rate constant k., the average reaction rate r is divided by the species 

concentration C0 on the pore surface to achieve a dimensionless parameter, and the corrected 

modulus is given by the equation 30. 

Si + 2H2O →  SiO2  + 4H+  + 4e−

2H+  + 2e−  →  H2

h = k
D / L2
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FIGURE 35: DIFFERENCE IN OXIDE FORMATION BETWEEN DIFFUSION LIMITED (TOP) AND 
REACTION LIMITED (BOTTOM) 

 

 

..………………......….(30) 

 

That is, if the correction modulus is a sufficiently small value, it is expected that the 

oxide film formation along the porous structure will be promoted. The depth dependence of 

the concentration of chemical species in the pores during the reaction at different Thiele 

number and modified modulus values is shown Figure 36. The vertical axis is based on the 

concentration of chemical species on the surface, and the horizontal axis is based on the bottom 

of the pore. In order to form an oxide film of the same thickness on the surface and bottom of 

the pore, the concentration of chemical species must be equal. Therefore, in this experiment, 

Φ [-] = 
r /C0

D / L2 =  
Reaction
Diffusion
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calculation was performed with Φ = 0.15. The parameters used for other calculations are shown 

Table 5. Since the surface observation could not be clearly seen in the porous silicon fabricated 

in this experiment, the pore diameter and the pore spacing necessary for the calculation were 

based on the passivation conditions previously performed in this laboratory, calculation was 

performed by combining the porous layer thickness found by the SEM image. The SEM images 

of porous silicon used as a reference are shown Figure 37, and the diffusion coefficient of 

hydrogen ions is the literature value [103]. As a result, an anodization time of 135 seconds and 

a current density of 0.1012 mA/cm2 were obtained. 

 

 
FIGURE 36: SPECIES CONCENTRATION RATIO VS. PORE DEPTH [104] 

 
TABLE 5: PARAMETERS TO CALCULATE THE OXIDATION CONDITION 

 
Parameter Value 

Pore Diameter [nm] 17.1 

Porous Layer Depth [nm] 200 

Pore Spacing [nm] 60.7 

SiO2 Film Thickness [nm] 2 

HCl Concentration (C0) [mol/L] 1 

H+ Diffusion Coefficient [m2/s] 2.21 ´ 10-9 
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FIGURE 37: SEM IMAGES OF POROUS SILICON AS REFERENCE FOR CALCULATION [105] 
 

From the calculation, the longer the oxidation time, the thicker the oxide film layer. 

When the current density of 0.1012 mA/cm2 is kept constant and the oxidation time is varied, 

the relationship illustrated Figure 38 is obtained. 

 

 
 

FIGURE 38: ELECTROCHEMICAL OXIDATION TIME (T) VS. SIO2 FILM THICKNESS 

 

 Then electrochemical passivation time is varied to investigate the effect of SiO2 

thickness to the conversion efficiency. The oxidation time chosen to passivate the porous 

silicon solar cell together with its calculated thickness is listed in Table 6. 
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TABLE 6: OXIDATION TIME SELECTED TO POROUS SILICON SOLAR CELL FABRICATION 
 

Oxidation Time [s] Calculated SiO2 Thickness [nm] 

6 0.08 

10 0.13 

15 0.20 

20 0.27 

30 0.40 

60 0.81 

90 1.24 

135 2 
 

In this experiment, there are three passivation methods selected as a way to deactivate 

the dangling bonds of the nano-porous surface. The first method, ALD passivation is used as 

the representative method and for comparison to other passivation methods as it is a common 

passivation technique for crystalline silicon solar cell. Second, the electrochemical passivation 

is a method developed in this research to achieve a uniform passivation thin film on porous 

silicon with faster processing time and lower cost. Lastly, the supercritical fluid (SCF) 

passivation technique is experimented by using SCF unique properties of gas and liquid to 

penetrate through the nano-pore and dissolve the unwanted dangling bonds.  
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4.2.2 SEM of Passivated Porous Silicon 

 
FIGURE 39: (A) DIAGRAM OF THE BOTTOM-UP ANODIZATION MECHANISM OF SIO2 PASSIVATED 

POROUS SILICON LAYER; (B-J) CROSS-SECTIONAL SEM IMAGES OF FABRICATED POROUS 
SILICON WITH DIFFERENT POROUS LAYER THICKNESS  

 
The anodization and electrochemical passivation process described in previous section 

is used to fabricate porous silicon layers with thicknesses of 191–255 nm, and which were then 

surface-passivated via anodic SiO2 formation. Figure 39b–j shows cross-sectional SEM images 

of these porous layers with homogeneous morphology. The anodic oxidation process is carried 

out for passivating the porous silicon layers with different passivation time (t) of t = 6 s, 10 s, 

15 s, 20 s, 30 s, 60 s, 90 s, and 135 s. This scale of SEM images shows that the original porous 

structures are not affected by the anodic oxidation process; the uniformity of the porous 

structure of these passivated samples(Figure 39b–j) is still maintained compared to that of the 

sample without passivation (Figure 39a).  
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4.2.3 Passivation Film Evaluation by Carrier Lifetime Measurement 

 
All three passivation techniques are evaluated with the carrier lifetime measurement. 

The summary of the average lifetime is shown below in Table 7, and all colored mapping local 

lifetime is illustrated in Figure 40 for ALD-passivated porous silicon, Figure 41 for porous 

silicon without passivation, Figure 42 for electrochemical passivated porous silicon, and Figure 

43 for SCF passivated porous silicon. All samples are undoped. 

 
TABLE 7: SUMMARY OF AVERAGE LIFETIMES 

 

 
  

 
FIGURE 40: CARRIER LIFETIME OF ALD-PASSIVATED AT DIFFERENT CONDITIONS: NO 

ANNEALING (LEFT), ANNEALING AT 400°C FOR 20 MIN (MIDDLE), ANNEALING AT 200°C FOR 15 
MIN (RIGHT) MEASURED BY SEMILAB 

 

Sample Average Lifetime (μs) 

No Passivation 1 2.94 

No Passivation 2 2.975 

No Passivation 3 2.822 

ALD 20 nm (no annealing) 3.737 

ALD 20 nm (annealing 400°C for 20 m) 8.12 

ALD 20 nm (annealing 200°C for 15 m) 3.007 

Electrochemical Passivation 1 2.628 

Electrochemical Passivation 2 1.797 

Electrochemical Passivation 3 5.105 

SCF Passivation 1 2.187 

SCF Passivation 2 2.171 
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FIGURE 41: CARRIER LIFETIME OF 3 POROUS SILICON SAMPLES WITHOUT PASSIVATION 

(MEASURED BY MWPCD) 
 

 
FIGURE 42: CARRIER LIFETIME OF POROUS SILICON WITH ELECTROCHEMICAL PASSIVATION 

(MEASURED BY MWPCD) 
 

 
FIGURE 43: CARRIER LIFETIME OF POROUS SILICON WITH SCF PASSIVATION (MEASURED BY 

MWPCD) 
 

As seen from the Table 7, all of the carrier lifetimes are very short compared to the 

lifetimes that can be considered suitable for c-Si cells. The longest lifetime is 8.12 μs from 

ALD-passivated sample 2 (annealing at 400°C for 20 minutes), and the shortest is 1.797 μs 

from electrochemical passivated sample 2. The samples without passivation have lifetimes 

~2.9 μs, while SCF passivation sample is ~2.18 μs. For ALD passivation, the longest lifetime 

of 8.12 μs is believed to come from the effective annealing process when compared to ones 

without annealing and with an annealing temperature of 200°C for 15 minutes. After alumina 

forming the bond with the dangling bond, the annealing makes it an Al2O3 film, which suggests 
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that the condition of ALD sample 2 is the best so far. For the electrochemically passivated 

sample, the short lifetime is first believed to come from the lack of back passivation of the 

wafer. However, the ALD method does not passivate the back side, while SCF passivation 

method passivate the whole wafer. So, the effect of back passivation cannot be deduced in this 

experiment.  

The other reason for the short lifetime is believed to be the structure of porous silicon 

itself. As the porous structure observed in SEM images is not a well-defined pore, more like 

an amorphous structure, all of the passivation methods need the access to the deep part of the 

pore in order to uniformly passivate the structure. As it is a 3-D porous structure, the 

passivating molecules are probably unable to penetrate through the complex structure despite 

using the SCF method, which has a high penetration property of SCF CO2. 

In conclusion, from the carrier lifetime perspective, there is no obvious improvement 

from each passivation process because all the obtained lifetimes are relatively short compared 

to the common crystalline silicon. The further optimization of the passivation condition is 

needed in the future work. 

4.2.4 TEM Images of ALD-Passivated Samples 

 
 The TEM measurement is performed only for the ALD-passivated samples to observe 

the annealed Al2O3 structure as well as the porous silicon layer. Three ALD thicknesses are 

measured: 5 nm, 10 nm, and 20 nm. Figure 44 shows all the TEM images: 
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FIGURE 44: TEM IMAGES OF ALD PASSIVATION ON POROUS SILICON WITH DIFFERENT ALD 

THICKNESSES: 5 NM (TOP), 10 NM (MIDDLE), AND 20 NM (BOTTOM) 
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 From the images, ALD is confirmed to lead to a formation of a film (seen in a darker 

color) on the surface of the porous silicon and the thickness is precisely controlled. However, 

the ALD film is only formed on the top part of the porous silicon; the alumina only diffuses 

through the pore to the set depth, not all the way through to the bottom of the pore. This results 

in the non-uniform passivating film over the whole structure, leaving the deep portion of the 

pore un-passivated, and may be the reason of the short lifetime. We will show below that after 

fabricating the solar cell, the performance of the ALD-passivated porous silicon solar cell is 

poor, as well as the diode characteristic, resulting in a very high series resistance. This is 

believed to result from the annealed ALD-film forming a resistive layer, which impedes the 

generated electron transport to the top electrode. In addition to the amorphous structure 

discussed in SEM section, the ALD-sample with 20 nm thickness also does not have the 

orientation of <100>, but a complicated structure with two- or three- dimensional orientation, 

which prevents the alumina to reach the bottom of the pore. Also, there is no alumina layer on 

the surface, which is uncommon because the alumina layer should also be deposited on the 

pore’s top surface and be detected by TEM. Therefore, further optimization of the ALD 

thickness together with the annealing temperature and time is needed. 

4.3  PASSIVATED POROUS SILICON SOLAR CELL 

 In this section, we will discuss about the solar cell parameter measured after completely 

fabricated the solar cell by depositing the electrode via the thermal evaporator on the front 

(fishbone) and back surface (square). 

4.3.1 SEM Observation of Ag Electrode and Porous Silicon 

 
For reference, the FE-SEM image is recorded to investigate the thickness of Ag 

electrode over the porous silicon. From Figure 45, the Ag electrode thickness is confirmed to 

be in the range of 40 – 60 nm, while the porous silicon thickness is, again, confirmed to be 

within 200 - 250 nm range. This inhomogeneity of the thickness results from the uncontrollable 

input current to the tungsten carbide wire from adjusting the volt-slider, even though the 

heating time is controlled.  

 



 71 

 
 

FIGURE 45: SEM IMAGE OF CROSS-SECTION POROUS SILICON WITH AG ELECTRODE 
  

4.3.2 Solar Cell Performance of ALD-Passivated Samples 

 
FIGURE 46: J-V CURVE OF ALD-PASSIVATED SAMPLES 
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FIGURE 47: EXTERNAL QUANTUM EFFICIENCY OF ALD-PASSIVATED SAMPLES 

 

From Figure 46, the summary of the solar cell parameters is shown in Table 8. 

 
TABLE 8: SOLAR CELL PARAMETERS FOR ALD-PASSIVATED SAMPLES 

 

Sample 
JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[-] 

Eff. 

[%] 

5nm 1 0.6585 0.3174 0.2114 0.044 

5nm 2 0.3328 0.5203 0.1928 0.033 

10nm 1 0.1516 0.4979 0.1788 0.014 

10nm 2 0.0022 0.4625 0.1067 0 

20nm 1 0.0625 0.491 0.1383 0.005 

20nm 2 0.0006 0.4927 0.1359 0 

  
 

From Table 8, the highest JSC is 0.6585 mA/cm2 produced by the ALD-5 nm thick. The 

lowest JSC is 0.0006, almost zero, produced by the ALD-20 nm thick. Most of the VOC are in 
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the range of 0.49 to 0.52 V, which is the VOC of this research’s silicon wafer, while the best 

sample of 5-nm 1 has VOC only 0.3174 V. All FF are poor due to the low JSC and VOC. 

 

As discussed in TEM images section, after fabricating the solar cell, the performance 

is poor as the JSC is very low. The thicker the ALD-film, the lower the JSC, which confirms that 

the film is active as a resistive layer rather than the passivation film. Also, this layer blocks the 

current to flow easily, it also results in bad EQE shown in Figure 47. The contact between Ag 

electrode and alumina layer has a very high resistance compared to the contact with 

electrochemically passivated layer, which will be discussed in next section. The reason is that 

the ALD layer is very thick with 5, 10, and 20 nm of alumina, while the oxide layer made by 

electrochemical passivation has a calculated thickness of only 0.02 – 2 nm, which allowing the 

current to flow through more easily and allowing the tunneling to occur. This could be one of 

the reasons why J-V characteristics of ALD-deposited samples are not good. It is believed that 

removing the alumina layer before depositing the electrode by etching with HF on the resin 

mask, or by lithography could result in smaller contact resistance. This oxide layer removal 

also applies for the electrochemical passivation as it would greatly improve the 

electrode/emitter contact. Finally, regarding the post-annealing treatment, it is believed that 

there could be some structural change in the porous structure due to the high temperature and 

is needed to further optimized. 

4.3.3 Solar Cell Performance of Porous Silicon with Electrochemical Passivation 

 
Figure 48a shows the J–V curves for the porous silicon (PS) solar cell, PS-(a-h) cells 

passivated with SiO2 formed by the anodic oxidation process, and for the reference c-Si solar 

cell under AM1.5 illumination. The measured PV performances and parameters for these 

samples are listed in Table 9. All the cells exhibit a good diode-like behavior, although the 

effect of the passivation time (t) is outstanding. The passivated PS-e cell (t = 30 s) demonstrates 

the greatest ƞ of 10.7%, whereas the PS cell (i.e., no passivation) obtains a ƞ of 5.15% (Figure 

48b and Table 9). From Figure 48c, all the porous silicon layer cells (data marked with red 

symbols) exhibit a significant increase in JSC when compared to the reference c-Si cell (23.4 

mA/cm2), indicating the improvement due to the porous silicon layer's anti-reflective property. 

However, when considering the effect of the passivation time to JSC, we can see that it is not 
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responsible for this improvement in ƞ, as the JSC of the PS-e cell (with passivation) and the PS 

cell (no passivation) are similar, 29.8 mA/cm2 and 29.9 mA/cm2, respectively. 

 

This significant increase in ƞ is, instead, a result of a substantial increase in FF from 

0.321 to 0.685. Figure 48d shows the t dependence of FF. The FF increases with increasing t 

up to 30 s in passivated cells (PS-(a-h) cells), which peaks at the value of 0.685. This coincides 

with an increase in JSC without a significant loss in VOC. The initial increase in JSC up to t of 

around 30 s suggests that the SiO2 layer is being passivated more adequately and has better 

coverage on the pore surfaces, yielding the best ƞ. These results indicate that the porous silicon 

layer's microscopic pores are successfully filled by the bottom-up anodization process, and that 

the surface recombination is greatly reduced. However, for the longer t (t > 30 s), the JSC 

decreases due to lower conductivity of SiO2 caused by overoxidation. As seen in Figure 48e, 

all of the porous silicon solar cells have similar VOC, in the range of 0.51-0.54 V, which is 

lower than the 0.7 V typically obtained from heterojunction with intrinsic thin layer (HIT) solar 

cells using a-Si as emitter. As this is the crucial issue for this thesis purpose of using the porous 
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silicon as a higher band gap material to improve the VOC of the top cell of tandem, it deserves 

its own discussion part at the end of this chapter.  

 

 
FIGURE 48: (A) J-V CURVES; (B) EFFICIENCY (h); (C) JSC; (D) FF; (E) VOC OF POROUS SILICON 

CELL, PASSIVATED PS-(A-H) CELLS FOR DIFFERENT PASSIVATION TIME (T), AND REFERENCE C-
SI CELL. 
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TABLE 9: PV PARAMETERS FOR POROUS SILICON CELL, PASSIVATED POROUS SILICON CELLS 
FOR DIFFERENT PASSIVATION TIME (T), AND REFERENCE C-SI CELL. 

 

Samples t (s) 
PS layer 

thickness 
(nm) 

Voc (V) Jsc (mA/cm2) 1 FF h (%) 1 

c-Si cell 0 0 0.532 23.4 0.657 8.16 

PS cell 0 191 0.539 29.9 0.320 5.15 

Passivated PS-a cell 6 239 0.532 27.9 0.530 7.86 

Passivated PS-b cell 10 224 0.524 27.6 0.364 5.25 

Passivated PS-c cell 15 205 0.514 29.6 0.466 7.08 

Passivated PS-d cell 20 255 0.531 30.4 0.578 9.32 

Passivated PS-e cell 30 235 0.523 29.8 0.685 10.70 

Passivated PS-f cell 60 216 0.526 28.7 0.462 6.97 

Passivated PS-g cell 90 213 0.513 26.2 0.357 4.79 

Passivated PS-h cell 135 210 0.511 25.0 0.354 4.52 
1 JSC and h were calculated based on the active area. 

 
 
 

 
FIGURE 49: (A) EQE; (B) IQE OF POROUS SILICON CELL FOR DIFFERENT T COMPARED WITH AS-

FABRICATED POROUS SILICON CELL (T=0), AND REFERENCE C-SI CELL 
 

The passivated porous silicon solar cells show an improved EQE compared to c-Si solar 

cells over the whole spectra, especially at wavelengths between 300 and 1100 nm, which is 

attributed to the excellent anti-reflection feature of the porous silicon structure. All passivated 

porous silicon solar cells exhibit a remarkable enhancement compared to c-Si solar cell in the 

blue region of 300-600 nm. This might be the result from the enhanced light trapping properties 

of porous silicon. This has also been reported in the literature [17]. Among the porous silicon 

solar cell with passivation, when t = 30 s, a substantial improvement in the 700–1100 nm 

wavelength region is observed. This suggests a longer diffusion length due to adequate surface 
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passivation and reduced reflectivity at that wavelength range (700-1100 nm), resulting in the 

best FF. Because most of the light in the long wavelength region usually traverses through the 

semiconductor material unabsorbed, the improvement in the incident photons trapping at the 

700-1100 nm wavelength range is crucial for the application in thin-film solar cells structure.  

Compared to the passivated porous silicon and c-Si, the unpassivated porous silicon 

cell has the lowest IQE throughout the spectra, which could be attributed to its high front 

surface recombination at short wavelengths as well as to its rear recombination at long 

wavelength. The rear recombination is usually a major cause of the decrease in the absorption 

of the long wavelength photons and also those with low diffusion lengths. But most importantly, 

this poor IQE caused by the high surface recombination negates the advantage of porous silicon 

low surface reflectance. This can be prevented by the electrochemical passivation. As can be 

seen in Figure 49b, the anodic SiO2 surface passivation greatly improves the IQE values. 

Especially when t = 30 s, a wider spectrum in the range of 300–1100 nm wavelength is all 

improved. This indicates that the surface recombination of the passivated porous silicon cells 

has been sufficiently reduced, and the minority carrier diffusion length has been improved. 

As was mentioned in the preceding section, porous silicon solar cells are also passivated 

using ALD layers that are 5, 10, or 20 nm thick. However, under AM1.5 illumination, these 

passivated cells perform poorly in terms of PV parameters. This is because the formation of 

Al2O3 films in these high aspect-ratio porous silicon structures is diffusion-limited [106]. The 

reactants are blocked from penetrating deeper along the pore walls by the consequent 

downward trend in the saturation front process. This provides additional proof that the 

anodization SiO2 technique is better than ALD method for surface passivation of the porous 

silicon. On the other hand, no discernible impact of the thickness of the porous silicon on the 

performance of such solar cells is observed (Figure 50). 
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FIGURE 50: DEPENDENCE OF THE POROUS SILICON THICKNESS ON PV PARAMETERS 

OFPPOROUS SILICON CELLS: (A) JSC; (B) VOC; (C) EFFICIENCY (Ƞ); (D) FF. 
 

 

Figure 51 shows the RS (a) and RSH (b) of the as-fabricated PS cell (no passivation, t = 

0), passivated PS-(a-h) solar cells as a function of t, with the c-Si cell as a reference. The as-

fabricated PS cell has a comparatively high value of RS = 18 cm-1 when compared to the c-Si 

cell, indicating an inadequate passage of light-generated current through the as-fabricated PS 

layer and the base of the solar cell. It also corresponds to the lowest RSH of 0.067 kΩ cm−1 as 

a result of the power losses induced by the alternate current route to the light-generated current 

in the as-fabricated PS cell. Because the as-fabricated PS cell is not passivated, a non-uniform 

oxide layer is formed on the porous silicon layer surface due to the uncontrollable native 

oxidation. This nonuniformity of the native oxide layer can behave as a crystal defect, 

providing an excess of trapping states and hence promoting the surface recombination process. 

When the recombination current is sufficiently strong, it can function as a shunt [107]. As a 

result, despite having a high JSC of 29.9 mA/cm2 and VOC of 0.539 V, which is comparable to 

the passivated PS cells (Table 9), a substantial amount of light-generated current is lost in the 

PS cells due to the high recombination process caused by the nonuniformly passivated surface, 

resulting in the low RSH, FF, and ƞ. 
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FIGURE 51: CORRELATION BETWEEN T AND: (A) RS; (B) RSH FOR POROUS SILICON CELL, 

PASSIVATED PS-(A-H) CELLS AND REFERENCE C-SI CELL. 
  

As seen in Figure 51a, for the passivated PS-(a-h) solar cells, RS declines with 

increasing t from 0 to 30 s, then gradually increases afterwards. The passivated PS-e cell 

achieves the lowest RS of 2.79 cm-1 at t = 30 s. This lowest value is attributed to the increased 

light-generated current through the passivated PS-e cell, which has fewer defect-trapping states 

and also the reduced Ag front electrode penetration into the inadequately passivated pore, 

resulting in a decrease in RS. However, the further anodic SiO2 formation (at t > 30 s) could, 

instead, become an ineffective carrier transport medium. Since the Ag electrode is directly 

deposited on the passivated porous silicon surface, the contact resistance between the metal 

and the silicon material might increase [17].  

In solar cells, the power losses due to RSH indicate an undesired extra parallel high-

conductivity path across the p-n junction for light-generated current. Figure 51b illustrates the 

variation of RSH in respect to t. The RSH increases fast initially, then peaks at 3.45 kΩ cm−1 at t 

= 30 s. This suggests that the lower loss of light-generated current across the p-n junction is 

achieved due to the reduced recombination rate caused by the surface passivation of porous 

silicon. The decrease in RSH as t increases longer than 30 s also corresponds to an increasing 

tendency of RS under the same t. At t > 30 s, the overoxidation of anodic SiO2 formation 

increases the RS between the metal contact and the silicon. On the other hand, the RSH decreases 

as the recombination rate increases for an unidentified reason. The crystal defects caused on 

by excessive oxidation might be the possible origin to lowers RSH further [107]. 

 

 

 

 

 



 80 

4.3.4 Analysis of the implied VOC of the fabricated porous silicon by QSSPC 

 

From the result of VOC in previous section, we can see that the are no observed 

improvement even though the porous silicon is fabricated. One of the reasons of this lack of 

VOC improvement might not originate from the absence of band gap expansion, but the 

limitation inside each layer of the solar cell itself. Therefore, we perform the detailed 

characterization by Quasi-Steady-State Photoconductance (QSSPC) bulk lifetime 

measurement to evaluate the implied VOC of each layer. The implied VOC value is measured by 

analyzing the photoconductance of the samples and it represents the upper limit of the VOC of 

the measured semiconductor device without taking into account the recombination loss from 

metal/silicon interface.  

To evaluate the effect of each layer to its implied VOC, the structures are fabricated in 

the symmetrical configuration to eliminate the surface recombination asymmetry between front 

and rear surfaces, which affects the accuracy of the measured photoconductance [108]. Figure 

52 shows the measured structures and the result is listed in Table 10. 

 

 
FIGURE 52: THE SYMMETRICAL STRUCTURES MEASURED BY QSSPC TO EVALUATE THE 

IMPLIED VOC OF EACH LAYER: A) P-TYPE BASED C-SI WAFER; B) N++-EMITTER; C) N++ EMITTER 
WITH ELECTROCHEMICAL PASSIVATION; D) POROUS N++-EMITTER; E) POROUS N++-EMITTER 

WITH ELECTROCHEMICAL PASSIVATION. 
 

TABLE 10: THE RESULT OF THE IMPLIED VOC MEASURED BY QSSPC IN EACH LAYER OF THE 
PASSIVATED POROUS SILICON SOLAR CELL 

 
Structures Evaluated layer Implied VOC 

a Quinhydrone/p-c-Si/Quinhydrone Base c-Si wafer 0.687 V 

b n++/p-c-Si/n++ n++ emitter 0.590 V 

c SiO2/n++/p-c-Si/n++/ SiO2 Passivated n++ emitter 0.586 V 

d Porous-n++/p-c-Si/Porous-n++ Porous layer 0.583V 

e SiO2/Porous-n++/p-c-Si/Porous-n++/SiO2 Passivated porous layer 0.586 V 
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 The first evaluation is the implied VOC of the p-type base c-Si wafer. The QSSPC 

measurement is performed after using quinhydrone/methanol treatment to the wafer. This 

Quinhydrone/methanol passivation is known to have a surface recombination velocity of about 

5 cm/s when applied to c-Si. This surface recombination velocity is then small enough for 

evaluation of the quality of the Si wafer [109], [110]. The implied VOC of the base wafer is 

0.687 V, which indicates that the maximum VOC obtained by using this wafer is 0.687 V. In 

the other words, if the perfect emitter and rear side passivation are applied to the wafer, 0.687 

V is a maximum. Therefore, the VOC of this solar cell is not limited by the bulk lifetime of the 

c-Si base wafer. 

Next is the emitter quality. The implied VOC are measured to be 0.590 V. It is clearly 

seen that the n++ emitter layer is responsible for the decrease in implied VOC. This is believed 

to be a result of two main causes. First there could be a contamination of the metal particle 

inside the emitter layer, which could come during the thermal diffusion process in the annealer. 

Secondly, this could result from the excessively high doping concentration of the n++ emitter 

layer. In general, as the doping concentration of the emitter increases, the reverse saturation 

current decreases and thus the VOC of the cell increases. However, if the cell is doped beyond 

a certain optimum value, this will instead lead to the decrease in the minority carrier lifetime, 

which increase the reverse saturation current and, importantly, the band gap narrowing [111], 

[112]; thus, directly result in the reduction of the VOC and overall efficiency. Therefore, it 

suggests that the doping concentration in emitter layer is too high. By optimizing the doping 

level of the phosphorus so that the minority carrier lifetime is high enough such that the 

minority carrier diffusion length is longer than the p-n junction depth, it is expected that the 

cell VOC could be improved. 

Regarding the effect of electrochemical passivation as well as the porous structure, the 

result from Table 10 shows that there is no significant change in implied VOC compared to the 

structure with n++ emitter. This might suggest that the influence of excessively high doping 

level of emitter layer overwhelms the passivation and pore-structuring effect and becomes a 

main factor that determines the upper limit of minority carrier lifetime. 

Finally, as can be seen from Table 9, the actual measured VOC of all of samples are 

around 0.51-0.53 V, which indicates that there are additional factors that further reduce the 

VOC from 0.58 of the implied VOC. This could be caused by the high recombination rate at 

metal/silicon interface on both front and rear Ag electrode as this recombination of the minority 

carrier is one of the major causes to limit the VOC as well as the efficiency of the cell [113]–

[116]. As the porous silicon is sensitive to the thermal treatment, there is no metallization step 
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after depositing the Ag electrode. This could result in the poor contact as the Ag cannot diffuse 

through the silicon sufficiently; thus increase the recombination rate of the interface and further 

reduce the VOC as a result [117], [118]. The front side electrode might have less effect compared 

to the rear side as the contact is deposited on the highly doped n++ emitter layer, which has a 

smaller contact resistance compared to the lightly doped p-type base wafer with the Ag back 

electrode. It is also smaller in size as it is deposited in the fishbone shape compared to the 

whole-surface deposition on the back. This could be mitigated by metallizing the electrode 

after fabrication at lower temperature and a very short period of time, so that the effect on 

porous structure is kept at minimum. 

4.3.5 Discussion on the VOC issue of porous silicon solar cell 

 
As can be seen from the Figure 48e, there are no significant improvement of VOC 

compared to the c-Si cell in every sample. This is an important issue as one of the purposes of 

using porous silicon is for its higher band gap energy to improve the top layer of the all-Si 

tandem solar cell. As the VOC is defined by the splitting of the quasi-Fermi levels of electron 

and hole in the photoactive semiconductor material (n+ porous silicon emitter in this thesis), 

the maximum difference between these two levels is theoretically limited by its band gap. That 

is why it was expected that the use of porous silicon, which was previously proposed to have 

a higher band gap resulted from the quantum confinement effect, could increase the VOC.  

The first possible reason of this lack of VOC improvement is that the fabricated porous 

silicon with this anodization condition has a structure that is still relatively large for the 

quantum size effect to occur efficiently. This small quantum size effect of the material may not 

be adequate for the significant improvement of VOC and acts only as an anti-reflective layer. 

Furthermore, the other reason is believed to be the result of the nature of the 

heterojunction structure of this PS/c-Si solar cell itself. As the porous silicon layer has the 

thickness only around 200 nm, compared to the thick bulk c-Si layer below (200 μm), which 

is roughly 0.1% of overall material; Other literatures of photovoltaic effect in porous silicon 

material fabricated on the on c-Si substrate structures also reported the same behavior of the 

VOC being governed by the base layer. All of the reported PS/c-Si structures so far have a 

limited VOC in the range of 0.08–0.52 V [119]–[121], which also coincides with the values 

observed in this thesis. It is also stated that the origin of the observed photovoltaic effect and 

contribution of bulk and porous silicon is difficult to analyze due to the contribution of both 

the metal/PS contact and the heterojunction between porous silicon and the c-Si substrate [122], 
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[123]. The only way to characterize the effect of porous silicon material is to fabricate the free-

standing layers, which will eliminate the PS/c-Si heterojunction and the immense influence 

from the underlying c-Si substrate. The improvement of VOC from the free-standing nanopores 

silicon has already been reported in [123], which yield the value of 0.87 V. However, the other 

PV parameters are poor in the pure structure of porous silicon; that is why the optimization of 

the thickness of porous silicon and the effective surface passivation was considered in this 

thesis. 

To further explain this dominating influence on the VOC of the c-Si in heterojunction 

structure, the absorption spectra of c-Si and porous silicon must be compared. From a 

comparison of the absorption spectra reported in [124], [125], it is quite obvious that for 

energies below 1.7-1.8 eV, which is the ideal band gap energy for PS/c-Si tandem structure, 

the absorption coefficient of c-Si is at least one order of magnitude larger than that of porous 

silicon. The absorption length of porous silicon is around 30 μm at this 1.7-1.8 eV. Thus, for 

the 200-nm-thick porous silicon in this research, not only that the porous layer is transparent 

to photon below this energy, but the absorption is also too low with this thickness. That is why 

most of the useful absorption takes place in the c-Si part of the sample. Therefore, the VOC is 

determined by the underlying c-Si layer. For photon energies above 1.7-1.8 eV, since the 

absorption length of porous is smaller than 30 μm, the absorption in PS will become significant 

depending on the thickness of the porous silicon layer. However, the thicker porous layer also 

increases the surface area, which in turn increase the surface recombination rate. For photon in 

higher energy range, even though most of the electron-hole pairs are created in porous silicon, 

the carriers either cannot reach the built-in electric field or cannot diffuse towards the 

respective collecting electrode due to the thick layer of porous silicon. 
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4.4  SIMULATION OF THE PASSIVATED POROUS SILICON MODELS 

In this part of the thesis, simulation is used to investigate the electronic structure of 

different PSi/c-Si model systems in order to verify the possibility for the improvement of the 

VOC. Various models were generated in order to study the effects of each component of PSi on 

the band gap and band alignment. Briefly, the models were generated by cutting the desired 

morphology from c-Si with a home-made code, hydrogenated all the dangling bonds 

(passivation), relaxed by using MD method, and finally calculated the electronic properties by 

using DFTB method. The analysis was based on the evaluation of the density of states (DOS). 

 
FIGURE 53: MODELS GENERATED TO SIMULATE POROUS SILICON WITH DIFFERENT KEY 

FEATURES. (A) INTERNAL CUBE MODELS (B) INTERNAL SPHERE MODELS (C) PILLAR MODELS 
(SIDE VIEW) (D) PILLAR MODELS (TOP VIEW) (E) CRATER MODELS (SIDE VIEW) (F) CRATER 
MODELS (TOP VIEW). 2×2 PERIODIC SIMULATIONS CELLS ARE SHOWN TO DEMONSTRATE 

INTER-FEATURE DISTANCES.  

a) 

c) 

e) f) 

d) 

b) 
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Four kinds of models are generated to be representative of the PSi/c-Si structure., These 

models are show in Figure 53, they are: a pillar model, a crater model, an internal sphere model, 

and an internal cube model. These models contain features typical of real PSi. The pillar model 

is used as a simplified model of real PSi some of which has oblong pillar-like features to 

investigate the effect on each components more distinctively. The crater model is the more 

realistic model to the porous silicon that is fabricated by using an anodization process like the 

one used in this thesis. The internal cube model is used to clearly illustrate the effect of the 

thickness of the Si framework (rather than the pore size) and any quantum confinement effect 

resulting from it on the electronic structure. All have a 2-nm vacuum layer on top of each model 

to represent the real-world situation where the top porous silicon layer is exposed to the 

surrounding. The vacuum layer also allows calibrating the vacuum level which is necessary to 

compare the PDOS of different models, as described in Methods. 

 As mentioned before in the VOC related discussion in the experimental part, as the PSi/c-

Si structure in this thesis is of heterojunction type, the measurement of the overall band gap of 

the whole material would give the value of the smaller band gap material (in this case, bulk c-

Si). Therefore, even though the porous silicon of the top layer has a higher band gap induced 

by the quantum confinement effect, the effect would be masked by the smaller band gap 

material. 

 

FIGURE 54: CLARIFICATION OF THE LOCAL DENSITY OF STATES (DOS) AND THE INSTRUCTION 
TO INTERPRET THE DATA 

 

For example, Figure 54 shows the model with two different component: Pillar and 

Base parts. The overall density of states (DOS) is the summation of the local density of states 

of every component of the model. Therefore, even if the pillar part of the model has a larger 

band gap (e.g., from quantum confinement effect) than the base part, the overall DOS will show 

that overall model has a band gap of that with smallest band gap. When considered separately, 

the local band gap of each component could be observed. In this case, the pillar with 1-nm 
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diameter has a local DOS of 2.40 eV, which is then masked by the 1.18 eV base layer. 

Therefore, with such evaluation of local DOS, the true effect of the quantum confinement effect 

can be investigated. The DOS results of this simulation part will be discussed with this method 

of evaluation, where the “pillar”, “base”, ‘wall’, and “bottom” labels in the figures will indicate 

the local DOS of each component. 

 

4.4.1 Internal Sphere and Cube Models 

 
For the spherical pore models, spheres of different radii were carved in periodic cells 

of sizes from about 2 to 5 nm. The parameters of the models, including box sizes, numbers of 

Si and passivating H atoms, pore diameters d and resulting inter-pore distances and porosities 

are listed in in Table S1. The inter-pore distances are distinguished as follows: the shortest 

inter-pore distance l which is realized by crossing the cubic simulation cell laterally and the 

largest inter-pore distance L which is realized crossing the cubic simulation cell diagonally (in 

3D). These distances define the thickness of the Si framework which ultimately determines the 

extent of any nanosizing effect. Table S1 also lists the resulting bandgaps as well as band edges. 

The densities of states are shown in Figure 55 (top). The band gap of crystalline Si with 

computational setup of this thesis, which serves as a reference for any nanosizing effects, is 

1.12 eV and is in good agreement with the experimental value. One observes a trend of the 

band gap with the size of the model features. The XL3 model represents a case where the pore 

size is very small while the interpore distance is the largest, with l of about 2.9 nm. In this case 

the band gap is practically the same as in pure Si, with no gap expansion. The smallest S models 

show the largest gap expansion, up to 1.54 eV. 

 

The band gap expands by simultaneously lowering the VBM and lifting the CBM, as 

expected for a nanosizing effect. In this case, the trend of the gap is with the thickness of silicon 

framework, not the size of the pore. M and L models also show a similar trend. The gap expands 

even as the pore size is increased, as long as the size of Si features drops. 

 To achieve a significant gap expansion, silicon features need to become smaller than 

1 nm. This is because the electronic states of interest, which undergo nonconfining, are 

localized on Si and not in the pore. To put it simply it is not the hole of the doughnut that 

provides a useful effect. Achieving gap expansion with porosity should therefore aim at 

controlling the size of Si features rather than the size of the pores or the porosity as such. 
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FIGURE 55: THE DENSITY OF STATES (DOS) RESULT AND THE BAND GAP VALUE INDICATED AT 

THE MIDDLE OF EACH DOS PLOT  (TOP) INTERNAL SPHERE MODELS; (BOTTOM) INTERNAL 
CUBE MODEL; THE MODELS ARE SHOWN FOR 2×2×2 SIMULATION CELLS FOR BETTER 

VISUALIZATION. 
 

To solidify this statement, the calculations on cubic-sized pores are performed, which have a 

simpler-shaped Si framework than Si with spherical pores, with a clear size parameter – wall 

thickness. Here, we consider the pore (cube) size, the wall thickness, and the largest Si feature 

thickness which is a 3D diagonal at the simulation cell vortex. The results are listed in Table 

S2, and the corresponding densities of states are shown in Figure 55 (bottom). We see that Si 

features need to approach 1 nm for a significant band expansion to occur. Sub-nm features are 
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needed to approach the optimal (from the perspective of a Si-Si tandem solar cell) gap of 1.7 

eV. The Si feature sizes in these models required for significant gap expansion are smaller than 

those experimentally observed here and elsewhere. We therefore explore below other 

morphologies more relevant to the experimental structures. 

 

4.4.2 Pillar Model 

 

In this model, the pillar structure is used to study the effect of 4 silicon features (pillar 

height, diameter, inter-pillar distance, and base thickness) on its band gap and band alignment. 

Previous works reported the band gap of silicon nanowires depending on the wire (pillar) 

diameter [126], [127]; some having connected the pillar to a base layer, but with a relatively 

small number of atoms [128] and much smaller scales than the Si feature sized used in the 

experiment. For the first time, this thesis investigates the band gap and band alignment of 

the other Si pillar features: pillar height, base layer thickness, and the interpillar distance, 

and at scales relevant to the experiment. To simulate these features more realistically, the 

large number of atoms is required (thousands of atoms). The electronic structure of such a 

large-scale mode can be calculated by DFT calculation within a reasonable time even with 

GGA functionals (commonly used for solid state modeling) which grossly underestimate the 

bandgap, while hybrid functionals which allow computing more realistic bandgaps at a much 

higher computational cost are out of question. As explained above, using the DFTB method 

makes such calculations feasible, while the bandgap is more accurate than with GGA DFT due 

to the existence of an efficient parameterization for Si-based systems [64], [79]. The parameters 

of the models, including simulation cell sizes, numbers of Si and passivating H atoms, pillar 

height, base layer, pillar diameter, inter-pore distances and porosities are listed in in Table S3. 

In Figure 56, the DOS for the pillar models with different combinations of pillar height 

and diameter and base layer thickness are shown. Only one parameter is varied in each graph, 

while others are kept constant. Here and elsewhere, the DOS of different parts are plotted in 

different color (pillar: red, base: blue, total: yellow), and the bandgaps computed from the DOS 

of different parts are also given on the graphs in their respective colors. 
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FIGURE 56: 3 EFFECTS OF THE PILLAR FEATURES ON THE BAND GAP AND BAND ALIGNMENT; 

(A) THE PILLAR WITH KEY FEATURES INDICATED (2×2×1 SIMULATION CELLS ARE SHOWN); (B) 
THE EFFECT OF THE PILLAR DIAMETERS; (C) THE EFFECT OF THE PILLAR HEIGHTS; (D) THE 

EFFECT OF THE BASE LAYER THICKNESS. DOS OF DIFFERENT PARTS ARE PLOTTED IN 
DIFFERENT COLOR (PILLAR: RED, BASE: BLUE, TOTAL: YELLOW), AND THE GAPS COMPUTED 

FROM THE DOS’S OF DIFFERENT PARTS ARE ALSO GIVEN IN THEIR RESPECTIVE COLORS. 

a) 

c) 

b) 

d) 
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For the effect of the pillar diameters shown in Figure 56a, the height and the base layer 

thickness are kept constant at 7 nm and 1 nm, respectively. The key findings from this result 

can be summarized as follows: 

1. The band gap energy of the pillar part is changed significantly when the pillar diameter 

is varied. The smaller the pillar, the more confinement effect, the larger the band gap. 

o The pillar part undergoes a 3-Dimensional confinement resulting in larger effect 

of the expansion compared to a 2-D confinement observed in the base layer part 

(in following section) 

2. 1-nm, 2-nm, and 3-nm pillar size result in band gap values of 2.64, 1.90, 1.53 eV, 

respectively, are obtained.  

3. The pillar diameter is the key feature that determine the value of the band gap of 

the pillar part. 

 

For the effect of the pillar heights shown in Figure 56b, the diameter and the base layer 

thickness are kept constant at 1 nm and 1 nm, respectively. The key findings from the result 

are: 

1. The difference in height does not significantly affect the value of band gap. The pillar 

diameter is still the main key feature to determine the band gap. 

2. For 1-nm diameter pillar, Eg is ~2.54 eV regardless of the height. The height in this 

simulation is varied up to 50 nm of pillar, which still keeps the constant value of the 

band gap. 

 

For the effect of the base layer thickness shown in Figure 56d, the height and the diameter are 

kept constant at 7 nm and 1 nm, respectively. The key findings are: 

1. The increase of the base layer thickness results in the reduction of the band gap of 

the base layer towards the band gap of crystalline silicon (1.12 eV). 

o The band gap value of each base layer is 1.59 eV, 1.36 eV, and 1.18 eV for 1 

nm, 2 nm, 3 nm base layer thickness, respectively. 

2. The increase of the base layer thickness also influences of the band gap of pillar. 

o The band gap of the 1-nm pillar is 2.63 eV, 2.52 eV, and 2.40 eV for 1 nm, 2 

nm, 3 nm base layer thickness, respectively. 
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3. The quantum confinement effect of the base layer results from a 2-D confinement. 

Therefore, the amount of expansion is not as much as the expansion in pillar part where 

a 3-D confinement effect takes place. 

 

Regarding the effect of the distance between the pillars, the height and the base layer 

thickness are kept at 10 nm and 1 nm, respectively. In this simulation, the pillar diameters are 

also varied in order to see its effect together with the interpillar distances. The distance is varied 

by changing the lateral size of the simulation cell; the larger the box size, the more distant the 

pillars; this also significantly increases the number of atoms as the majority of Si atoms are in 

the base part of the model, which limits the maximum feasible distance. On the other hand, by 

decreasing the unit box size of the base layer, the distance between pillar can be reduced until 

the pillars come in contact. The effect on the band gap energy is shown in Figure 57. The 

distance, indicated by red arrows in the figures, is defined so as to indicate the size of the silicon 

feature formed when the pillars touch, in which case the model turns into a crater model.  

 
FIGURE 57: EFFECT OF THE DISTANCE BETWEEN THE PILLARS ON THE BAND GAP TOGETHER 
WITH THE VARIATION OF THE PILLAR DIAMETERS; (TOP) THE PILLAR MODELS SHOWING THE 

INTERPILLAR DISTANCE (INDICATED WITH RED ARROW). WHEN THESE ARE CONNECTED 
PHYSICALLY, THE PILLAR TURNS INTO A CRATER MODEL, WHERE THE CONNECTED 

NEIGHBORING PILLARS FORM A PORE; (BOTTOM) THE BAND GAP VALUES PLOTTED VS THE 
DISTANCE BETWEEN THE PILLARS, WHERE THE EMPTY SYMBOLS INDICATES THE DATA WHEN 

PILLARS ARE CONNECTED WHILE THE FILLED SYMBOLS ARE FOR SYSTEMS WHERE PILLARS 
REMAIN SEPARATED. 
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From Figure 57, the key findings are: 

1. When the pillars are isolated, the band gap of the pillar part is determined by the 

pillar diameter. 

2. Only when the pillars touch, the band gap starts to decrease towards that of the bulk 

c-Si (1.12 eV). The more  the pillars merge, the smaller the band gap energy. 

3. The reverse can be observed in the crater model that decreases its Si wall thickness 

until it turns into the pillar; the band gap increases significantly after the pillar 

becomes isolated (explained in next section). 

4.4.3 Crater Model 

 In the previous section, the pillar model is used to study the effect of each feature on 

the band gap. However, it could be said that the pillar is still not the ideal model that can 

represent the real porous silicon. To do so, the crater model is generated in order to get closer 

to the real porous silicon structure, especially the one that is fabricated by anodization process. 

In this model, 3 crater features are varied: crater depth, crater’s thickest wall part, and 

crater pore diameter. Figure 58 shows the DOS and the plotted values of the band gap vs. 

sizes of Si features. In the same manner as pillar model, the effect of each feature is computed 

while the other features are kept constant. The parameters of the models, including box sizes, 

numbers of Si and passivating H atoms, crater depth, base layer thickness, crater diameter, 

inter-pore distances and porosities are listed in in Table S4. 

For the first two effects, a similar trend to that observed with the pillar model could be 

observed. Firstly, for the result of the effect of the crater depth is illustrated in Figure 58a, 

where the Si thickest wall is kept at 1.92 nm and the bottom layer thickness is kept at 1 nm. It 

can be seen that the depth of the crater does not affect much to the overall band gap in the same 

way as the height of the pillar model (Figure 56b). By varying the depth of 4, 6, and 10 nm, 

the band gap of the wall part is 1.60, 1.61, and 1.63 eV, respectively, while the gap of the base 

part is 1.39, 1.43, and 1.45 eV, respectively. This again verifies that the quantum confinement 

in the height/depth direction is still governed by the Si wall thickest part, which is 1.92 nm 

thick in this set of simulations and induces a quantum confinement effect leading to a gap 

expansion of ~1.6 eV. Next, the result of the effect of the thickness of the Si “wall” between 

the craters is shown in Figure 58b. The definition of the size of the Si feature formed between 

craters is shown by the red arrow in the figure. In this set of simulations, the bottom layer 

thickness and the crater depth are kept constant at 1 nm and 2.4 nm, respectively. By changing 
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the lateral size of the simulation cell, the thickest part of the Si wall part can be varied to 1.92, 

2.69, and 3.46 nm.  

 
FIGURE 58: EFFECTS OF THE SILICON FEATURES OF THE CRATER MODEL ON THE BAND GAP 

AND BAND ALIGNMENT; (A) EFFECT OF THE CRATER DEPTH AND (B) EFFECT OF THE 
THICKNESS OF THE SI WALL. THE SIZE OF THE RESULTING SI FEATURE IS INDICATED BY THE 

RED ARROW. 
 
From the resulting band gap, it can be clearly seen that as the size the of the Si feature increases, 

the band gap decreases accordingly. This verifies that it is the size of the Si feature, rather than 

a) b) 
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the size of the crater, that determines the band gap of the crater model in the same way as the 

diameter of the pillar is the determinant for the band gap of the pillar model. However, the 

extent of the band gap expansion is lower than in the pillar model because of the limitation on 

the geometry of the crater mode. Here, the model is generated by carving a crater into the unit 

bulk c-Si box with a determined crater diameter. If the crater diameter is too large, the thinnest 

part of the wall will become disconnected, thus the crater model cannot be called a crater 

anymore (this will be discussed in the following subsection.) Therefore, when the crater model 

is still maintained, there are a limitation to the amount of quantum confinement effect. The 

highest band gap energy obtained is 1.60 eV with a 1.92 nm thick wall. Thickening the crater 

wall part, the band gap converges to that of the bottom part, which yields the same value of the 

band gap.  

 
FIGURE 59: THE MODEL SHOWING THE TRANSITION BETWEEN THE CRATER MODEL AND THE 

PILLAR MODEL WHEN THE SIZE OF THE INTER-CRATER SI FEATURE IS DECREASED BELOW 1.54 
NM SO THAT ISOLATED PILLARS ARE FORMED; (TOP) THE STRUCTURES OF THE CRATER 
MODEL WHERE THE ATOMS HIGHLIGHTED IN YELLOW INDICATES THE SILICON ATOMS 

BETWEEN THE CRATERS AND THE BLUE ATOMS ARE THE BOTTOM PART; (BOTTOM) THE BAND 
GAP AS A FUNCTION OF THE SIZE OF THE INTER-CRATER SI FEATURE (BEFORE PILLARS ARE 

FORMED) AND WITH AN AVERAGE PILLAR DIAMETER (WHEN PILLARS ARE FORMED). 



 95 

 
This indicates that harvesting the quantum confinement effect from the crater-like morphology 

is more challenging than from nano-pillars, as the Si features must be made smaller than 2 nm 

to obtain the quantum confinement effect.  

However, by increasing the crater diameter further, the crater model turns into the pillar 

model. This can be clearly seen in the Figure 59 where increasing the crater diameter further 

decreasing the size of the isolated pillar. In this case, the opposite effect of the pillar-turn-crater 

(Figure 57) is observed. After the pillars are isolated (occurred when the crater thickest wall is 

decreased below 1.54 nm), the band gap of the wall part increases dramatically, while the 

bottom part remains the same values of 1.4-1.5 eV. The highest band gap expansion is obtained 

when the isolated pillar has an average diameter size of 0.38 nm, where the band gap energy is 

4.47 eV. This indicates the clear differences between two model: crater and pillar. In the crater 

model, the confinement effect is not much exerted as there is limit on the smallest Si features 

that can be obtained while preserving a crater-like morphology, which reduces the extent of 

the confinement. On the other hand, the pillar model has more confinement in the pillar part, 

thus the energy band gap can be increased by controlling the size. It is worth noting that the 

0.38 nm pillar in this simulation is rather unrealistic. 

 As the crater model is more likely to be fabricated by anodization process more than 

the pillar model, this result could inform possible ways of improvement of the fabrication of 

porous silicon in the future; this will be discussed in the final section of the thesis. 

4.4.4 Discussion on the band gap expansion of the experimental part 

 
 In order to obtain a significant impact when considering the band gap matching for the 

top layer of tandem structure, i.e., to have the maximum efficiency surpassing the single 

junction limitation, the band gap of the top layer must be at least 1.5 eV when matching with 

the 1.12 eV of the c-Si bottom layer; the best gap value is around 1.7 eV to obtain the 40% 

theoretical efficiency [13]. From the TEM data in Figure 31, the smallest size of the silicon 

features at the bottom of the fabricated porous silicon is 3-3.5 nm. Based on the band gaps 

computed above for different Si morphologies and sizes, the band gap of these Si features is 

estimated to be in the range of 1.18 – 1.25 eV. This slight band gap expansion is originated 

from the wall thickness being too thick. With this result, it suggests that the Si “wall” thickness 

of the fabricated porous silicon in the experimental part is not thin enough for the quantum size 

effect to take place efficiently which renders its electronic properties to be more like a bulk 
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silicon. Therefore, with the current structure of the fabricated porous silicon, it is likely that 

the desired fabrication condition that will result in the porous silicon that has the Si feature size 

that matched with the underlying bulk c-Si must be re-considered. In order to obtain the higher 

band gap, the wall thickness must be made smaller than 2 nm. 

4.4.5 The DOS of each layer of the model 

The band edges (CBM/VBM) calculated from each model are used to evaluate the band 

alignment, which also can be used to further estimate the other solar cell properties like the 

built-in voltage, maximum open-circuited voltage etc. Previously, the local DOS is used to 

calculate the difference between band gap of the pillar and base parts (for the pillar model) and 

the crater “wall” and the bottom layer parts (for the crater model). In order to further investigate 

how the band edges are changed at the interface of PSi/c-Si, we consider DOS in successive 

layers of the structures.  

 
FIGURE 60: THE ANALYSIS OF THE PILLAR MODEL WITH 50-NM HEIGHT CALCULATED BY 

(LEFT) SEGMENTING EACH LAYER FROM THE SAME MODEL; (TOP RIGHT) THE LOCAL DOS OF 
EACH SEGMENT (BLUE: BASE LAYER SEGMENTS, RED: PILLAR SEGMENTS. THE THICKNESSES 

OF THE SEGMENTS ARE INDICATED ON THE LEFT IMAGE). THE MAGNITUDES OF THE DOS 
PLOTS FOR EACH LAYER ARE MADE SIMILAR FOR EASE OF READING. THE BLACK LINE AND 

THE NUMBER INDICATE THE BAND EDGES POSITION AND BAND GAP VALUE 
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Figure 60 shows the result of the band alignment of the pillar model. The features of the model 

are pillar height of 50 nm, pillar diameter of 1 nm, and base layer thickness of 1 nm. The 18 

local DOSs are calculated in each segment of the pillar, where the size of each segments (from 

the top of pillar) are as follows: 

 Segment 1-5:  1 nm each  (pillar part) 

 Segment 6-8:  10 nm each  (pillar part) 

 Segment 10-14: 1 nm each  (pillar part) 

 Segment 15-18: 0.25 nm each  (base part) 

The blue and red color of the resulting local DOS indicates the pillar and base part, respectively. 

The key finding from the DOS result are summarized as follows: 

1. From the top down to almost the bottom of the pillar (segment 1-13), the difference in 

height does not significantly affect the value of band gap. The pillar diameter is still 

the main key feature to determine the band gap. 

2. There is no difference in band gap energy along the height of pillar; in this case, ~2.54 

eV for 1-nm diameter pillar. 

3. Only at the interface between the pillar and the base (segment 14) that the local DOS 

of the pillar is influenced by the base layer and the band gap immediately drops to the 

value of base layer (1.18 eV). This affect appears because of the delocalized nature of 

the orbitals. 

4. This kind of drastic change in the band gap at the interface of the adjoined materials 

(heterostructure) can be considered an abrupt junction. 
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FIGURE 61: THE ANALYSIS OF THE DOS OF THE CRATER MODEL WITH SI PILLARS (SHOWN IN 

LEFT) CALCULATED BY SEGMENTS; THE BLACK LINE AND THE NUMBER INDICATES THE BAND 
EDGES POSITION AND BAND GAP VALUE. 

 

Figure 61 shows the result of the band alignment of the crater model where the crater 

diameter is large enough that Si pillars form. This model is intentionally chosen so that one 

compares the DOS to the pillar model. In the figure, the red color DOS plots are for the Si 

pillar part, the yellow color DOS plots are for the bottom of the crater part where the thickness 

of the Si gradually increases, and the blue color DOS plots are for the base layer part. We 

observe that the band gap is constant at 2.93 eV along the pillars and starts to decrease in value 

as the Si feature thickens towards bottom of the crater. In this case, instead of an abrupt junction 

like in the pillar model in Figure 60, the band gap decreases gradually until it reaches the band 

gap value of the base layer part (1.16 eV). The band structure formed by this crater model can 

be considered as a “graded semiconductors”. 

4.4.6 The speculation of the band diagram of PSi/c-Si models 

 

The previous section explains the different band gap on each segment on both pillar and crater 

model. In order to construct the band diagram with p-n junction for solar cell application, the 

doping must be assumed. Please note that as the model has a seamless structure, this band 

diagram is only a speculation that if this was a contact, a charge-depletion region would form.  
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The assumption of the doping levels are as follows: 

 Pillar (PSi) 1019 cm-1 (n-type) 

 Base (c-Si) 1015 cm-1 (p-type) 

 

 
FIGURE 62: BAND DIAGRAM OF (TOP) THE PILLAR MODEL AND (BOTTOM) CRATER MODEL 
BOTH BEFORE AND AFTER FORMATION OF P-N JUNCTION BASED ON THE STRUCTURE IN 

FIGURE 60 AND FIGURE 61. THE NUMBER INDICATES THE LOCAL BAND GAP VALUE. 
 

 

Figure 62 shows the estimation of the band diagram both before and after the formation 

of p-n junction. For the pillar model, when both doped semiconductors with different band gap 

are in contact forming an abrupt junction, the band spike and cliff are formed at p-n junction 

as a result of conduction band and valence band offsets. These spike and cliff are used in some 

semiconductor applications to control the charge transfer between two material; it can be used 

to add or reduce the potential barrier of the junction when matching the band offsets properly. 

In this case, the flow of the holes generated in pillars (n-type) as well as the electrons generated 

in base layer (p-type) can be transported normally if the charges can arrive at the depletion 

region. The cliff at the valence band would prevent the diffusion of the hole back to the pillar 

as the potential barrier in the reverse direction is increased by the cliff. On the other hand, the 
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diffusion of the electron back to the base layer would be easier compared to the homojunction, 

as the spike decreases the barrier potential for the reverse current; thus, under illumination, the 

diffusion current would balance out the drift current at a lower photovoltage (i.e., lower VOC). 

 

 For the crater model, assuming that the thickest wall (isolated pillar) part and the bottom 

part is doped homogeneously with a n-type impurity and with the same amount of doping level 

as in the pillar model, the band diagram could be constructed as in Figure 62 (bottom), which 

shows an expected band diagram of n doped pSi in contact with a p-type c-Si. The band bending 

occurs as usual, but this time, the spike and cliff are smoothed out from the junction as the 

bottom-most layer before the base layer has very similar band gap as the base layer, i.e., it 

could be treated as homojunction. The electron transport now is not limited with the lowered 

potential barrier caused by spike, also the hole transport is enhanced in the area where the band 

gap is graded as it can transport along the valence band without any help of the PN-junction.  

4.4.7 Interconnection between the experimental and simulation part 

 
Based on the experiment and calculation results presented above, we explain the 

estimated effect of Psi structure on solar cell performance and suggest a fabrication process to 

achieve the structure with optimal performance.  

 

VOC and the efficiency estimation of the PSi/c-Si structure 

 

 As the DFTB parametrization that allows one to compute accurate band structure does 

not include other species of atom except Si/O/H, the addition of the impurity like boron or 

phosphorus is not applicable. In order to estimate the VOC and other solar cell performance, 

many assumptions must be made.  

 

Firstly, the position of the Fermi level of the intrinsic material is assumed to be around 

the center of the gap of every model. Secondly, as the parameters to calculate the drift and 

diffusion current are not fully known as well as the light absorption coefficient and the diffusion 

length of each carrier in PSi layer, the maximum VOC will be calculated based on the built-in 

potential (Vbi) of the junction as is calculated by the following equations: 
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              ………(27) 

 

Where q = elementary charge, ∆𝐸1  = conduction band offset, ∆𝐸\  = valence band 

offset, k = Boltzmann’s constant, T = temperature, Nd = donor carrier concentration, Na = 

acceptor carrier concentration, ni,n and ni,p = intrinsic carrier concentration of the n and p-type 

region, respectively. 

 
FIGURE 63: MAXIMUM VOC BASED ON THE MAXIMUM BUILT-IN POTENTIAL OF THE PN-

JUNCTION OF PILLAR (1, 1.5, 2 NM IN DIAMETER) AS TOP AND C-SI AS BASE PART. THE DOPING 
DENSITYOF P AND N-TYPE ARE VARIED. 

 

Thirdly, as the inter-model comparison is still not available, the calculated band edges and gap 

of pillar part of the model will be used as a representative of the top n-type PSi part of 
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heterostructure, and the calculated band edges and band gap of the whole c-Si model where the 

∆𝐸\ term in the equation is minimized will be used as a base p-type layer, so that the maximum 

VOC of the structure could be obtained without the known information of the band edges 

between each model. Finally, the resulting VOC of each model will be used to calculate the 

maximum efficiency of the tandem by stacking on the c-Si-based bottom cell, and assuming 

the AM 1.5 illumination, the JSC to be maximum theoretically based on the band gap, FF is 

0.85, and the efficiency is calculated with the equation 8. 

 

 Figure 63 shows the result of the calculated VOC based on various doping level of both 

p and n-type. It is found that, in this heterostructure, the more degree of quantum confinement 

effects leading to larger band gap expansion does not always result in the improvement of the 

VOC. For example, at the n-type doping level of 1019 cm-1 and p-type doping level of 1016 cm-1 

(where redline intersects with the red dataset), the VOC of the 1-nm diameter pillar with band 

gap of 2.53 eV is 1.08 V, which is improved from the c-Si homojunction at same doping 

condition of 0.87 V. However, the 1.5-nm and 2-nm pillar shows a slightly larger amount of 

VOC of 1.11 V and 1.17 V, respectively, despite having the smaller band gap. This is caused by 

the valence band offset (∆𝐸\) of the pillar and base layer of the 1.5 and 2-nm pillar models 

being less in value compared to the 1-nm pillar model, which increases the amount of the VOC 

according to the equation (YY). The rest of the result of VOC follows this trend; it is also the 

matter of doping that determine the amount of VOC, intuitively. However, not all doping levels 

can be chosen as the effect of degenerately doping, the band gap narrowing, and the technical 

issue are also needed to consider (as also discussed in section 4.3.5 in experimental part). 

Therefore, in order to calculate the solar cell performance, the n-type doping level of 1019 cm-

1 and p-type doping level of 1016 cm-1 are chosen as a basis as these two values are sensible in 

term of the amount of built-in potential it can create, and also it is quite common for 

photovoltaic industry to dope the silicon to these values to fabricate efficient solar cell. 

 

 Figure 64 shows the result of the calculation based on the assumptions mentioned 

before. By using the heterostructure of PSi/c-Si as a top cell of the tandem, the efficiency of 

34.7% could be achieved by using 2-nm diameter pillar as top layer of the heterostructure. The 

efficiency is improved and exceeds the theoretical limitation of the single junction solar cell 

by fabricating the thin porous silicon heterostructure on top of the base c-Si layer. Also, as 

expected for the current matching, too large band gap from ultra-small porous silicon features 

does not help increasing the efficiency of the tandem due to its limited JSC. 
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FIGURE 64:  MAXIMUM EFFICIENCY AND OTHER SOLAR CELL PARAMETERS CALCULATED 

FROM THE TANDEM STRUCTURE OF (TOP) THE HETEROSTRUCTURE OF PSI/C-SI AS TOP CELL 
AND C-SI BOTTOM CELL; (BOTTOM) THE DOUBLE HOMO-STRUCTURES OF PSI TOP CELL AND C-

SI BOTTOM CELL. 
 

As a result of the band alignment offset in PSi/c-Si explained earlier, in order to further improve 

this structure, the double homo-structures where top cell of the tandem is all made of PSi 

(Figure 64 bottom) might be a next goal of this topic as it would allow the larger value of VOC 

by the PSi homojunction and can reach the efficiency of 40.8%. However, as explained earlier, 

the structure wholly made with PSi has a large resistance as well as the recombination rate. It 

might be interesting that if the thickness of the PSi homojunction could be made thin enough 

for the light absorption at higher energy light, and the electrochemical passivation can be 

optimized on the structure, this might create a good opportunity for realizing a full potential of 

all-silicon tandem solar cell in the future.  

 

Proposal of the fabrication of the porous silicon in the future 

 

Finally, for the last part of the thesis, it would be interesting if some fabrication 

guideline could be devised according to all of the knowledge gained in this thesis. In order to 

realize the better fabrication process, it is known from this experimental part that the previous 

fabrication condition still cannot produce the porous silicon with Si feature size small enough 

for the quantum confinement effect to take place effectively. Also, from the simulation result 

and the estimation on the band diagram, it is known that the exceedingly small size would not 
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result to the improvement of the solar cell efficiency as a result of the improper band alignment 

as well as the current mismatch. Therefore, there is a sweet spot to fabricate the porous silicon 

with proper Si feature size, and that would be around 2 nm in size. Starting from this goal, the 

new fabrication processes are proposed. 

The proposed method to fabricate the porous silicon will be based on the anodization 

(electrochemical etching) for the same reason that this method was initially selected for its low 

cost, fast process, and the simplicity of the procedure. From the literature review from the 

introduction part, it is known that the pore size of the porous silicon can be controlled by the 

current density as well as the HF concentration. Also, as the pore size is made smaller, the 

silicon features will tend to have a smaller size as well. 

 

 
FIGURE 65: THE FIRST PROPOSAL OF THE FABRICATION PROCESS FOR IMPROVEMENT OF THE 

EFFICIENCY OF POROUS SILICON SOLAR CELL: TWO-STEP ETCHING PROCESS 
 

Figure 65 is the proposal for the first, and simpler, fabrication method. It is composed with 2-

step etching: primary etching and secondary etching. The primary etching is the step that etch 

the doped c-Si wafer to the desired porosity (i.e., pore size or porosity, and rough Si feature 

size) by controlling the current density to be small, ethanoic HF concentration to be between 

40-50%. The microporous structure where the pore size of less than 2 nm and the Si features 

with size from 2-10 nm can be fabricated. Sequentially, the secondary etching process is then 

conducted without applying any bias; only leaving the primary-etched wafer in the lower 

concentration of HF/EtOH of 5-10% so that the HF can spontaneously etches the Si wall in 

horizontal direction, thus thinning the wall for the proper size (~2 nm). 
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FIGURE 66: THE SECOND PROPOSAL OF THE FABRICATION PROCESS FOR IMPROVEMENT OF 

THE EFFICIENCY OF POROUS SILICON SOLAR CELL: TWO-STEP ETCHING WITH 
ELECTROCHEMICAL PASSIVATION FOR BETTER UNIFORMITY OF THE SI FEATURES 

  

Figure 66 proposes another method with one extra step from the one described in Figure 65. In 

between the primary and secondary etching, this method adds one more step of electrochemical 

passivation (anodic oxidation) proposed in this thesis. This step is used to create a uniform 

silicon oxide layer on the top surface of primary-etched porous silicon, where it leaves a large 

amount of the dangling bonds, which is unstable and ready to react when exposed to atmosphere, 

thus the uncontrollable native oxide could occur randomly, making the Si feature size uneven. 

By introducing the electrochemical passivation, the oxide thickness could be formed 

controllably and uniformly, allowing the 3rd step of secondary etching to etch more uniformly. 

Therefore, it could lead to an economical and simpler way to fabricate the porous silicon with 

precise control of its size not only for the photovoltaics purpose, but any applications that needs 

the quantum confinement effect of this interesting material. 
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CHAPTER 5: SUMMARY OF DOCTORAL DISSERTATION 

 

All-silicon tandem solar cell is one specific type of multi-junction solar cell, which has 

the potential to surpass the theoretical efficiency limit of single-junction silicon solar cell; it 

also eliminates the lattice mismatch issue found in hetero-junction structure, and also reduce 

the use of rare metal and toxic material. The porous silicon is selected as a candidate of a top 

cell due to its adjustable band gap, which is reported to be ranged from 1.4 – 2.2 eV depending 

on its porous structure. Many literatures suggests that the origin of its wider band gap comes 

from the quantum confinement effect. The porous silicon also has an anti-reflective property, 

which leads to the enhancement of light absorption. With these benefits, it provides the 

opportunity to use the porous silicon to improve the VOC, JSC, as well as the efficiency of the 

solar cell. However, the surface area and defects are highly increased compared to crystalline 

silicon, which inevitably increases the rate of recombination on the surface. Therefore, a 

passivation method that is suitable for the nano-structure material is necessary to reduce surface 

recombination. The representative and common method to passivate silicon solar cell is atomic 

layer deposition (ALD). However, the cost of ALD is too high to be widely used in commercial 

scale. In this research, a low-cost electrochemical passivation technique has been developed to 

achieve a uniform passivated layer on porous silicon. Together with the experimental part, we 

also use the simulation approach to calculate the result that is difficult to obtain experimentally. 

In this part, we computed and compared band structures induced by amorphization and porosity 

of silicon by the DFTB level. 

The analysis of ECV data as well as the TEM image confirms the position of P-N junction 

to be around 200 nm deep from the surface, which is then used to determine the thickness of 

porous layer. In order to make use of the quantum size effect, the porous layer needs to exceed 

the P-N junction and lies within the P-type silicon, unless it would only act as an anti-reflective 

film.  Then the porous silicon with porous layer thickness of 200-250 nm was fabricated 

through anodization process in HF solution with the current density is controlled at 75 mA/cm2 

for 6 seconds. Furthermore, the cross-sectional view of the microstructure confirms a lattice 

matching between the PS/c-Si interface. The lowest reflectivity of approximately 5% was 

achieved for this thin porous silicon at a wavelength of 450 and 1000 nm, compared  to 30% 

at 700-1000 nm. This highlights the potential porous layer as an anti-reflection coating 

structure in Si solar cells. However, even though the PL data of the porous silicon shows the 
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peak at 645 nm, which is equivalent to the energy of 1.92 eV, the absorbance data from UV-

Vis does not show the difference in optical band edge compared to the c-Si sample. This 

suggests that there might be a band gap expansion, but its influence is overwhelmed by the 

underlying thick c-Si base wafer. 

Then the porous silicon is passivated by three methods of passivation: ALD (Al2O3), 

electrochemical passivation in HCl with current density of 0.1012 mA/cm2, and supercritical 

passivation with N2 with CO2 as a carrier. The result of carrier lifetime shows that there are no 

obvious improvements nor differences from each passivation method; all of the lifetime is too 

short (in few microseconds range) compared to commercialized solar cell (in millisecond range). 

The longest carrier lifetime result is from ALD-passivated sample with 20 nm Al2O3 thickness 

and post-anneal at 400°C for 20 minutes, which is 8.12 µs  

 After the fabrication of the solar cell by electrode deposition, the PV performances of 

electrochemical passivated and ALD-passivated samples are measured. In ALD passivation, 

all of the solar cell parameters are poor, as well as diode characteristics. This is believed that 

the Al2O3 layer forms a resistive layer on the top part of the solar cell, which drastically 

increases the series resistance. Then the electrochemical passivation with many reaction times 

as a variable were measured. The result shows that bottom-up anodization process successfully 

produced a uniform SiO2 passivation layer with high coverage on high aspect-ratio porous 

silicon layers. A maximum efficiency of 10.7% with the best J-V behavior yielded FF of 0.685 

for the porous silicon solar cell at an optimized passivation time t of 30 s (PS-e cell). 

Simultaneously, this porous silicon cell had the lowest RS (2.79 Ω cm-1) and also had the highest 

RSH (3.45 kΩ cm-1). This result shows that even though the carrier lifetime is relatively short, 

the electrochemical passivated samples still can yield a good efficiency when operated as a 

solar cell and the electrochemical passivation is a better method to passivate the porous silicon 

structure fabricated in this experiment. Furthermore, such improved PV parameters confirm 

that the anodic SiO2 provides a sufficient passivation approach, especially for nano-structured 

porous silicon solar cell. However, the notable enhancement in EQE in the wavelength range 

of 700 to 1100 nm improves the light-trapping at long wavelength, and thus provides a 

promising possibility for improving the light absorption in thin-film Si solar cells. In term of 

the practical use, the electrochemical passivation at room temperature can be performed as a 

surface passivation technique for other nanostructured materials because the thickness of the 

oxidized layer can be precisely controlled by adjusting the combination of current density and 

treatment period while maintaining the original nanostructure. 
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However, there is no improvement in the VOC as all of the result remain in the range of 

0.51-0.53 V. The detailed characterization by QSSPC suggests that the excessively highly 

doped n++ layer is a main factor to limiting the maximum VOC as well as the high 

recombination rate from at the Ag electrode/silicon contact at the rear side. Furthermore, 

porous silicon layer is only 0.1% the thickness compared to its base c-Si wafer. This could lead 

to the inefficiency of the light absorption in the emitter layer, as the majority of the absorption 

occurs in the bulk c-Si below; therefore, the overall VOC of this heterojunction structure is 

governed by the band gap of the base layer rather than the porous silicon.  

In the simulation part, the band structures induced by porosity and passivation of Si 

were computed by the Density Functional Tight Binding (DFTB) method and compared. Four 

representative models of PSi were created: pillar, crater, internal sphere, and internal cube 

models. The results showed that the only component that determines the degree of expansion 

is not the pore, but the size of Si framework itself. The pillar diameter, the crater Si wall 

thickness, and the thickest Si skeleton part were varied including sizes which induce quantum 

confinement. The pillar height and crater depth have little to no effect on the band gap as long 

as the Si base is thicker than 1 nm. Moreover, only when two pillars are physically in contact 

and become crater model that the decrease of band gap is observed; the value converges to one 

of bulk Si (1.12 eV) as the pillars are more in contact to their neighboring pillars. On the other 

hand, when the crater diameters are large enough that the Si wall part is isolated, the band gap 

largely increases. Quantum confinement induced gap expansion was only observed when Si 

features approached 1 nm scale. To connect to the experiment to the simulation part, with the 

PSi wall thickness of more than 3.5 nm observed from TEM, the simulation result showed that 

the band gap expansion effect for this Si feature size is minimal (1.2-1.4 eV). Thus, the PSi 

framework must be fabricated with smaller sizes to utilize more quantum confinement effect. 

In conclusion, this thesis investigated the possibility to use PSi as a top cell of the all-

silicon tandem solar cell by both experiment and simulation approaches. With our original 

electrochemical passivation, the formation of the uniform and high coverage oxide layer could 

be achieved on PSi layer, resulting in the improvement of solar cell performance. The 

simulation on the electronic structure of PSi/c-Si models also shows that, in order to achieve 

gap expansion with porosity, it should therefore aim at controlling the size of Si features rather 

than the size of the pores or the porosity. These knowledge provide an insight on the more 

suitable PSi structure that can further improve the performance of solar cell in the future 

fabrication.  
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APPENDIX 
 

 
TABLE S1: COMPUTED BAND GAP (EG), THE VALENCE BAND MAXIMUM (VBM) AND CONDUCTION 
BAND MINIMUM (CBM), OF THE SPHERICAL PORE MODELS, ALONG WITH ITS CORRESPONDING 
FOUR INITIAL BOX SIZES (S(MALL), M(EDIUM), L(ARGE), XL (EXTRA LARGE)), NUMBER OF 
ATOMS, AND PORE PARAMETERS: DIAMETER (D), SHORTEST (L) AND LARGEST (L) INTER-PORE 
DISTANCE.  
 

Model 

label 

Box 

Size 
Number of Atom d L l Porosity VBM CBM Eg 

[nm] Si H Total [nm] [nm] [nm] [%] [eV] [eV] [eV] 

S1 

2.17 

425 204 629 1.47 2.25 0.86 16.2 -5.48 -3.94 1.54 

S2 465 188 653 1.20 2.72 0.98 8.8 -5.42 -4.09 1.33 

S3 495 164 659 0.92 3.02 1.52 4.0 -5.40 -4.19 1.21 

M1 

3.26 

1263 540 1803 2.56 3.01 0.72 25.4 -5.46 -4.06 1.40 

M2 1537 436 1973 2.02 3.64 1.26 12.5 -5.40 -4.22 1.18 

M3 1681 348 2029 1.20 4.58 2.07 2.6 -5.38 -4.29 1.09 

L1 

4.34 

2997 948 3945 3.37 4.12 0.98 24.4 -5.39 -4.17 1.22 

L2 3631 764 4395 2.56 4.89 1.81 10.7 -5.35 -4.25 1.10 

L3 3949 612 4561 1.74 6.06 2.61 3.4 -5.37 -4.30 1.07 

XL1 

4.89 

4264 1200 5464 3.87 4.79 0.98 26.0 -5.37 -4.20 1.17 

XL2 5126 1000 6126 2.74 5.96 2.07 9.2 -5.36 -4.26 1.10 

XL3 5636 792 6428 2.03 7.15 2.88 3.8 -5.37 -4.31 1.06 

c-Si  2048 128 2176 0 Bulk Bulk 0 -4.83 -3.77 1.06 
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TABLE S2. COMPUTED BAND GAP (EG) OF THE INTERNAL CUBE MODELS, THEIR VALENCE BAND 
MAXIMUM (VBM) AND CONDUCTION BAND MINIMUM (CBM), ALONG WITH ITS CORRESPONDING 
FOUR INITIAL BOX SIZES (S, M, L, XL), NUMBER OF ATOMS, AND PORE PARAMETERS.  
 

Model 

Name 

Box 

Size 
Number of Atom 

Pore 

Size 

Largest 

Si feature 

Wall 

thickness 
Porosity VBM CBM Eg 

[nm] Si H Total [nm] [nm] [nm] [%] [eV] [eV] [eV] 

S1 

2.17 

341 308 649 2.32 1.49 0.74 30.4 -5.63 -3.75 1.88 

S2 417 252 669 1.99 1.77 1.00 16.0 -5.53 -3.95 1.58 

S3 495 164 659 0.90 3.05 1.54 2.6 -5.40 -4.20 1.20 

M1 

3.26 

863 828 1691 4.18 1.49 0.74 47.4 -5.64 -3.76 1.88 

M2 1107 734 1831 3.87 1.77 1.00 33.8 -5.55 -3.90 1.65 

M3 1449 540 1989 2.65 3.05 1.54 14.7 -5.43 -4.15 1.28 

M4 1683 364 2047 1.39 4.27 2.36 2.4 -5.39 -4.28 1.11 

L1 

4.34 

1625 1604 3229 6.07 1.49 0.74 58.3 -5.66 -3.76 1.90 

L2 2133 1452 3585 5.75 1.77 1.00 45.8 -5.52 -3.89 1.63 

L3 2931 1172 4103 4.52 3.05 1.54 27.1 -5.39 -4.10 1.29 

L4 3669 852 4521 3.77 4.27 2.36 10.4 -5.37 -4.25 1.12 

L5 4001 636 4637 2.01 5.52 3.15 2.1 -5.38 -4.30 1.08 

L6 4091 524 4615 0.48 7.09 3.97 0.1 -5.39 -4.33 1.06 

XL1 

4.89 

2096 2088 4184 7.01 1.49 0.74 62.6 -5.65 -3.76 1.89 

XL2 2772 1912 4684 6.69 1.77 1.00 50.4 -5.50 -3.88 1.62 

XL3 3870 1584 5454 5.46 3.05 1.54 32.2 -5.39 -4.10 1.29 

XL4 4968 1192 6160 4.21 4.27 2.36 14.4 -5.37 -4.26 1.11 

XL5 5552 904 6456 2.95 5.52 3.15 4.5 -5.38 -4.30 1.08 

XL6 5786 720 6506 1.39 7.09 3.97 0.8 -5.39 -4.34 1.05 

c-Si  2048 128 2176 0 Bulk Bulk 0 -4.83 -3.77 1.06 
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TABLE S3. COMPUTED BAND GAP (EG) OF THE PILLAR MODELS, CALCULATED BY ITS VALENCE BAND MAXIMUM (VBM) AND CONDUCTION BAND 
MINIMUM (CBM) ALONG WITH ITS CORRESPONDING NUMBER OF ATOMS, AND PORE FEATURES. THE BAND GAPS OF THE PILLAR AND BASE PART 
ARE CALCULATED SEPARATELY TO INVESTIGATE THE EFFECT OF THE LOCAL BAND GAP. FOUR KEY FEATURES ARE VARIED TO INVESTIGATE THE 
EFFECT OF EACH PART: PILLAR DIAMETER, PILLAR HEIGHT, BASE LAYER, AND INTERPILLAR DISTANCE WITH DIFFERENT PILLAR DIAMETERS. THE 
VARIED FEATURES IN EACH SET ARE HIGHLIGHTED IN BOLD.  
 

Model Name 
Number of Atom  Height Base Pillar 

Diameter 
Distance Porosity 

VBM/CBM Eg 
Shortest Largest Wall Base Wall Base 

Si H Total [nm] [nm] [nm] [nm] [nm] [%] [eV] [eV] [eV] [eV] 

Pillar 
Diameter 

1 1184 624 1808 7 1 1 2.17 3.46 93 -5.90 / -3.27 -5.22 / -3.63 2.63 1.37 
2 1834 824 2658 7 1 2 1.38 2.69 70 -5.54 / -3.64 -5.24 / -3.88 1.90 1.36 
3 3136 1016 4152 7 1 3 0.38 1.92 33 -5.26 / -3.73 -5.19 / -3.79 1.23 1.23 

Pillar 
Height 

1 237 100 337 1 1 1 0.54 1.15 70 -5.50  / -2.91 -5.02 / -3.57 2.59 1.45 
2 866 576 1442 10 1 1 0.54 1.15 70 -5.61 / -3.06 -5.08 / -3.72 2.55 1.36 
3 1532 1080 2612 20 1 1 0.54 1.15 70 -5.59 / -3.03 -5.09 / -3.75 2.56 1.34 
4 2235 1612 3847 30 1 1 0.54 1.15 70 -5.53 / -3.00 -5.08 / -3.76 2.53 1.32 
5 2901 2116 5017 40 1 1 0.54 1.15 70 -5.55 / -3.04 -5.09 / -3.77 2.51 1.32 
6 3567 2620 6187 50 1 1 0.54 1.15 70 -5.51 / -2.97 -5.08 / -3.76 2.54 1.32 

Base 
Layer 

1 1184 624 1808 7 1 1 2.17 3.46 93 -5.90 / -3.27 -5.22 / -3.63 2.63 1.59 
2 1569 652 2221 7 2 1 2.17 3.46 93 -5.70 / -3.18 -4.95 / -3.58 2.52 1.37 
3 2145 652 2797 7 3 1 2.17 3.46 93 -5.56 / -3.16 -4.80 / -3.62 2.40 1.18 

Interpillar 
Distance 

 
Pillar 

diameter 
 = 1 nm 

1 468 400 868 10 1 1 0.38 0.77 33 -5.70 / -3.20 -5.22 / -3.94 2.50 1.28 
2 866 576 1442 10 1 1 0.54 1.15 70 -5.61 / -3.06 -5.08 / -3.73 2.55 1.35 
3 1006 632 1638 10 1 1 1.09 1.92 83 -5.68 / -3.13 -5.07 / -3.73 2.55 1.34 
4 1186 704 1890 10 1 1 1.63 2.69 89 -5.77 / -3.26 -5.04 / -3.72 2.51 1.32 
5 1406 792 2198 10 1 1 2.17 3.46 93 -5.82 / -3.29 -5.00 / -3.67 2.53 1.33 
6 1666 896 2562 10 1 1 2.71 4.22 95 -5.82 / -3.39 -4.97 / -3.64 2.43 1.33 
7 1966 1016 2982 10 1 1 3.26 4.99 96 -5.81 / -3.43 -4.94 / -3.60 2.38 1.34 
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Pillar 
diameter 
 = 1.5 nm 

1 999 604 1603 10 1 1.5 0.38 1.15 33 -5.43 / -3.28 -5.19 / -3.71 2.15 1.48 
2 1111 660 1771 10 1 1.5 0.86 1.92 63 -5.43 / -3.23 -4.99 / -3.65 2.20 1.34 
3 1255 732 1987 10 1 1.5 1.38 2.69 76 -5.52 / -3.34 -5.06 / -3.62 2.18 1.44 
4 1431 820 2251 10 1 1.5 1.92 3.46 83 -5.49 / -3.42 -5.03 / -3.59 2.07 1.44 
5 1639 924 2563 10 1 1.5 2.46 4.22 88 -5.53 / -3.48 -4.99 / -3.56 2.05 1.43 
6 1879 1044 2923 10 1 1.5 2.99 4.99 91 -5.55 / -3.51 -4.96 / -3.52 2.04 1.44 
7 2151 1180 3331 10 1 1.5 3.54 5.76 93 -5.60 / -3.54 -4.92 / -3.48 2.06 1.44 
8 2455 1332 3787 10 1 1.5 4.08 6.53 94 -5.61 / -3.58 -4.90 / -3.45 2.03 1.45 

Pillar 
diameter 
 = 2 nm 

1 1947 956 2903 10 1 2 0.38 1.15 33 -5.16 / -3.44 -5.13 / -3.65 1.75 1.48 
2 2091 1028 3119 10 1 2 0.86 1.92 57 -5.21 / -3.42 -5.09 / -3.63 1.79 1.46 
3 2267 1116 3383 10 1 2 1.38 2.69 70 -5.25 / -3.47 -5.06 / -3.62 1.78 1.44 
4 2475 1220 3695 10 1 2 1.92 3.46 78 -5.34 / -3.52 -5.03 / -3.60 1.82 1.43 
5 2715 1340 4055 10 1 2 2.46 4.22 83 -5.37 / -3.55 -5.00 / -3.56 1.82 1.44 
6 2987 1476 4463 10 1 2 2.99 4.99 87 -5.38 / -3.59 -4.97 / -3.54 1.79 1.43 
7 3291 1628 4919 10 1 2 3.54 5.76 89 -5.42 / -3.62 -4.95 / -3.51 1.80 1.44 
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TABLE S4: COMPUTED BAND GAP (EG) OF THE CRATERS MODELS, CALCULATED BY ITS VALENCE BAND MAXIMUM (VBM) AND CONDUCTION BAND 
MINIMUM (CBM) (NOT SHOWN IN THE TABLE), ALONG WITH ITS CORRESPONDING NUMBER OF ATOMS, AND PORE FEATURES. THE BAND GAPS OF 
THE CRATER ARE DIVIDED INTO THE WALL AND BASE PARTS, WHICH ARE CALCULATED SEPARATELY TO INVESTIGATE THE EFFECT OF THE LOCAL 
BAND GAP. THREE KEY FEATURES ARE VARIED TO INVESTIGATE THE EFFECT OF EACH PART: CRATER DEPTH CRATER WALL THICKNESS, AND 
CRATER DIAMETER. 
 

Model Name 
Number of Atom Depth Base 

Crater 

Diameter 

Thickest 

Wall 

Thinnest 

Wall 
Porosity 

VBM/CBM Eg 

Wall Base Wall Base 

Si H Total [nm] [nm] [nm] [nm] [nm] [%] [eV] [eV] [eV] [eV] 

Crater 

Depth 

1 1823 576 2399 4 1 2.4 1.92 0.86 34 -5.20 / -3.60 -5.08 / -3.69 1.63 1.45 

2 2491 784 3275 6 1 2.4 1.92 0.86 37 -5.18 / -3.57 -5.06 / -3.63 1.61 1.43 

3 3827 1200 5027 10 1 2.4 1.92 0.86 39 -5.18 / -3.55 -5.03 / -3.58 1.63 1.39 

Crater 

Wall 

Thickness 

1 1823 576 2399 4 1 2.4 1.92 0.86 34 -5.20 / -3.60 -5.08 / -3.69 1.60 1.39 

2 2759 680 3439 4 1 2.4 2.69 1.38 25 -5.04 / -3.77 -5.04 / -3.77 1.27 1.27 

3 3839 800 4639 4 1 2.4 3.46 1.92 19 -5.00 / -3.82 -5.00 / -3.82 1.18 1.18 

Crater 

Diameter 

1 895 348 1243 4 1 4 0.38 0 79 -6.85 / -2.38 -5.03 / -3.61 4.47 1.42 

2 989 392 1381 4 1 3.8 0.77 0 73 -6.41 / -3.21 -5.05 / -3.62 2.93 1.43 

3 1087 476 1563 4 1 3.5 0.96 0 64 -5.89 / -3.17 -5.07 / -3.55 2.72 1.52 

4 1137 444 1581 4 1 3.45 1.15 0 63 -5.69 / -3.49 -5.09 / -3.62 2.20 1.47 

5 1259 644 1903 4 1 3.2 1.15 0.12 56 -5.67 / -3.43 -5.10 / -3.58 2.24 1.52 

6 1525 608 2133 4 1 2.8 1.54 0.38 44 -5.31 / -3.55 -5.08 / -3.66 1.76 1.42 

7 1823 576 2399 4 1 2.4 1.92 0.86 34 -5.20 / -3.60 -5.08 / -3.69 1.60 1.39 

 


