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Abstract 

 

Si heterojunction solar cells based on organic and transition metal oxide selective 

carrier contact (SCC) layer are developed to bypass the high temperature diffusion 

process required for the fabrication of p-n junction in conventional Si solar cell. In 

this work, we design, simulate, fabricate and characterize Si heterojunction solar 

cells based on organic material, poly(3,4-ethylenedioxythiophene) : 

polystyrenesulphonate (PEDOT:PSS), and transition metal oxide, molybdenum 

oxide (MoOx).     

 

To have an in-depth understanding of the n-Si/PEDOT:PSS hybrid solar cell, we 

characterize the heterojunction by reverse recovery transient (RRT) and DC I-V 

techniques to ascertain its nature. Solar cells are fabricated by spin coating 

PEDOT:PSS solution on top of n-Si with various doping concentrations (ND) from 

1014 - 1017 cm-3. The results of RRT measurement contradicts the Schottky junction 

model that is commonly assumed for such heterojunction. Instead the n-

Si/PEDOT:PSS junction act consistently with the n-p+ junction model. The forward 

bias current injection level is found to influence τp, attributed to the trap saturation 

effect at n-Si and PEDOT:PSS interface. The interpretation of n-p+ junction model 

is also consistent with DC-IV measurement. Photovoltaic measurement of the n-

Si/PEDOT:PSS hybrid solar cell has been conducted to understand the effect of ND 

on solar cell performance.   
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Having established the nature of the n-Si/PEDOT:PSS junction, we simulate the 

performance of the hybrid solar cell with different device architectures, using a 

device simulation software. Four device architectures are studied, which include 

the conventional front junction (FJ) cell, back junction (BJ) cell, interdigitated back 

contact (IBC) cell and FJ structure with ARC compensated layer (FJ-ARC) cell. We 

found that BJ cell in which the PEDOT:PSS layer is located on the back surface of 

an n-Si substrate can yield PCE of 18.8%, which is higher compared to those of 

conventional FJ cell with PCE of 15.4%. This is attributed to the elimination of 

parasitic absorption in PEDOT:PSS in BJ cell. Our simulation also showed that the 

the parasitic absorption issue affecting the FJ cell architecture could be resolved 

without resorting to a more demanding BJ structure. We propose to adopt the 

simpler FJ structure, but reduce the thickness of PEDOT:PSS to 30 nm, and 

introduce a layer of silicon nitride anti-reflection coating layer with the thickness of 

40 nm. We obtained a PCE of 18.4% for the proposed cell structure, which is 

almost similar to those achieved for the BJ cell. We also simulated the IBC cell in 

which both the hole and electron collecting contacts are located on the back side 

of Si. The use of IBC cell structure yields the highest PCE of 20.4% but require 

more complicated patterning. 

 

In this work, the use of transition metal oxide, namely molybdenum oxide (MoOx), 

as the SCC material on the heterojunction solar cells is investigated experimentally. 

Planar n-Si/MoOx solar cell is fabricated by e-beam evaporation of MoOx source 

onto an n-Si substrate to form an electron blocking layer. We found that the PCE is 
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almost independent of Si substrate doping (ND) at 10.1 to 10.2 % for ND = 1014 - 

1016/cm3, which then drops to 6.9% at higher ND = 1017 /cm3. It is found that using 

an evaporated 5 nm thin ITO layer on top of MoOx as a barrier layer, a solar cell 

with PEDOT:PSS electrode can achieve Voc = 0.592 V, FF = 67.3% and PCE = 

11.3%. Subsequently, we studied n-Si/MoOx solar cell with sputtered ITO electrode 

with or without a barrier layer. We found that the highest PCE = 11.6% is observed 

for the solar cell without the barrier layer, yet the Voc is relatively low at 0.554 V. 

This is in contrast to a solar cell with a barrier layer which yields high Voc = 0.591 V 

but has lower PCE = 10.7%.  

 

To develop a solar cell that offers a huge active surface area yet occupies a small 

footprint, PV-Tower solar cell concept is proposed and studied. The height of PV-

Tower can be increased to boost the power output while its multiple surfaces allow 

effective collection of diffuse light. We investigated the performance of PV-Tower 

with an n+-p-p+ structure using device simulation. Then we calculated the ohmic 

loss associated with the electrodes on the sidewall of the PV-Tower solar cell, and 

it is found to scale as a function of the cubic height of the tower. Finally, we also 

demonstrated with device simulation that PV-Tower cell can also adopt Si 

heterojunction solar cell structure with promising result. Therefore, the results 

suggest that the novel PV-Tower solar cell proposed has a potential to deliver high 

power output over a small footprint, and is ideal for energy harnessing over a limited 

physical area, such as in IoT applications.     
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Chapter 1. Introduction 

 

1.1 Background and motivation 

 

Figure 1.1 : World total primary energy supply from 1971 to 2014 in a unit of 

Mtoe/year [1]. 1 Mtoe (million tonnes of oil equivalent) ≈ 4x107 GJ. 

 

The global energy demand increases as the world population grows, and 

communities’ standard of living develops. Figure 1.1 shows the total primary energy 

supply, where it can be seen that the annual energy consumption has increased 

from 6x103 to 13.7x103 Mtoe/year from 1971 to 2014 [1]. Most of the current world 

energy consumption is fulfilled by fossil fuel based energy sources such as coal, oil 

and natural gas, which are non-renewable. These fossil fuels energy sources are 

going to be scarce or even depleted within the next 30-100 years [2], resulting in a 

severe energy crisis. In the long term, fossil fuels scarcity will also make fossil fuel 
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energy more expensive due to high energy demand and low energy supply, 

subsequently, impede economic and social development [3]. Therefore, 

development of renewable energy harvesting technologies as a replacement for 

fossil fuels combustion will be essential to sustain continuous economic and social 

growth. In addition, fossil fuels combustion also releases a large amount of 

greenhouse gases (GHGs) such as carbon dioxide (CO2) to the earth atmosphere, 

that will result in climate change [4]. It is estimated that 70% of human-caused 

GHGs are emitted by the energy sector, primarily CO2 from fossil fuels combustion 

[5]. The climate change will cause detrimental effects such as global average 

temperature increases, increased frequency of extreme weather events, ocean 

acidification, polar ice melting and sea level rises, which will be detrimental to 

human and the environment [3, 6]. In order to address the energy crisis and climate 

change issues, it is critical to develop alternative energy sources that are both 

renewable, cost effective and safe for the environment.  

 

Among renewable energy sources, solar energy is attractive since it is clean, 

environmentally safe, abundant, free and widely available. While it currently 

contributes only a small amount to the total energy supply [1], solar energy has 

good potential to meet future energy demand due to the high amount of solar 

energy radiation available in comparison to the expected future total energy 

consumption [7]. A realistic and practical amount of land is available to fulfill total 

energy demand by utilizing solar energy with currently available technology [8, 9]. 

120,000 TW of solar power is available on the Earth from the sun [9]. Based on 
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10% efficiency solar module, solar PV installation with an area of 1 million km2 is 

required to supply electricity to the whole world [9], which is equivalent to about 

0.7% of Earth land surface area.  On the other hand, other renewable energy 

sources such as geothermal, hydroelectric, wind, and biomass have small utilizable 

energy potential, which is estimated to be much less than expected future energy 

consumption [9].  Therefore, developing solar energy is an effective way to provide 

alternative renewable energy supply and mitigate climate change. 

 

Active solar energy technologies consist of mainly solar thermal [8] and solar 

photovoltaic (PV) [8]. Among them, solar PV is attractive since it can directly 

convert solar energy into electricity. Figure 1.2 shows the total global power 

capacity of solar PV from 2005 to 2015 [10]. The global solar PV capacity grew at 

a significant rate from 5.1 GW in 2005 to 227 GW in 2015. In comparison to other 

renewable energy sources, solar PV also exhibits the highest annual growth rate 

of 28% in power capacity, higher than wind energy of 17% and solar thermal of 

9.7% [10]. International Energy Agency (IEA) predicts that solar PV will account for 

11% of total global electrical energy supply in 2050 [7]. In summary, solar energy 

is expected to be a very important and promising renewable energy source in the 

future. 
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Figure 1.2 : Total global power capacity of solar PV from 2005 to 2015 [10]. 

 

However, despite its advantages, solar generated electricity is significantly more 

expensive compared to other energy sources, which limits its contribution toward 

world energy share at the moment. While the solar energy itself is free, the costs 

required to fabricate solar PV cell is quite high due to expensive materials and 

processes required. Multijunction solar cell based on GaAs and InP materials can 

convert 38.8% of light energy into electricity over a small area [11] but requires very 

expensive material and process. Physical availability of In based material also 

prevents its widespread use. Currently, the commercial PV market is based on the 

widely available material Si, which is processed with conventional diffused single 

p-n homojunction technology. Such single junction Si based solar cell can reach 

high power conversion efficiency (PCE) of 25% [12, 13] which is already close to 

the theoretical limit of 30% [14] for single junction Si cell. The Si solar cell has high 

efficiency due to high quality monocrystalline Si material used, which has high 
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carrier mobility and long minority carrier lifetime. In addition, the fabrication of 

conventional Si solar cell leverages on the mature technologies that have been 

developed and refined for the Si complementary metal-oxide-semiconductor 

(CMOS) technology. However, high temperature and high vacuum processes 

conditions are required in the fabrication of the high efficiency Si solar cell [15]. For 

that reason, intensive research is needed to render solar PV more cost effective to 

serve as a practical renewable energy source.  

 

As an alternative to inorganic Si solar cell, the organic solar cell has been actively 

developed through comprehensive researches in the past decades, due to their low 

material cost, flexibility and solution based processing [16-23]. The latter 

characteristic allows low temperature processing at high throughput and over a 

large area. However, the performance of organic solar cell so far is limited by its 

poor electronic properties such as low mobility and low exciton diffusion length [24, 

25]. This prompted the development of the concept of hybrid Si/organic solar cell 

that combines the advantages of inorganic and organic materials to produce a high 

performance solar cell with a simple solution based processing [26-33]. The organic 

materials are used as selective carrier contact (SCC) to form rectifying junction with 

Si material that acts as the light absorber. While various organic materials have 

been used to form hybrid Si/organic solar cells, a conjugated polymer poly(3,4-

ethylenedioxythiophene) : polystyrenesulphonate (PEDOT:PSS) emerges as most 

successful SCC for n-Si based solar cells that can yield high efficiency of 14-17% 

[27, 28, 34]. Despite its success, the nature of rectifying junction between n-Si and 
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PEDOT:PSS is not well understood [35-38]. As a conjugated polymer PEDOT:PSS 

exhibits both semiconductor and metallic characteristics which result in a 

contradictory interpretation of n-Si/PEDOT:PSS junction as both p-n and Schottky 

junctions [28-30, 39, 40]. Ascertaining the nature of n-Si/PEDOT:PSS junction is 

necessary to accurately model and optimizes hybrid Si/PEDOT:PSS solar cell. 

Previously, the PCE of conventional front hybrid Si/PEDOT:PSS solar cell has been 

limited by parasitic absorption in PEDOT:PSS. This has been addressed by 

employing back junction structure in which PEDOT:PSS is located at the back of 

the solar cell, away from the incident light, resulting in high PCE of 16-17% [27, 41]. 

Apart from organic materials based SCCs, SCCs based on transition metal oxides 

(TMO) have recently attracted an interest since they offer higher transparency as 

compared to organic materials, and wider choices for material deposition, including 

evaporation [42, 43], atomic layer deposition [44] as well as solution based process 

[45-51]. Si/TMO solar cell with PCE of 15-18.8% [52-54] has recently been 

reported. Overall, Si heterojunction solar cells with organic and transition metal 

oxide based selective carrier contact layer are very promising and potentially 

suitable for practical application.  

 

Apart from cost-effectiveness issue, the growing need to provide energy harvesting 

capability for Internet-of-Things sensor node (IoT-SN) application [55-58] drive the 

need to develop solar cell concept that can generate high power over small footprint 

area [55, 59-62]. Current approaches for compact energy autonomous IoT-SN rely 

on energy management [63-66], physical layout design [59] and using non-
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conventional solar cell [58, 60, 67]. Development of solar cell concept that can 

harvest light energy with a large active surface area over small footprint is very 

crucial for this emerging important solar application.  

 

1.2 Objectives 

 

In this project, Si heterojunction hybrid solar cells based on organic and transition 

metal oxide selective carrier contacts are studied. The scope of this research work 

includes the design, simulation, fabrication and characterization of Si/organic 

hybrid solar cell and Si/transition metal oxide heterojunction solar cell with various 

device architectures. The objectives of this study are summarized as follows: 

(i) Fabricate and characterize planar Si/PEDOT:PSS hybrid junction to 

study the junction characteristic. Reverse recovery characteristics of 

hybrid junction are investigated at various Si substrate doping 

concentrations and different forward current injection levels. Dark I-V and 

photovoltaic characteristics are also studied to verify the junction 

characteristic.  

 

(ii) Simulate Si/PEDOT:PSS hybrid solar cell with four different device 

architectures using numerical device simulation approach. The four 

device architectures are conventional front junction, back junction, 

interdigitated back contact, and front junction with anti-reflection-coating 

(ARC) compensated layer.  We study the effects of Si substrate 
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thickness, doping, ARC layer and contact design for these various cell 

architectures to optimize their performance. 

 

(iii) Fabricate Si/molybdenum oxide heterojunction solar cell with various Si 

substrate doping concentrations, the use of PEDOT:PSS and ITO 

electrodes, the presence of water barrier layer, and native oxide 

passivation condition. 

 

(iv) Simulate PV-Tower cell based on Si solar cell with the high active surface 

area over a given footprint. The effects of Si substrate cross section and 

doping concentration on the performance of the PV-Tower cell are 

investigated at various light incidence angles.  The effect of height 

scaling to ohmic losses is also analyzed. 

 

 

1.3 Major contribution of the thesis 

 

(i) We characterized the junction behavior of n-Si/PEDOT:PSS hybrid solar cell 

fabricated with a simple spin coating process. Using reverse recovery transient 

(RRT) and DC-IV measurement we found that the hybrid solar cell does not act like 

a Schottky junction as it is commonly assumed. We found that n-Si/PEDOT:PSS 

junction behaviour is consistent with n-p+ junction model.  

 



9 
 

(ii) Using n-p+ junction model, we simulated the performance of n-Si/PEDOT:PSS 

hybrid solar cell with different device architectures. We studied four device 

architectures, including conventional front junction cell (FJ), back junction cell (BJ) 

cell, interdigitated back contact  cell (IBC) and front junction cell with ARC 

compensated layer (FJ-ARC). To the best of our knowledge, there is no such 

comprehensive study and comparison of n-Si/PEDOT:PSS hybrid solar cells with 

the various cell architectures. In particular, our proposed FJ-ARC cell which can 

deliver similar performance as the BJ cell has not been reported and investigated 

before.  

 

(iii) We also investigated n-Si/transition metal oxide solar cell using molybdenum 

oxide (MoOx) as selective carrier contact layer at low substrate temperature. The 

effect of different electrodes (PEDOT:PSS and sputtered ITO), barrier layer, doping 

concentration and interfacial native oxide are investigated. 

 

(iv) We proposed and developed PV-Tower cell concept which offers a huge active 

surface area, yet occupies only a small footprint. The height of PV-Tower cell can 

be substantially increased to enhance the output power while its multiple surface 

area allows efficient diffuse light collection. We simulated the performance of PV-

Tower using device simulation software. Then we also investigate the effect of 

ohmic losses at PV-Tower electrodes, which is found to scale as a function of the 

cubic height of the tower. We also demonstrated that PV-Tower cell could adopt Si 

heterojunction solar cell structure. 
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1.4 Organization of the thesis 

 

This thesis consists of seven chapters organized as follows: 

 

Chapter 1: Background, motivation, objectives and major contributions of the 

project are presented. 

 

Chapter 2: The fundamental principles of solar cell operation are presented. A 

literature review of conventional Si based solar cells, organic solar cells, hybrid 

solar cells, Si/transition metal oxide heterojunction solar cells and PV-Tower 

concepts are presented.  

 

Chapter 3: Planar hybrid solar cells based on n-Si and PEDOT:PSS are fabricated 

and characterized to study the nature of the junction characteristic. Reverse 

recovery transient characteristics are investigated for the hybrid junction with 

different Si substrate doping concentrations and forward bias injection levels. The 

nature of the junction as deduced from the transient characterization is further 

validated by the study of dark and illuminated I-V characteristic.  

 

Chapter 4: Simulation of the performance of hybrid solar cell based on n-Si and 

PEDOT:PSS is conducted with different device architectures. Four hybrid solar cell 

device architectures are studied and compared, which include the conventional 

front junction (FJ) cell, back junction (BJ) cell, interdigitated back contact (IBC) cell 

and front junction structure with ARC compensated layer (FJ-ARC) cell.  
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Chapter 5: Si/transition metal oxide heterojunction solar cell based on n-Si and 

molybdenum oxide is studied experimentally. The effects of Si substrate doping 

concentration, use of different electrode such as PEDOT:PSS or ITO, the presence 

of water barrier layer on top of MoOx and the influence of native oxide at n-Si/MoOx  

interface is presented. 

 

Chapter 6: The concept of PV-Tower cell and its advantage in terms of large power 

generated over a given footprint area is presented. Device simulation of PV-Tower 

cell is also carried out with conventional and Si heterojunction solar cell structure. 

Moreover, analysis of ohmic losses with height scaling is also discussed. 

 

Chapter 7: A general summary of the work done and recommendation for future 

work are presented.  
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Chapter 2. Literature Review 

 

This chapter reviews the literature on solar cells fundamentals, silicon solar cells, 

organic solar cells, metal oxide solar cells and silicon heterojunction solar cells. The 

chapter starts by introducing solar cell fundamentals and a general summary of 

current materials and technologies developed. Subsequently, various categories of 

solar cells including silicon solar cells, organic solar cells, and metal oxide solar 

cells are presented in term of material properties and processing requirement. We 

will then present the ideas that drive the development of Si heterojunction solar cell 

that leverages on the good electrical properties of Si and the processing advantage 

of organic and metal oxide materials. Current development of Si heterojunction 

solar cell with organic and metal oxide based selective carrier contact layer will be 

presented. Moreover, we will also present the advance of solar cell concept for 

small footprint application.  

 

2.1 Solar cells fundamentals 

2.1.1 Introduction of solar cell operation 

 

A solar cell or photovoltaic (PV) cell is a device that can convert solar energy 

directly into electrical energy. The solar cell consists of at least a light absorber, 

selective carrier contact (SCC) and electrodes that are connected to an external 

load. Figure 2.1 shows a typical cross section of a solar cell [68], with a p-type base 

as the light absorber and n-type emitter as the electron accepting SCC, forming a 
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p-n junction. When photons with energy higher than the material bandgap are 

absorbed, electron – hole pairs are generated inside the light absorber. These 

electron – hole pairs will recombine within a time period of minority carrier lifetime 

unless they can be separated at the interface with a material that has asymmetrical 

electronic properties with respect to the light absorber. Such material is called a 

selective carrier contact (SCC) that allows one type of carrier to pass, while blocks 

the other carrier with opposite polarity. The n-type emitter, in this case, allows the 

electron to pass while blocks the hole, creating separated charge carriers which 

will become majority carriers in the respective layers. The carriers are then driven 

toward respective positive and negative contacts to flow toward external circuit as 

photocurrent. When the cell is set at open circuit, it establishes a photovoltage and 

will deliver power when connected to an external load.  

 

Figure 2.1 : Cross-section of a typical solar cell [68]. 
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Figure 2.2 : Solar cell classification based on efficiency and cost [69].  

 

Solar cells can be classified into three generations, as shown in in Fig. 2.2, based 

on its expected efficiency and cost [69]. The horizontal and vertical axis shows cost 

and efficiency, respectively. The dotted line shows combinations of cost and 

efficiency which yield constant cost / power output ratio.  First generation solar cells 

are based on crystalline or multicrystalline bulk Si solar cells, which cover >80% of 

commercial PV market at the moment [7]. First generation solar cells have high 

performance but limited by high material and processing cost. Since they are 

generally based on bulk Si and high temperature diffusion process, it is difficult for 

the cost to be lowered. Second generation solar cells are based on thin film solar 

cell technology using materials such as Cadmium-Telluride (CdTe), Copper-

Indium-Gallium-Diselenide (CIGS) or amorphous Si [70]. Second generation solar 

cells are of lower cost but also suffer from lower efficiency, and account for 10-15% 

of current commercial PV market [70]. Third generation solar cells cover various 

emerging solar cell technologies which may include multijunction, hot carriers, 

multiple carrier excitations, nanostructure or tandem solar cells that aim to achieve 
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single junction efficiency limit but yet maintaining lower manufacturing cost [69-72]. 

Si heterojunction solar cells with selective carrier contact layer belong to third 

generation solar cells, in which high efficiency of conventional Si solar cell is 

expected yet with cost reduction from low temperature process.  

 

 

Figure 2.3 : Development of best research-cell efficiencies [73]. 

 

Figure 2.3 shows the record efficiencies reported of best research cells across the 

years with different solar cell materials and technologies. The highest performance 

is derived from multijunction cells based technology with power conversion 

efficiency (PCE) of 31.6 - 46.0% [73]. In comparison, the single junction cells have 

much lower PCE, with GaAs exhibiting the highest single junction PCE at 29% [11]. 

Multijunction and single junction GaAs cells are quite expensive in terms of material 

and technology, and hence have limited application in mass commercial solar cell 
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market. Single crystal Si solar cell has an efficiency of 25.3% as reported by FhG-

ISE [73], which does not improve much from the 25.0% achieved since 1999 [13], 

due to relatively mature technology. The majority of commercial solar cells are 

based on single crystal Si but using much simpler process than the one adopted in 

the record efficiency cell. Crystalline Si solar cell with heterojunction intrinsic thin 

film (HIT) structure has been developed in the last decade and exhibits PCE > 26% 

for practical size device [73, 74]. As for thin film based solar cells, the best efficiency 

is obtained for CIGS cell with a PCE = 22.6%, which is close to that of CdTe cell of 

22.1%, and higher than the PCE of amorphous Si:H thin film solar cell of 14.0% 

[73]. Various emerging PV technologies such as dye-sensitized cells, organic cells, 

CZTSSe cells and perovskite cells have PCE > 10% [73]. Amongst the emerging 

PV technologies, perovskite cells are interesting since it has a remarkable PCE = 

22.1% [73, 75], although at present it still suffers from performance stability issue 

[76, 77]. In summary, crystalline Si based research-cells still exhibit higher 

efficiency as compared to other cells technology, except for GaAs and multijunction 

cells.  
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2.1.2 Solar cell model 

 

Figure 2.4 : Solar cell equivalent circuit with parasitic series and shunt resistance 

[68]. 

 

Figure 2.4 shows a solar cell equivalent circuit with parasitic series and shunt 

resistances included [68]. The photocurrent is represented by a constant current 

source component with value IL generated by light absorption and collected at the 

rectifying junction. To remove the influence of solar cell area A, typically the 

photocurrent is denoted by current density, JL = IL / A for performance comparison. 

The dark current component of the solar cell is represented by a diode component 

that is parallel with the constant current source, with the positive terminal of the 

diode connected to the output terminal of the constant current source. The diode 

exhibits dark saturation current J0 and an ideality factor n. The ideality factor 

depends on the recombination mechanisms taking place and measures the 

deviation of the diode behavior from the ideal diode characteristic [78]. A practical 

solar cell also exhibits series resistance Rs caused by solar cell materials resistivity 

as well as those of contacts, and shunt resistance Rsh due to any current leakage. 

To achieve solar cell with high efficiency, it is important that Rs is as small as 
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possible, while Rsh is as large as possible. Based on the equivalent circuit, the 

current-voltage J-V characteristic of a solar cell is similar to that of a diode with an 

ideality factor n, shifted with a photocurrent JL, and with extra terms arising from 

shunt leakage and voltage modified due to the series resistance. It is given in Eq 

2.1 where q is the elementary charge, T is the temperature in Kelvin and k is the 

Boltzmann’s constant.   

 

𝐽 = 𝐽𝐿 − 𝐽0 (𝑒
𝑞(𝑉+𝐽𝐴𝑅𝑠)

𝑛𝑘𝑇 − 1) −
𝑉 + 𝐽𝐴𝑅𝑠

𝑅𝑠ℎ
 (2.1) 

 

 

Figure 2.5 : Solar cell I-V and P-V characteristic curves [68]. 

 

Figure 2.5 shows typical current-voltage (I-V) and power-voltage (P-V) 

characteristic curves of a solar cell [68]. The solar cell performance is determined 

by four parameters, which are the short circuit current density Jsc, the open circuit 

voltage Voc, fill factor FF and power conversion efficiency PCE. The Jsc is the current 

density at V=0, and it represents the maximum photocurrent that can be collected 
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from the solar cell under short circuit condition and is heavily dependent on the 

intensity of the incident illumination. The Jsc is an integral of the product of external 

quantum efficiency (E) and the irradiance I(E) of light with respect to the photon 

energy E across the entire solar spectrum, as seen in Eq 2.2. The  is the ratio of 

the number of carriers that the solar cell collects to the number of photons of a 

given energy incident on the solar cell from the outside, and it takes into account 

optical and electrical losses in the cell. The Voc is the terminal voltage of the solar 

cell at I=0, and it represents the maximum voltage at which the recombination 

current is equal to the photocurrent, resulting in a zero net current density. Solar 

cell only produces power when the voltage is somewhere between 0 and Voc. The 

Voc is a function of Jsc, dark saturation current J0 and the diode ideality factor n as 

shown in Eq 2.3. The maximum power point voltage Vmp represents the point in the 

J-V characteristic where the output power is at its maximum Pmax, as can be seen 

from the P-V curve. The maximum power point current Jmp can be obtained from 

the J-V curve with V = Vmp. The FF, defined as the ratio of the maximum power to 

the product of Voc and Joc, and which measures the squareness of the J-V curve, is 

shown in Eq 2.4. Finally, the PCE which is defined as the ratio of the maximum 

output power Pmax = VmJm to the input light power Pin is given by Eq 2.5. 

𝐽𝑠𝑐 = 𝑞 ∫(𝐼(𝐸)(𝐸) )𝑑𝐸 (2.2) 

𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
ln (

𝐽𝑠𝑐

𝐽0
+ 1) (2.3) 

𝐹𝐹 =
𝑉𝑚𝐽𝑚

𝑉𝑜𝑐𝐽𝑠𝑐
 (2.4) 
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𝑃𝐶𝐸 =
𝑉𝑚𝐽𝑚

𝑃𝑖𝑛
=

𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝑖𝑛
 (2.5) 

 

Figure 2.6 : Schematic of standard solar cell performance measurement setup 

with standard illumination and temperature [68]. 

 

Since the solar cell performance is dependent on the measurement conditions such 

as light intensity-spectrum I(E) and temperature T, a standard measurement 

system is typically used for its characterization. Figure 2.6 shows the schematic of 

standard solar cell performance measurement [68] or a solar simulator. The input 

light power Pin is provided by a lamp and optical filter system that delivers an air 

mass 1.5 (AM1.5) spectrum with a power intensity of 0.1 W/cm2. The cell is placed 

on a temperature controlled substrate to maintain its temperature at around 25 oC. 

The J-V curves are measured by computer controlled I-V source with two or four 

probes connected to the solar cell sample. 
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2.2 Silicon, organic and metal oxide based solar cells 

2.2.1 Silicon solar cells 

 

                           (a) 

 

                         (b)   

 

Figure 2.7 : Crystalline silicon solar cells with (a) high 25% efficiency PERL design 

[79] and (b) screen-printable design for commercial fabrication [80]. 

 

The majority of commercial solar cells are based on crystalline Si since it has good 

optoelectronic properties, widely available source material, and mature technology. 

Fig._2.7(a) shows crystalline silicon solar cell with 25% efficiency based on 
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passivated emitter rear locally contacted (PERL) concept [79].   A base made of p-

type Si is used as light absorber while an n-type emitter layer is used in the front to 

collect electrons. Locally diffused n+
 layers are formed below the top finger grid to 

form an ohmic contact between the n-layers and top grid. Most of the rear surface 

is passivated with a high quality oxide layer, and with a small opening formed for 

rear contact. Locally diffused p+ layers act as a back surface field to collect holes 

as well as form ohmic contact. Inverted pyramid structure is used in the front to 

form antireflection structure. While high efficiency can be achieved with this 

structure, the processes used for making locally diffused and patterned contacts 

are not simple enough to be adapted to commercial process [79]. The majority of 

commercial crystalline Si based solar cells is based on screen-printable design [80] 

as shown in Fig. 2.7(b). An n++ layer is diffused across the entire front surface as 

electron collecting layer, while a p+ layer is formed on the entire back surface as a 

hole collecting layer by metal paste alloying. The formation of diffused n++ layer on 

the front surface requires high temperature processing [15] that increases the cost 

required to form conventional crystalline Si based solar cell.  

 

As an alternative to crystalline Si solar cell, amorphous silicon solar cell with a p-i-

n structure as shown in Fig. 2.8 offers low temperature processing capability by 

using a plasma enhanced chemical vapor deposition process (PECVD) [81]. The i-

layer of amorphous Si act as the main light absorber while the p-layer and n-layer 

of amorphous Si act as hole and electron collecting contacts, respectively. The p-

i-n structure creates a strong drift field at the intrinsic layer that assists charge 
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separation. All the layers in the cell can be easily deposited by PECVD process. In 

terms of optical properties, amorphous Si is more advantageous compared to Si 

since it has a higher bandgap 1.7-1.9 eV that is more suitable for visible light 

absorption. As it is strongly absorbing, only a thin layer of amorphous Si is required 

to capture energy available in the sunlight effectively [82]. Due to its thin film 

structure, it can also be deposited on a low cost and flexible substrate, offering 

possibilities for various applications [83]. However, as amorphous Si has low carrier 

mobility and cannot absorb infrared light, its efficiency is limited. The best 

amorphous Si solar cell efficiency is around 14%  [73, 84], lower than most of 

commercial Si solar cell. While it is based on lower temperature deposition, the high 

quality PECVD process involved has relatively low throughput [85], and hence 

hinders its commercialization. Due to the above reasons, amorphous Si solar cell 

is currently not as cost effective as crystalline Si solar cell.  

 

 

Figure 2.8 : Amorphous silicon with a p-i-n structure [80]. 

 



24 
 

2.2.2 Organic solar cells 

 

In contrast to crystalline and amorphous Si solar cells, organic solar cells as shown 

in Fig. 2.9 allow solution based processing that enables low temperature process, 

with high throughput and over a large area [23]. Since it is built using carbon based 

materials, it also offers a large selection of materials with a wide range of optical 

and electrical properties. A typical organic solar cell uses p-type conjugated organic 

polymer such as poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] 

(MDMO-PPV) [23] or poly(3-hexylthiophene-2,5-diyl) (P3HT) [86] as a hole 

collecting layer, and n-type organic molecule such as phenyl-C61-butyric acid 

methyl ester (PCBM) [23, 86] as an electron collecting layer. The simplest organic 

solar cell structure comprises a bilayer structure as shown in Fig. 2.9(a), where the 

p-type polymer layer forms a planar interface with n-type organic molecule layer 

[23]. Absorption of light in the p-type polymer generates electron-hole pairs, known 

as excitons, which are bound by strong Coulombic interaction. The excitons will 

diffuse into the bilayer junction to be separated as free holes in the p-type polymer 

and free electrons in the n-type organic layer.  Due to the short exciton diffusion 

length [87, 88], most of the generated exciton cannot reach the heterointerface for 

collection and hence will recombine. In order to solve this problem, bulk 

heterojunction structure as shown in Fig. 2.9(b) [23] is used to shorten the distance 

required for carrier collection. However, due to the poor electronic transport 

properties, the best organic solar cell efficiency is still at 11.5% [89]. Another very 

important challenge  is the performance stability, as most organic solar cells will 

significantly degrade under prolonged intense sunlight radiation or in the presence 
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of ambient air [90]. Due to its low performance and instability, the organic solar cell 

at present has less commercialization success than Si solar cell.   

 

 
 
 

Figure 2.9 : Organic solar cells with (a) bilayer heterojunction structure and (b) 

bulk heterojunction structure [23]. 

 

2.2.3 Metal oxide Solar Cells 

 

Recently, a class of solar cell based on all metal oxide materials emerges as an 

interesting alternative to organic solar cell [91, 92]. Similar to organic material, 

metal oxide also enables low temperature solution based processing [45, 93]. In 

fact, metal oxide has been used as selective carrier contact material for organic 

solar cell assisting in carrier collection [94]. In contrast to organic materials, many 

of the metal oxide materials are inherently stable in ambient air which is desirable 

for practical application [91]. Various metal oxides, such as TiOx [95], ZnOx [96], 
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MoOx [43, 52, 53, 97-99], V2Ox [43, 99] or WOx [43, 98, 99]  have large bandgaps 

(>3 eV) that allow transparent front electron or hole collecting layer. Light absorbing 

metal oxides such as Cu2O and SnO in combination with transparent selective 

carrier contact metal oxide may form all metal oxide solar cell [91-93]. However, 

Cu2O also has short carrier diffusion length and hence a bilayer structure as shown 

in Fig. 2.10(a) is not effective for carrier collection, which necessitates the use of 

the more complicated nanostructured interface as shown in Fig. 2.10(b) [91]. 

Moreover, the high bandgap of Cu2O and SnO, 2.0 eV and 2.7 eV respectively, 

also leads to relatively low absorption, especially in the visible or IR range. 

Therefore, although all metal oxide based solar cells offer solution based 

processing as well as environmental stability, they still suffer from low performance 

with a PCE of around 4% [91], attributed to the low diffusion length as well as the 

lack of absorption. 

 

 

Figure 2.10 : All metal oxide based solar cell with (a) bilayer structure and                                   

(b) nanostructured interface [91]. 
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In summary, conventional crystalline Si solar cell allows high performance device 

due to its good optoelectronic properties. However, the cost and energy 

requirement for its fabrication is high, due to high temperature diffusion process 

involved. Amorphous Si based solar cell allows low temperature process with 

PECVD deposition but has low throughput and low performance issues. In contrast, 

organic solar cell offers solution based processing that enables low temperature, 

high throughput process over a large area. However, it suffers from low 

performance due to the poor electrical transport in the organic material, as well as 

performance instability. On the other hand, metal oxide based solar cell offers 

solution based processing, performance stability, and high transparency selective 

carrier contact. However, it has the drawbacks that the metal oxide absorber layer 

exhibits poor electrical transport properties and a lack of optical absorption.  

 

2.3 Silicon heterojunction solar cell 

 

Although amorphous Si, organic and metal oxide solar cells offer low temperature 

processing, all of them suffer from poor electrical transport properties in its 

absorber. This prompted the idea of developing Si heterojunction solar cell, where 

crystalline Si with good electrical transport property is used as the main light 

absorber, while the selective carrier contacts (SCCs) layer are formed using other 

materials deposited by low temperature process, thus replacing the high 

temperature n+ or p+ layer diffusion process. Essentially, we leverage on the good 
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optoelectronic properties of crystalline Si, as well as the low temperature 

processing advantage of other materials. 

 

One of the most established and mature silicon heterojunction solar cells is based 

on crystalline Si absorber, in contact with p-type and n-type amorphous Si:H 

serving as hole and electron collecting SCCs, respectively. Intrinsic amorphous 

Si:H is further deposited in between the crystalline Si and the doped amorphous 

Si:H layers to serve as a passivation layer. Such a design is known as the 

heterojunction with intrinsic thin film (HIT) structure, as illustrated in Fig. 2.11 [100]. 

HIT cell with interdigitated back contact recently has been reported with a very high 

power conversion efficiency of 26.6% [101]. The fabrication of the HIT solar cell is 

complicated since plasma enhanced chemical vapor deposition (PECVD) process 

and multilayers deposition requiring toxic gases are involved. Moreover, although 

the PECVD technique used for amorphous Si:H deposition is a low temperature 

process, it suffers from low throughput [85] which hinder its commercialization. 

Therefore, it is desirable to develop Si heterojunction solar cell with high 

performance yet at low temperature, with high throughput process, and over a large 

area. This idea motivates the pursue of Si heterojunction solar cell formed with 

organic and transition metal oxide selective carrier contact layer which requires 

single step deposition and less amount of toxic gases. 
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Figure 2.11 : Crystalline silicon heterojunction solar cell [100]. 

 

2.3.1 Silicon / organic heterojunction solar cell 

 

A silicon / organic hybrid heterojunction solar cell offers high performance 

advantage of Si solar cell with solution based processing advantage of organic 

material [26-33]. In literature, the heterojunction solar cell is often referred to as 

silicon / organic hybrid (SOH) solar cell [31], with hybrid referring to the concurrent 

use of inorganic and organic materials in the structure. Figure 2.12 shows SOH 

solar cell with planar hybrid junction structure [102]. The n-type Si is used as the 

light absorber while the poly(3,4-ethylenedioxythiophene):polystyrenesulphonate 

(PEDOT:PSS) layer is used as the hole collector. Since PEDOT:PSS is almost 

transparent, most of the incident light is absorbed in the n-type Si, generating 

electron and hole pairs. A significant number of the hole, which is the  minority 

carrier, is diffused to the hybrid Si/PEDOT:PSS junction for collection. The holes in 

PEDOT:PSS will flow toward Ag grid, while the electrons in Si is collected on 

Ti/Pd/Ag contact. Its efficient collection is due to the relatively long minority carrier 

diffusion length in crystalline Si. He et al. has achieved a high efficiency of 11.3% 
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[103] for the SOH solar cell based on a simple planar Si/PEDOT:PSS structure. 

Later, Jäckle et al. developed planar Si/PEDOT:PSS hybrid cell with 13.9% [28] 

efficiency by optimizing Si substrate doping and with different PEDOT:PSS 

deposition process.  

 

Figure 2.12 : Planar silicon / organic hybrid heterojunction solar cell [103]. 

 

Various organic materials have been used as selective carrier contact for SOH 

cells, mostly based on p-type organic polymer materials such as poly(3,4-

ethylenedioxythiophene) : polystyrenesulphonate (PEDOT:PSS) [26-33], Poly(3-

hexylthiophene-2,5-diyl) (P3HT) [104] and Poly(3-octylthiophene-2,5-diyl) (P3OT) 

[105] or small organic molecule such as 2,2',7,7'-Tetrakis[N,N-di(4-

methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD) [106] and 1,1-bis[(di-

4-tolylamino)phenyl]cyclohexane (TAPC) [34]. N-type polymers are rarely used 

since they are not as stable in ambient air as compared to p-type polymers. Todate, 

most of the high performing SOH cells in the literature are based on the 

combination of n-type Si and PEDOT:PSS, due to the high transparency and high 

conductivity of PEDOT:PSS, and the excellent rectifying junction formed between 

n-Si and this polymer. Although Si/PEDOT:PSS junction has been used extensively 
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to realize high performing SOH solar cell, the nature of its junction, particularly 

whether it is a Schottky or p-n junction is still under debate [28-31, 39, 40]. As we 

shall present in Chapter 3, based on detailed reverse recovery transient 

measurements, we argue that the n-Si/PEDOT:PSS hybrid junction acts as an n-

p+ junction.  

 

Figure 2.13 : Nanostructure interface silicon / organic hybrid solar cell [34]. The 

scale bar is 100 nm. 

 

While high efficiency may be achieved with planar SOH cell structure, it is noted 

that the cell suffers from a strong reflection of incident light, as PEDOT:PSS does 

not serve as an excellent antireflection coating in the structure. Nanostructures 

such as silicon nanowire [26], silicon nanocone [107] or silicon nanohole [108] 

arrays have therefore been introduced at the Si/PEDOT:PSS interface to reduce 

light reflectance. Figure 2.13 shows the cross section of a silicon nanowire / 

PEDOT:PSS hybrid solar cell with TAPC  coated nanowire sidewall as developed 

by Yu et al. [34]. The silicon nanowires are produced from metal assisted chemical 



32 
 

etching process. The PEDOT:PSS forms a layer on top of the silicon nanowires 

array while leaving air gaps between the nanowires wall, due to its large polymer 

molecules that do not penetrate well into the nanowire array. A layer of TAPC, a p-

type small organic molecule, is coated on the silicon nanowires wall to provide 

passivation to the nanowire surfaces uncoated by PEDOT:PSS. The presence of 

TAPC coating layer also prevents excessive interfacial native oxide growth and 

provides enhanced performance stability [34].  

 

Besides introducing nanostructures to minimize reflection of incident light, it is also 

important to reduce photocurrent losses by reducing the coverage of the top front 

grid electrode that results in shadowing losses. However, simply reducing the top 

grid coverage will also increase the series resistance losses due to the lateral 

transport of hole in the PEDOT:PSS layer. To address this issue, Chen et al. 

introduced silver nanowires (AgNWs) meshes on top of PEDOT:PSS [109] as seen 

in Fig. 2.14, which will help to receive hole from the PEDOT:PSS layer and 

transport it to the top grid. Due to a low sheet resistivity of the AgNWs meshes, 

longer distances between the top grid fingers can hence be tolerated. This has led 

to less shadowing loss and enhanced the PCE to 10.1%, which is 36.5% higher as 

compared to the reference cell without the AgNWs meshes [109]. A high efficiency 

of 13.2% has also been demonstrated for the n-Si/PEDOT:PSS solar cell by using 

transfer imprinted gold meshes electrode [110]. 
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Figure 2.14 : Silicon / organic hybrid solar cell with silver nanowire meshes                             

top electrode [109].  

 

 

Figure 2.15 : Flexible ultra-thin SOH solar cell with front surface nanowire and 

back surface plasmonic Ag nanoparticles embedded in aluminum oxide [111]. 

 

To reduce the cost introduced by the use of bulk crystalline Si substrate, 

development of SOH cell based on thin film silicon has recently attracted an 

interests. Such structure offers not only low cost process and material but also 
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allows mechanical flexibility that opens up new applications requiring flexible solar 

cell. However, as thin film SOH suffers from a lack of absorption depth, it 

necessitates the incorporation of light trapping features in the cell. Figure 2.15 

shows thin film SOH solar cell that applies both front and back surface light trapping 

structures, as developed by Sharma et al. [111]. Due to the use of the thin 

substrate, the conventional random micro-pyramid texture is not a suitable choice 

for the antireflection purpose. Instead, a silicon nanowires array was used on the 

front surface to minimize light reflection. At the back side, a layer of aluminum oxide 

provided back surface passivation as well as refractive index difference that 

enhanced light reflection back into Si. Silver nanoparticles were also embedded 

inside the aluminum oxide to provide a plasmonic effect that improved light trapping 

inside the thin Si substrate [111]. However, only marginal improvement of Jsc from 

14.71 to 14.97 mA/cm2 can be achieved, even for a thin 5.7 µm thin Si substrate. 

The entire structure exhibited mechanical flexibility and the efficiency was 

maintained even after bending tests [111].  
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Figure 2.16 : Silicon / PEDOT:PSS hybrid solar cell with graphene quantum dots 

(GQDs) as photon down-converter [112]. 

 

Figure 2.16 shows Si/PEDOT:PSS hybrid solar cell that employs graphene 

quantum dots (GQDs) to enhance photocurrent. The GQDs are mixed with 

PEDOT:PSS solution at various concentrations, then spin coated on top of pyramid 

textured Si. The GQDs act as a photon down-converter that converts high energy 

UV-photons absorbed into lower energy photons. Unlike a graphene sheet that has 

no bandgap, GQDs has a reduced sheet dimension that allows quantum 

confinement effect, producing size tunable bandgap. When light is absorbed in a 

GQD, an electron is excited from the ground state into a higher energy level 

corresponding to the absorbed photon. Since, the energy level is not stable, the 

electron drop into a lower energy level. Subsequently, the electron will recombine 

releasing low energy photons that can be absorbed slightly deeper into Si substrate 

[112].  The shift in the absorption depth allows electron-hole pairs to be generated 

away from the defective front surface, thus reducing recombination. The GQDs 



36 
 

were observed to help improve the spectral response of the hybrid cell at short 

wavelength region as compared to that of the reference cell. In addition to the 

improved optical response, GQDs also enhanced electrical conduction inside the 

PEDOT:PSS, leading to reduced series resistance and improved fill factor. This 

combination of optical and electrical enhancement resulted in the increased Jsc and 

FF of 36.26 mA/cm2 and 63.87%, as compared to those of the reference cell of 

32.11 mA/cm2 and 62.85%, respectively [112]. Si/PEDOT:PSS hybrid solar cell with 

GQDs had been reported with 13.22% conversion efficiency [112]. 

 

Although PEDOT:PSS is mostly transparent, a small amount of light absorption still 

takes place inside the PEDOT:PSS layer. Due to the short exciton diffusion length 

inside the organic polymer, the carriers generated readily recombine and are not 

collected at the Si/PEDOT:PSS interface. Hence, light absorption inside 

PEDOT:PSS is considered as parasitic absorption since it does not contribute 

toward useful photocurrent. Zielke et al. [27] introduced the back PEDOT:PSS 

junction structure in which the PEDOT:PSS layer is located on the back surface of 

Si, away from the incident light as shown in Fig. 2.17 in order to alleviate the 

parasitic absorption. Such a structure has been shown to result in a higher PCE of 

17.4%, as compared to that of front junction cell of around 12.3% fabricated in the 

same work [27]. Zhang et al. [41] have also recently reported a remarkable PCE of 

16.1% for Si/PEDOT:PSS back junction cell, which is 33% higher as compared to 

that of front junction cell. Despite the promising results obtained for back junction 

cell, there are some drawbacks with such a device architecture. Due to the 
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presence of the front metal electrodes, the front surface passivation is more 

demanding to ensure minimum carriers recombination. In addition, since the cell 

junction is situated away from the incident light, it imposes a stricter demand on the 

quality of Si to ensure high minority carrier lifetime, so that the carriers generated 

can be effectively collected. In view of the above, front junction cell structure is still 

attractive from the consideration of process simplicity and lower material cost. In 

Chapter 4, we will present a cell design based on the front junction structure that 

can effectively address the parasitic absorption problem, by employing a thin 

PEDOT:PSS layer in conjunction with an ARC compensated layer on top of it. We 

obtained a PCE for the proposed cell which is comparable to that of back junction 

cell. In addition, interdigitated back contact structure will also be proposed to reduce 

optical losses even further while allowing contact free front surface. 

 

 

Figure 2.17 : Silicon / PEDOT:PSS hybrid solar cell with back junction structure 

[27]. 
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2.3.2 Silicon / transition metal oxide heterojunction solar cell 

 

Si heterojunction solar cell based on amorphous Si [113] or organic SCC [27] 

materials suffer from parasitic optical absorption losses. The parasitic absorption 

issue demands the use of sophisticated front surface antireflection feature or 

adoption of back junction structure. The use of SCC based on transition metal oxide 

(TMO) enables the adoption of simple front junction structure that does not suffer 

from parasitic absorption, owing to the high transparency and wide bandgap of the 

TMO. Figure 2.18 shows a schematic of silicon / transition metal oxide 

heterojunction solar cell with a planar interface formed between n-type c-Si and 

molybdenum oxide (MoOx) layer [54]. Such planar structure exhibits high Jsc of 35 

mA/cm2 and PCE of 16.7%. The MoOx layer acts as an electron blocking layer, 

while the ITO serves as an antireflection coating material that concurrently 

improves the lateral conductance. Poly-Si(n+) layer is deposited on the back 

surface as an electron collecting layer, and it also serves to provide a back surface 

field. 
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Figure 2.18 : Silicon / transition metal oxide heterojunction solar cell with planar 

heterojunction interface [54]. 

 

 

Figure 2.19 : Silicon / transition metal oxide heterojunction solar cell with textured 

heterojunction interface [97]. 

 

Higher Jsc of 38 mA/cm2 has been achieved for Si/TMO heterojunction solar cell  by 

using textured Si surface as shown in Fig. 2.19 [97]. In this device, the antireflection 

coating effect of MoOx/ITO layer worked in synergy with the pyramid based 

texturing. As an electron collecting contact, several metal oxide materials such as 

titanium oxide (TiO2), zinc oxide (ZnO), aluminum-doped zinc oxide (AZO) or 

fluorine-doped tin oxide (FTO) can be used to collect electron. For example, Fig. 
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2.20 shows the use of TiO2 as an electron collecting contact at the back side of n-

Si/PEDOT:PSS hybrid cell [95]. The solar cell device employs both Si/organic and 

Si/TMO heterojunction as the hole and the electron selective contact respectively 

[95]. In principle, a Si/TMO heterojunction solar cell with both hole and electron 

selective contact can be made by using appropriate TMO for each layer, although 

at present, most work only report on single sided Si/TMO heterojunction. 

 

 

Figure 2.20 : TiO2 as hole blocking TMO layer for n-type Si [95] (a) band structure, 

(b) device cross section and (c) operational principle.  
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Currently, the study of Si/TMO solar cells is still relatively new. There is a need to 

investigate its operation in terms of the band structure and alignment, interface 

properties and selective carrier extraction of the Si/TMO contacts. The use of TMO 

with Si light trapping nanostructure may be advantageous since it can develop 

conformal layer, providing a smoother gradient of refractive index as to Si/polymer 

structure. The use of silver nanowire meshes or alternative metal oxides such as 

AZO or FTO may help to reduce the cost by replacing the use of ITO. The use of 

doping on low conductivity TMO may be necessary to reduce its series resistance. 

The use of solution based processing of TMO on top of Si surface is also an 

interesting area of study to enable low temperature and high throughput fabrication 

process over a large area. In Chapter 5, we will present our work on planar 

Si/molybdenum oxide heterojunction solar cell, focusing on the optimization of the 

fabrication process of the cell using e-beam evaporation.  

 

2.4 Solar cell for small footprint application 

 

The growing interests on energy autonomous Internet of Things Smart Nodes (IoT-

SN) [56, 114-119] motivates the need for ambient energy harvesting devices that 

occupy small footprint at square centimeter (cm2) or even square milliliter mm2 

scale [55, 59-62].  Amongst the ambient energy available, photovoltaic based 

energy harvester is attractive [120], since it is an efficient approach and light energy 

is widely available under outdoor or indoor environment [59, 60, 120, 121]. 

However, IoT-SN often needs to use a solar cell with a footprint comparable or 

even larger than the circuit area [56, 59, 122]. Currently, there are growing interests 



42 
 

in PV application in IoT-SN circuit, but they are mainly focused on energy 

conservation [63-66], layout specific arrangement [58, 59, 61] or using exotic PV 

materials [58, 60, 67] instead of boosting energy output per given footprint.  

 

 

Figure 2.21 : (a) Cross section of Sliver® solar cell structure in which Lambertian 

reflector is used to increase the active surface area and (b) optical image of 

Sliver® solar cell [123]. 

 

There are several methods that have been proposed that may increase energy 

output per given footprint. Verlinden et al. propose the use of Sliver® solar cell 

concept [33] in which solar cell is cut into several strips using micromachining, and 
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then positioned horizontally at a particular distance and connected in large arrays. 

Fig. 2.21(a) shows the cross section of the Sliver® solar cell in which strips of silicon 

solar cell are positioned in a module apart from each other. Each individual strip 

acts as a bifacial structure, which can intercept light from the top and bottom. The 

gaps between the Sliver® solar strips allow incident light to reach the Lambertian 

reflector at the back to have multiple chances of reflection into the top or bottom 

part of the solar strips. This reduces the amount of Si material needed, without 

compromising on the amount of light absorbed. However, the lower packing density 

arrangement of the module increases its footprint. The above characteristics are in 

contrast to the PV-Tower cell concept that we proposed in Chapter 6 which can 

substantially improve the surface area for absorption by a factor of more than 100 

yet over a very small foot print. 

 

 

Figure 2.22 : SEM image of 3D solar cell structure [124, 125]. The individual 3D 

solar cell structure has 40 µm x 40 µm base and 100 µm height.  

  

Ready et al. [124, 125] proposed the use of 3D solar cell or “nano-manhattan” 

concept with an array of 3D towers in large number, closely packer over a large 
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area. Figure 2.22 shows the SEM image of 3D solar cell concept. The 3D solar cell 

uses closely spaced towers to improve light trapping to increase the overall light 

absorption. Although it offers a significant increase in the power output over a given 

footprint, the increase is not proportional to the increased active surface area since 

it is hindered by mutual shadowing between the towers. The light trapping between 

the towers only intercepts secondary light reflected from the other towers instead 

of intercepting light directly from the ambient environment. A tower with a height of 

100 m and base of 40 m x 40 m only increases light absorption by a factor of 

3 [124] as compared to a planar cell, although its surface area is increased by a 

factor of 11. The concept has been further developed by Rampley et al. [126] that 

proposed methods to roughen the tower sidewall surface to increase random light 

scattering. Dagli et al. [127] also proposed a similar concept to 3D solar cell but 

with wide angle shaped pointed structure instead of rectangular tower, to promote 

multiple light reflections between the structures and increase light trapping as 

compared to the basic 3D solar cell as proposed by Ready et al. [124, 125].   
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Figure 2.23 : Three different stacks of multiple large area conventional PV 

modules in vertical structure [128].  

 

Bernardi et al. [128] have proposed a different approach for increasing active light 

absorption area over a given footprint. Figure 2.23 illustrates the stacking of 

multiple conventional PV modules in a vertical structure that allows increased active 

surface area over a given footprint. In this case, ambient light can be harvested 

from the environment with minimum shadowing. However, this arrangement wastes 

a significant amount of costly semiconductor material [128] since it is merely a 

rearrangement of a number of conventional PV modules. This arrangement is also 

not replicable in a smaller cm2 or mm2 scale appropriate for miniaturized IoT-SN. 

In Chapter 6, we will present a PV-Tower solar cell concept which allows high 

power generation over small footprint that is applicable for miniaturized IoT-SN.   
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Chapter 3. Fabrication and characterization of planar n-

Si/PEDOT:PSS hybrid inorganic/organic heterojunction 

 

In this chapter, planar hybrid inorganic/organic heterojunction formed between n-

Si and the conjugated polymer poly(3,4-ethylenedioxythiophene) : 

polystyrenesulphonate (PEDOT: PSS) is fabricated and characterized. To begin 

with, the motivation behind fabricating and characterizing the junction behavior of 

planar hybrid n-Si/PEDOT:PSS heterojunction will be presented. Subsequently, 

fabrication steps and the characterization technique applied will be introduced. 

Finally, the junction behavior of n-Si/PEDOT:PSS junction will be studied 

experimentally. Conclusion regarding the nature of n-Si/PEDOT:PSS junction 

behaviour will be used as an assumption for simulation and optimization work for 

various hybrid solar cells design in the next chapter. 

 

3.1 Introduction and motivation 

 

Si/organic hybrid heterojunction (SOH junction) formed between n-Si and 

PEDOT:PSS exhibits a strong rectifying characteristic, and has attracted an of 

interest for application in various electronic devices [26-33, 39, 129, 130]. n-

Si/PEDOT:PSS hybrid junction is attractive as it can be fabricated using a simple 

solution-based process at low cost, low temperature (100°C), and over a large 

area. The process simplicity presents an attractive alternative to conventional Si p-

n homojunction that requires high-temperature processing [131]. n-Si/PEDOT:PSS 
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hybrid junction based solar cells have been extensively studied [26-33] with 

reported high efficiency of 17.4% [27]. This record efficiency has already 

approached the performance of typical commercial solar cell of 15-18% efficiency 

[15]. Flexible n-Si/PEDOT:PSS rectifying contacts have also been demonstrated 

based on flexible thin film Si [111]. Besides, hybrid junction formed between Si and 

PEDOT:PSS nanowire arrays have been used as a photodetector with tunable 

response [129]. n-Si/PEDOT:PSS junction has also been applied to form p-type 

layers for drain and source regions in a field effect transistor (FET) at low 

temperature [39] and to suppress base current in a bipolar transistor [130]. 

Improved device stability in the air has also been demonstrated for the junction 

[132-134], opening up the possibility of their practical use.  

 

 

Figure 3.1 : Chemical structure of PEDOT:PSS [135]. Symbol “•” and “+” 

represent unpaired electron and positive charge.  

 

PEDOT:PSS is a polyelectrolyte complex in which PEDOT acts as a hole 

conducting polymer that is attached to PSS as a host polyelectrolyte, as shown in 
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Fig. 3.1.  PEDOT itself is not soluble in any solvent, but with the introduction of 

water-soluble PSS, PEDOT:PSS can exist as stable water-based dispersion [136]. 

After deposited on top of Si with the solution-based coating process, PEDOT:PSS 

dispersion can be annealed to remove the water and form a gel-like film that can 

adhere to Si substrate, forming n-Si/PEDOT:PSS hybrid junction. 

 

(a) (b) 

 

 

 

Figure 3.2 : (a) Scheme of n-Si/PEDOT:PSS hybrid junction structure and (b) 

optical image of n-Si/PEDOT:PSS hybrid solar cell. 

 

Despite the ability of n-Si/PEDOT:PSS hybrid junction to form high-performance 

devices [27, 39, 111, 129, 130], the nature of the junction has not been fully 

understood. Figure 3.2(a) shows the scheme of n-Si/PEDOT:PSS hybrid junction 

structure and its optical image is shown in Fig. 3.2(b). It is a subject of debate 

whether the SOH structure forms a p-n or Schottky junction [28-31, 39, 40], since 

PEDOT:PSS exhibits both semiconductor and metallic characteristics [35-38]. The 
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dark saturation current J0 will be dominated by diffusion of holes and trap-assisted 

recombination as seen in Fig. 3.3(a) if it is the former, and by thermionic emission 

of electrons as seen in Fig. 3.3(b) if it is the latter [78]. The understanding of the 

exact nature of this SOH junction is important for the modeling and optimization of 

devices formed using this structure. A fundamental study on the junction behavior 

of this hybrid organic/inorganic structure is also interesting in itself, due to the 

prevalent use of PEDOT:PSS as the organic material and Si as the inorganic 

semiconductor.  

 

(a)                                                             (b) 

      

Figure 3.3 : n-Si/PEDOT:PSS structure based on (a) p-n and                                

(b) Schottky junction model. 

 

There have been several studies on the n-Si/PEDOT:PSS hybrid junction, with 

conflicting conclusions that supported either the p-n or Schottky junction model. Lin 

et al. [137] found from C-V and dark I-V measurements that n-Si/PEDOT:PSS has 

a higher Schottky barrier and lower dark current as compared to n-Si/Au junction, 

leading to a high-quality Schottky junction, attributed to an interfacial dipole at the 
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Si/organic interface. Shen et al. [29] increased the work function ɸ of PEDOT:PSS 

by subjecting it to an N2 ambient. They found from C-V measurement that this had 

resulted in an increase in both the built-in potential (Vb) and the solar cell open 

circuit voltage (Voc), consistent with the Schottky model. Zhu et al. [30] modified ɸ 

of PEDOT:PSS by adding dopant which resulted in increased solar cell fill factor 

(FF), and applied the Schottky model to extract Vbi successfully. On the other hand, 

Price et al. [40] tested the Schottky model by extracting the thermionic injection 

velocity of electrons from n-Si into PEDOT:PSS from the dark I-V response. They 

found that the value was significantly lower than that of a Si/Au junction, which 

suggests that the Schottky model might not be appropriate. Erickson et al. [39] 

argued that the low thermionic injection was due to high internal Si band bending 

induced by high PEDOT:PSS work function and a lack of Fermi level pinning. The 

band bending induced p-type inversion layer just below the hybrid n-

Si/PEDOT:PSS interface, forming p-n homojunction with the bulk n-Si. Jäckle et al. 

[28] corroborated the existence of p-type inversion layer but argued that the 

observed increase in the photovoltaic open circuit voltage Voc with increased n-Si 

doping suggested diffusion dominated J0, consistent with an n-p+ heterojunction 

formed between n-Si and PEDOT:PSS.  

 

A reverse recovery transient (RRT) measurement is a powerful technique in 

distinguishing between Schottky and p-n junctions. It was first applied by 

Nagamatsu et al. [31] to study SOH solar cell in a single device and injection 

condition, where it was concluded that the hybrid junction exhibited excellent 
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electron blocking capability and that the dark current was primarily due to hole 

injection from the PEDOT:PSS into Si. To date, the RRT characteristic of n-

Si/PEDOT:PSS is still not widely investigated and well understood, in particular 

about the effect of n-Si substrate doping ND and forward current injection level IF 

that can provide an important insight into the nature of the hybrid junction. In this 

chapter, we investigate the reverse recovery transient (RRT) response of n-

Si/PEDOT:PSS hybrid junction, as a function of the n-Si doping concentration and 

forward bias current injection level, to elucidate the characteristic of the SOH 

junction. 

 

3.2 Fabrication and characterization of planar n-Si/PEDOT:PSS hybrid 

heterojunction 

 

3.2.1 Fabrication of planar n-Si/PEDOT:PSS hybrid 

 

 

Figure 3.4 : Fabrication process of planar n-Si/PEDOT:PSS hybrid junction. 
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Figure 3.4 shows the fabrication process of planar n-Si/PEDOT:PSS hybrid 

junction. The n-Si <100> wafers were cleaned with acetone, IPA, and DI water 

sequentially, followed by immersion in 5% HF solution to remove native oxide. A 

layer of Ti/Pd/Ag was deposited as the cathode on the back side of the n-Si using 

e-beam evaporation. Clevios PH1000 variant of PEDOT:PSS solution was filtrated 

twice with 0.45 µm PVDF filter before it was mixed with 5 wt% dimethyl sulfoxide 

(DMSO) to improve its conductivity and 1 wt% of Triton X-100 to improve its 

wettability to Si surface [102]. The PEDOT:PSS solution was dropped on 

hydrophobic Si surface and spin coated at 2000 rpm for 60 s, before annealed at 

105 0C for 10 min to remove the solvent and form n-Si/PEDOT:PSS junction. The 

thickness and the sheet resistivity of the PEDOT:PSS films were 70 nm and 100 

Ω/sq respectively, as determined by ellipsometry and four-point probe 

measurements. Ag in the form of a metal grid was deposited as the anode on top 

of the PEDOT:PSS, which allows incident light to pass during photovoltaic 

characterization. The properties of Clevios PH1000 [138] is listed in Table 3.1. 

 

Table 3.1 : Properties of Clevios PH1000 [138]. 

Properties Values or description Unit 

Solid content 1.0 – 1.3 % 

Specific conductivity 850 S/cm 

Viscosity 15 - 60 mPas 

Appearance 
Aqueous dispersion, 

blue liquid 
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3.2.2 Characterization techniques 

 

Figure 3.5 : Measurement setup for reverse recovery transient characterization of 

n-Si/PEDOT:PSS hybrid junction. 

 

Figure 3.5 shows the measurement setup for the reverse recovery transient (RRT) 

characterization of n-Si/PEDOT:PSS hybrid junction. A switching voltage signal 

source is used to bias the n-Si/PEDOT:PSS hybrid junction in series with a resistor 

R. The switching voltage signal source will result in a diode current Idiode, which is 

the output signal of the RRT characterization. The magnitude of Idiode is monitored 

by measuring the voltage drop across the resistor R.  

 

Initially, the diode is forward biased to produce a steady state forward current IF 

and is then immediately switched to reverse bias. After switching, the diode will 

initially conduct a large reverse current IR0 before it decays toward a steady state 

reverse current IRS. For p-n junction, at the edge of the depletion region, there is an 

accumulation of excess minority carriers under forward bias as shown in Fig. 3.6(a) 
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[78]. In order to reach a steady state reverse bias condition after the switching, a 

finite time period is required to gradually remove the minority carriers stored on 

both sides of the junctions, as shown in Fig. 3.6(b) [78]. Due to the stored minority 

carriers, IR will stay constant at IR0 for a period called the settling time s, which is 

the duration required for the removal of the stored minority carrier charge by 

recombination or reverse injection process [78].  

 

(a) (b) 

 
 

 

Figure 3.6 : (a) Theoretical minority carrier distribution profiles of p-n junction 

under forward and reverse bias and (b) time-evolution of minority carrier 

distribution at n-side after the reverse bias switching [78]. 

 

After minority carriers have been removed, the p-n junction will experience an RC 

decay to reach steady state reverse current IRS. The above desribed characteristic 

of a p-n junction is in contrast to that of Schottky junction. In the absence of minority 
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carrier storage, the current will immediately experience RC decay and decrease 

toward IRS upon switching, and hence s ≈ 0 [78]. Consequentially, the transient 

response of the reverse current IR for Schottky and p-n junctions will follow different 

decay curves as shown in Fig. 3.7 [78]. The distinct difference in the reverse 

recovery behavior of the Schottky and p-n junctions provides a very useful means 

to distinguish between them. It should be noted that for a p+-n junction, the s is 

related to minority carrier lifetime p and IR0/IF by Eq(3.1) [78]. 

erf (√
𝑠

𝑝
) =

1

1 + 𝐼𝑅0 / 𝐼𝐹
 (3.1) 

 

 

Figure 3.7 : Theoretical response of reverse recovery transient measurement for 

Schottky and p-n junctions. 

 

We used the measurement setup as shown in Fig. 3.5 to perform the RRT 

characterization of the n-Si/PEDOT:PSS junction. A function generator was used 

to generate square wave switching signal at a frequency of 100 Hz, and it applies 
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a forward bias VF = +10V at t < 0 and switches to reverse bias VR = -10V at t ≥ 0. 

The diode current Idiode was monitored by measuring the voltage drop across a 0.5 

kΩ resistor using an oscilloscope. The s is determined as illustrated in Fig. 3.8, 

defined to be the intersection point between the maximum reverse current and the 

line tangent to a change threshold point. The change threshold point is defined as 

the point where the transient current has decayed to 90% of the difference between 

IR0 and IRS. The tangent line is drawn at this point by linear regression method using 

all of the data samples at 0.05 µs before and after the change threshold point. This 

approach will minimize the effect of the RC decay, and provide a more accurate 

measurement of s, instead of simply using the 90% of the difference between IR0 

and IRS as the reference point [139]. 

 

 

Figure 3.8 : Determination of settling time (s) duration.  
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The current density-voltage (J-V) characteristics of the cells were examined using 

Keithley 2400 electrometer both under dark and illuminated conditions. A San-EI 

electric solar simulator with an air mass 1.5 (AM 1.5) filter at a power density of 100 

mW/cm2, was used to simulate standard light intensity for photovoltaic response 

measurement. A mask with an opening of 0.95 cm2 was used to prevent simulated 

light from falling into the outskirt region, to ensure an effective 0.95 cm2 cell area. 

The incident light intensity of the system was calibrated using a standard reference 

Si solar cell.   

 

3.3 Study of planar n-Si/PEDOT:PSS hybrid junction behavior 

3.3.1 Reverse recovery transient characteristic 

 

The reverse recovery transient (RRT) response for samples with doping 

concentration ND = 1014 to 1017/cm3 are shown in Fig. 3.9. It can be seen that there 

are two distinct decay modes for all the junctions studied, which is consistent with 

the p-n junction model depicted in Fig. 3.3(a). We observed s of 23.5, 10.7, 10.0 

and 8.3 μs for the SOH junctions with ND of 1014, 1015, 1016 and 1017/cm3 

respectively. The result obtained contradicts the Schottky junction model that 

predicts negligible settling time due to lack of minority carrier storage. 
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Figure 3.9 : RRT curves for Si/PEDOT:PSS hybrid junctions with different ND. The 

current for each sample is normalized to IF ≈ 18.1 – 19.0 mA/cm2 and IR0
 / IF ≈ 1.1 

- 1.2. 

 

Using Eq(3.1), we can extract the p from the measured s and the results are 

shown in Table 3.2. Carrier lifetime p of 126.8, 55.5, 51.4 and 39.5 μs are deduced 

for ND of 1014, 1015, 1016 and 1017/cm3, respectively. The dependence of p on ND 

is consistent with the model that the minority carrier lifetime is controlled by bulk 

recombination in the n-Si. The bulk n-Si controlled recombination can be explained 

by the asymmetric n-p+ junction formed, as the p-type PEDOT:PSS used in this 

study is expected to have a high level of hole carrier concentration. Electrochemical 

measurement shows the level of oxidation is about 1 charge per 3 EDOT monomer, 
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while stoichiometric analysis determines EDOT monomer density of 1021 cm-3  for 

Clevios PH1000 formulation [136]. The hole concentration of 3x1020 cm-3 can be 

deduced [136] by multiplying the level of oxidation ≈1/3 to EDOT monomer density 

of 1021 cm-3. The high level of hole concentration allows n-Si/PEDOT:PSS junction 

act as an n-p+ junction. Therefore the minority carriers will be mainly stored in the 

n-Si side and not in PEDOT:PSS. The result is in contrast to the ZnO/PEDOT:PSS 

inorganic/organic hybrid junction [139], where the RRT deduced lifetime is 

attributed to the charge trapping process in PEDOT:PSS, represented by electron 

lifetime in PEDOT:PSS. The bulk n-Si dominated carrier lifetime of n-

Si/PEDOT:PSS implies that devices built using the SOH junction can leverage on 

the good electronic properties of Si, and is not limited by the poor electronic 

properties of the organic polymer. 

 

Table 3.2 : Settling time s and extracted carrier lifetimes p for the hybrid 

junctions with different ND. 

ND
 

(/cm3) 

𝜏𝑠 

(μs) 

𝜏𝑝  

(μs) 

1014 23.5 126.8 

1015 10.7 55.5 

1016 10.0 51.4 

1017 8.3 39.5 
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To further understand the result, we studied the RRT response of the SOH junction 

with ND =1016/cm3 as a function of IF at a constant IR0/IF ≈ 1, by maintaining a 

constant VR0/VF ratio. The results are shown in Fig 3.10. Based on the charge 

control relationship used to derive Eq(3.1), p is a constant at a given doping 

concentration, while s
  depends on p and IR0/IF ratio [78]. Hence we expect a minor 

change in s if we change IF while keeping the IR0/IF ratio approximately constant. 

Nevertheless, it is observed that s increases linearly with IF from 5.1 to 10.6 

mA/cm2, and nearly saturates at higher IF. At low IF, s is very short compared to 

the RC decay time so that the recovery curve qualitatively appears similar to that 

of a Schottky junction.  

 

From the measured s and IR0
 /IF values, we deduce p using Eq(3.1), and the results 

are plotted in Fig. 3.11. It is evident from Fig. 3.11 that p is proportional to IF for IF 

<10 mA/cm2. The dependence of p on IF injection level cannot be explained by 

high injection level effect on bulk lifetime since it will shorten, rather than prolong 

the lifetime [78]. Instead, the dependence can be explained by the trap saturation 

effect at recombination centers at the hybrid interface. At lower IF, these 

recombination centers dominate as compared to the bulk recombination process, 

resulting in a low s and p. However, at higher IF when the recombination centers 

are saturated and do not participate in further trapping process, the measured p 

will reveal the bulk Si lifetime, which should remain nearly constant and will be 

independent of the IF.  

 



61 
 

 

Figure 3.10 : RRT curves for the hybrid junction with ND = 1016 /cm3 at different 

forward bias injection levels (IF). The diode current is normalized to IF. The settling 

times deduced are indicated by the diamond (◊) marks. 

 

This effect is indeed seen in our results shown in Fig. 3.11. The trap saturation 

effect was reported before for Si-based p-n homojunction [140-143]. Note that the 

p values that are shown in Table 3.2 are already trap saturated since they were 

deduced at IF of 18.1-19.0 mA/cm2.    
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Figure 3.11 : Lifetime p dependence on injection level IF, deduced for the hybrid 

junction with ND
 of 1016/cm3. 

 

3.3.2 Dark current density-voltage characteristic 

 

We also measured the dark current density-voltage (J-V) characteristics of the n-

Si/PEDOT:PSS hybrid junctions, as shown in Fig. 3.12, to corroborate the junction 

characteristic deduced from the RRT measurements. Two slopes are observed in 

the ln([J]) –V curves, which is believed to be due to trap-assisted and diffusion 

current. We modeled the n-Si/PEDOT:PSS hybrid junction accordingly using the 

two-diode model as shown in Fig. 3.13. The J-V curves of two diode models are 

described in Eq(3.2),  

 

 

𝐽 = 𝐽𝑑𝑖𝑓𝑓 (exp (
𝑞(𝑉 − 𝑅𝑠𝐽)

𝑛1𝑘𝑇
) − 1) +  𝐽𝑇 (exp (

𝑞(𝑉 − 𝑅𝑠𝐽)

𝑛2𝑘𝑇
) − 1)  + 

𝑉 − 𝑅𝑠𝐽

𝑅𝑠ℎ
 (3.2) 

 

where Rs and Rsh denote the series and shunt resistances, respectively, Jdiff and n1 

are the diffusion current and its associated ideality factor, while JT and n2 are the 
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trap assisted current and its associated ideality factor. Jdiff for the p+-n junction is 

described by Eq(3.3),  

𝐽𝑑𝑖𝑓𝑓 = 𝑞√
𝐷𝑝

𝜏𝑝

𝑛𝑖
2

 𝑁𝐷
 (3.3) 

 

where q is the electronic charge, Dp is the diffusion constant, and ni is the intrinsic 

carrier concentration of Si. We can estimate Jdiff for the hybrid junctions, using the 

experimentally deduced trap-saturated p for junctions with different ND, as shown 

in Table 3.2, and with Dp obtained from the literature [144]. The Jdiff obtained are 

shown in Table 3.3. We fitted Eq(3.2) to the experimental dark J-V curves, 

incorporating the Jdiff  deduced in Table 3.3, and based on an algorithm where n1 is 

fixed at 1 [145], while the other parameters are allowed to vary. 

 

Figure 3.12 : Dark J-V response of planar n-Si/PEDOT:PSS junction at different Si 

substrate doping concentrations.  
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Figure 3.13 : Equivalent circuit of a two-diode model of a p-n junction [68]. 

 

Table 3.3 : Two-diode model parameters used to fit dark J-V characteristic for the 

hybrid junctions with different ND. 

 
ND (/cm3) 

1014 1015 1016 1017 

Jdiff (A/cm2) 5x10-11 7x10-12 7x10-13 7x10-14 

JT (A/cm2) 1x10-6 1x10-6 1x10-6 2x10-6 

n2 3.1 2.6 2.8 2.6 

Rsh 

(kΩ.cm2) 

65.0 152.0 86.8 6.6 

Rs (Ω.cm2) 5.3 2.9 2.8 1.9 

 

The fitted parameters are presented in Table 3.3, and the fitted curves are shown 

in Fig. 3.12, where a good match is seen between the experimental and theoretical 

results for ND = 1014 - 1016/cm3. We notice that the ideality factor n2 of the trap 

assisted current is greater than 2 for all the hybrid junctions, as expected of current 
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that is associated with the trap-assisted recombination [146]. We also observe that 

JT > Jdiff, which implies that the dark current at lower forward and reverse bias is 

dominated by the trap-assisted recombination current, while at large forward bias 

is dominated by the diffusion current. For ND = 1017/cm3, the dark current does not 

fit the theoretical two-diode characteristic well. Instead, a more ohmic-like current 

is noted, as can also be observed from the lower Rsh of this junction seen in Table 

3.3. Previously, Walter et al. [132] studied the dark I-V curves of n-Si/PEDOT:PSS 

junction formed with n-Si and n+-Si and found that the junction behaviors were 

strongly rectifying and ohmic, respectively. The transition between strongly 

rectifying junction at ND = 1016/cm3 to the almost perfect ohmic junction at ND = 

1019/cm3 was attributed to an electron tunneling current [132] from Si conduction 

band to unoccupied electronic states at the bandgap of PEDOT:PSS, across a 

thinner depletion width due to higher ND. This report is qualitatively in agreement 

with our observation in which slightly ohmic behavior is observed at ND = 1017/cm3 

while it is strongly rectifying at ND = 1014 - 1016 /cm3. Unlike c-Si, the bandgap of 

PEDOT:PSS is more likely to contain a broad distribution of defect states arising 

from the energetic disorder of the amorphous polymer structure [136] that may 

allow ohmic conduction. 

 

PEDOT:PSS is commonly assumed to be a metallic polymer, considering its high 

conductivity [36] and high IR reflectivity [35, 147]. On the other hand, it is also 

known to have p-type conductivity from thermoelectric measurements [148], and it 

exhibits conductivity-temperature relationship of semiconductor [36]. The 
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observation of n-p+ junction behavior for n-Si/PEDOT:PSS as seen from the RRT 

and DC-IV measurements is interesting, and suggests that either the 

semiconducting property is dominant or that the metallic property is suppressed in 

the hybrid junction. Erickson et al. explained that the absence of thermionic 

emission could be attributed to the un-pinning of Fermi level at the hybrid interface, 

which allowed high PEDOT:PSS work function to induce sufficiently high Schottky 

barrier beyond inversion limit, forming a p-Si layer below the Si surface [39]. The 

charge separation will happen in the inversion p-Si/bulk n-Si so that the nature of 

PEDOT:PSS conductivity is not relevant. Jäckle et al. [28] corroborated the 

presence of an inversion layer, but argued that even considering the Schottky 

barrier height at the inversion level, the predicted J0 is still about 2 - 4 orders of 

magnitude higher and also does not match the variation on ND dependence. This 

discrepancy means that the charge selectivity of PEDOT:PSS is still important, 

forming conventional n-p+
 heterojunction [28], with selectivity due to n-

Si/PEDOT:PSS conduction band offset on top of the internal Si band bending. The 

width of internal Si band bending may instead play a role in suppressing tunneling 

current, but its height is not sufficient by itself to suppress thermionic emission.  

 

It should be noted that most of the studies on the junction characteristics of 

Si/PEDOT:PSS structure used the same starting solution for PEDOT:PSS (Clevios 

PH1000) as what we have used in our work, yet they still report conflicting p-n [28, 

31] or Schottky junction [29, 30] interpretation. Though there may be some 

variations in the preparation process, it is believed that by and large the electronic 
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properties of the PEDOT:PSS prepared by the different groups are broadly similar. 

The different reports have characterized the junctions and applied different models 

to interpret the results accordingly. It is difficult for us to explain why a particular 

model has been adopted by a given group, except to concur based on the results 

presented that the model does not contradict the experimental results. 

Furthermore, there was no critical evaluation in those papers of both models in 

terms of their validity for the Si/PEDOT:PSS structure. In addition, there was also 

no detailed study to validate the junction model through investigating 

Si/PEDOT:PSS junctions with varying parameters, e.g. doping concentration, as 

what we have done in our study. 

 

In contrast with n-Si/PEDOT:PSS, SOH junction formed between n-Si and metallic 

polymer polyacetylene does reveal expected ideal Schottky behavior [149] with 

excellent sensitivity to its work function, indicative of un-pinning of the Fermi level. 

In the absence of strong carrier selectivity of polyacetylene, the rectification solely 

depends on the internal Si band bending. On the other hand, the hybrid junction 

between n-Si and organic p-type semiconductor methyl violet 2B [150] exhibits 

thermionic emission at lower forward bias voltage and ohmic behavior at higher 

forward bias [151], which is believed due to the small conduction band offset. 

Another p-type organic semiconductor material poly(3-hexylthiophene-2,5-diyl) 

(P3HT) also formed a rectifying junction with n-Si [104]. The n-Si/P3HT interface 

exhibits trap-assisted recombination and space-charge-limited-current [104] at 

lower and higher forward bias respectively. The space-charge-limited-current is 
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attributed to at the presence of a high density of defect states distributed inside its 

bandgap. n-Si/P3HT hybrid junction transport is limited by the organic material, and  

hole diffusion transport does not manifest under higher forward bias, thus forming 

a non-ideal p-n junction. In contrast, diffusion-dominated transport in n-

Si/PEDOT:PSS junction results in ideal n-p+ junction behavior that leverages on the 

good transport properties of Si.   

 

3.3.3 Illuminated current density-voltage characteristic 

 

 

Figure 3.14 : Illuminated J-V response of planar n-Si/PEDOT:PSS junction at 

different Si substrate doping concentration. 

 

Having established the nature of the hybrid junction, we performed photovoltaic 

measurement to understand the n-Si/PEDOT:PSS junction performance as a solar 

cell. Figure 3.14 shows illuminated J-V response of samples with different Si 
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substrate doping concentration ND under AM1.5G illumination. The samples are the 

same as those used for the RRT and dark DC I-V measurements in the previous 

section. 

 

Table 3.4 : PV Parameters of n-Si/PEDOT:PSS hybrid solar cell at different Si 

substrate doping concentrations. “Best” sample refer to the sample with the 

highest PCE for a particular ND. The average value is calculated from four 

samples for each ND. 

ND 
Sample 

Jsc Voc FF PCE 

(/cm3) (mA/cm2) (V) (%) (%) 

1014 
Best 24.6 0.541 59.4 7.9 

Average 24.3 0.534 60.0 7.8 

1015 
Best 24.5 0.572 68.2 9.6 

Average 24.7 0.572 65.5 9.3 

1016 
Best 23.9 0.609 67.2 9.8 

Average 23.5 0.605 65.4 9.3 

1017 
Best 20.6 0.610 64.5 8.1 

Average 20.8 0.596 53.7 6.7 

 

 

The photovoltaic parameters are tabulated in Table 3.4. “Best” sample refer to the 

sample with the highest PCE for each ND. “Average” is the average value calculated 

from four samples for each ND. It can be seen in Table 3.4 that the short circuit 

current density (Jsc) decreases while the open circuit voltage (Voc) increases with 

increasing ND. The lower Jsc is attributed to the reduction of the diffusion length 
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under higher doping which reduces the carrier collection efficiency. Jsc 

monotonously decreases slightly from 1014 to 1016 /cm3 due to increased defect 

recombination, and more significantly from 1016 /cm3 to 1017 /cm3 due to increased 

Auger recombination process at this level of doping. The Voc
 increase is attributed 

to the lower saturation current of the cells with higher doping. For abrupt p+-n 

junction, the Shockley ideal diode equation predicts that the saturation current is 

dominated by minority holes in the moderately doped n-type semiconductor. For a 

cell with higher n-Si doping, the minority carrier concentration at the depletion edge 

is reduced, resulting in a lower saturation current. In our observation, the cell with 

ND = 1017 /cm3 does not exhibit a strong increase in Voc, which is due to the 

increased shunt leakage attributed to the electron tunneling current [132] from the 

Si conduction band to the unoccupied electronic states at the bandgap of 

PEDOT:PSS, across a thinner depletion width due to the higher ND. In summary, 

the open circuit voltage (Voc) increases from 0.541 V to 0.610 V, while the short 

circuit current (Jsc) density decreases from 24.6 to 20.6 as ND increases from 1014 

to 1017 cm-3. The fill factor (FF) increases from 59.4% to 68.2% as ND increases 

from 1014 to 1015 cm-3, which can be attributed to the increased Voc and reduced 

bulk wafer resistance. The FF decreases from 68.2% to 64.5% as ND increases 

from 1015 to 1017 cm-3, which is due to the increased shunt leakage attributed to the 

electron tunneling current [132]. A maximum power conversion efficiency (PCE) of 

9.8% is obtained for the cell with ND = 1016 cm-3.  
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3.4 Conclusion 

 

In conclusion, we have fabricated planar n-Si/PEDOT:PSS hybrid heterojunction 

solar cell with simple low-temperature solution-based processing technique and 

characterized its junction behavior with reverse recovery transient (RRT) and DC I-

V measurement. The hybrid junction cells were fabricated with various n-Si doping 

concentration (ND) from 1014 - 1017 cm-3. We found that the solar cells exhibit settling 

time of 8.3 to 23.5 µs in its RRT response, which provides strong evidence of their 

p-n junction characteristic, and contradicts the Schottky junction model that is 

commonly assumed for such Si/PEDOT:PSS heterojunction. The hybrid cell 

lifetime is noted to decrease from 126.8 to 39.5 µs with an increased n-Si doping 

concentration, which suggests that the minority carriers are stored on the n-Si side 

of the hybrid junction that is consistent with an n-p+
 junction model for the 

heterojunction. The minority carrier lifetime exhibits a dependency on forward bias 

current injection level due to the trap-saturation effect of the recombination centers 

at the Si/PEDOT:PSS interface. The DC-IV measurement results of the junction 

under dark condition are also consistent with the model of diffusion, and trap-

assisted recombination controlled dark current. The photovoltaic measurements of 

the cells under AM1.5G 100 mW/cm2 illumination reveal that the open circuit 

voltage (Voc) increases from 0.541 V to 0.610 V, while the short circuit current (Jsc) 

density decreases from 24.6 to 20.6 as ND increases from 1014 to 1017 cm-3. A 

maximum power conversion efficiency (PCE) of 9.8% is obtained at the hybrid solar 

cell with ND = 1016 cm-3.  
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Chapter 4. Simulation and optimization of n-Si/PEDOT:PSS hybrid 

solar cell with various device architectures 

 

In this chapter, we investigate n-Si/PEDOT:PSS hybrid solar cells with various 

device architectures using numerical simulation. We assume n-Si/PEDOT:PSS act 

as an n-p+ junction in our simulation, as we previously established in our 

characterization work in Chapter 3.  The simulation is conducted using the 

numerical device simulation software from Silvaco ATLASTM. Four solar cell device 

architectures have been studied, which include the conventional front junction (FJ) 

cell, back junction (BJ) cell, interdigitated back contact (IBC) cell and FJ with an 

antireflection coating (ARC) compensated layer (FJ-ARC) cell. The photovoltaic 

performances are simulated as a function of the key device parameters, which 

include doping of the Si active layer, the layer thickness, and contact geometry. 

The results are compared and analyzed in relation to the device architecture, and 

optimizations are performed to achieve the best photovoltaic performance for each 

type of the solar cell structures.  

 

4.1 Introduction and motivation 

 

Si/PEDOT:PSS hybrid solar cell is attractive as a low cost solar cell, owing to its 

simple solution based and low temperature fabrication process. The present 

challenge in the research of Si/PEDOT:PSS hybrid solar cell is in improving its 

efficiency, which is important towards its practical application. Recently, 
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Si/PEDOT:PSS hybrid solar cell with a back junction (BJ) structure has reported a 

power conversion efficiency (PCE) of 17% [27]. This PCE is higher than those of 

front junction (FJ) solar cell with PCE of 14% [28]. The photocurrent in the FJ cell, 

which has the PEDOT:PSS located at the front side of Si, is limited by parasitic 

absorption in the PEDOT:PSS film. Light absorption in PEDOT:PSS does not 

contribute to photocurrent, due to its low exciton diffusion length. By depositing 

PEDOT:PSS at the back side of Si in the BJ structure, parasitic optical absorption 

can be significantly reduced [27] since the PEDOT:PSS is placed away from the 

incident light. Recently, Zhang et al. [41], also reported BJ hybrid cell structure 

employing a-Si:H passivation scheme with PCE of 16%, signifying that the use of 

BJ structure to reduce parasitic optical absorption is gaining a prominence.  

 

Despite the promising results obtained for the BJ cell, there are some drawbacks 

about such device architecture. Due to the presence of front metal electrodes on 

Si, the front surface passivation is more demanding in the BJ cell to ensure 

minimum carriers recombination. For example, the reported BJ cell employed 

diffusion doped front surface field, and atomic layer deposition (ALD) based AlOx 

tunneling passivation layer at the Si/cathode contact [27]. Such features are in 

contrary to the goal of realizing solar cell based on low temperature, simple and 

high throughput process. Besides, since the Si/PEDOT:PSS cell junction is situated 

away from the incident light, it imposes a stricter demand on the quality of Si to 

ensure high minority carrier lifetime, such that the carriers generated mainly near 
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the front of the cell can be transported to the junction at the back with minimum 

recombination.  

  

In this chapter, we propose an alternative approach to address the parasitic optical 

absorption problem in hybrid Si/PEDOT:PSS solar cell without resorting to the use 

of the more demanding BJ structure but instead based on the simpler FJ 

architecture. In contrast to the thicker PEDOT:PSS used in typical FJ cell of 80 

nm, we propose to use a thinner layer of PEDOT:PSS to reduce parasitic 

absorption, while adding a Si3N4 anti-reflection-coating (ARC) layer on top so as to 

satisfy the refractive index geometric mean rule to minimize optical reflection. 

However, note that there is a limit to how thin the PEDOT:PSS layer can be, as this 

will increase the lateral transport resistance of the solar cell. Our device simulation 

reveals an optimum PEDOT:PSS thickness of 30 nm and Si3N4 thickness of 40 nm 

that results in a remarkable PCE of 18.4%. This result is almost similar to the PCE 

that we have obtained for the best BJ cell simulated in this work of 18.8%. 

Therefore, the result suggests that our proposed FJ cell can have comparable 

performance to the BJ cell while eliminating the need for demanding front surface 

passivation and high Si material quality. Our proposed modified FJ Si/PEDOT:PSS 

hybrid cell has the potential to deliver high PCE while maintaining its low cost 

advantage, and is important towards the realization of low cost and high efficiency 

solar cell. 
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In this work, we also investigate the design of Si/PEDOT:PSS hybrid solar cell with 

interdigitated back contact (IBC) structure. In contrast to the FJ and BJ structures, 

in IBC structure both the hole and electron collecting contacts are located on the 

back side of the device. This structure reduces parasitic absorption as well as 

eliminates grid shadowing as there are no front contacts involved. Besides, since 

the front surface is free of contacts, a high quality passivation and ARC layer can 

be developed for the front surface, in a one step process over a large area. In our 

study, the effect of back contact geometry is simulated to optimize minority and 

majority carrier collection. The optimum thickness of the Si absorber layer is also 

determined by optimizing between photon absorption and carrier collection. Our 

simulation results indicate that a very high PCE = 20.4% can be achieved for the 

Si/PEDOT:PSS hybrid solar cell with IBC structure with an optimized Si absorbing 

layer thickness of 40 µm.  

 

4.2 Simulation of n-Si/PEDOT:PSS hybrid solar cell 

4.2.1 Optical-electrical simulation  

 

The optical and electrical simulation of the n-Si/PEDOT:PSS hybrid solar cell was 

performed using the device simulation software from Silvaco ATLASTM
.  The optical 

simulation was performed for the planar device using the transfer matrix method 

(TMM), based on 0.1 W/cm2 light intensity with AM1.5G spectrum radiation, under 

normal incident from the top side of the cell. The solution of the optical simulation 

was used to calculate the photogeneration rates at different locations in the device, 

from which the photogenerated current at each bias voltage is determined using 
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Poisson, continuity, and generation-recombination equations. The optical 

constants of PEDOT:PSS are adopted from the literature [27] which were 

determined using ellipsometry by Zielke et al. The spectroscopty ellipsometry data 

fitting used a dominant Gaussian oscillator in the UV-region, a Lorentz oscillator in 

the IR-region and four additional broad Gaussian oscillators to account the 

absorption in visible and NIR range. The optical constant of Si and Si3N4 are taken 

from optical measurement database [152].  

 

4.2.2 PEDOT:PSS and n-Si electronic properties 

 

In our simulation, the polymer PEDOT:PSS is modelled as a semiconductor based 

on the facts that its conductivity increases with temperature [36], while its 

thermoelectric measurement revealed positive charge dominated conductivity 

[148], both of which support its nature as a p-type semiconductor material. There 

exist alternative views that suggest PEDOT:PSS behaves like a metal since it can 

conduct electricity very well [36] and strongly reflect infrared light [35, 147], and n-

Si/PEDOT:PSS structures have been modelled as a Schottky junction [29, 30, 153]. 

However, recently minority carrier dominated transport characteristic has been 

observed for n-Si/PEDOT:PSS hybrid junction, which suggests that it behaves as 

a conventional p+-n junction [28, 31, 154] and this evidence strongly supports the 

semiconductor characteristic of PEDOT:PSS.  
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Figure 4.1 : Band diagram of n-type Si/PEDOT:PSS heterojunction, for Si doping 

concentration ND = 1×1017 /cm3. The electron affinity (EA), work function (WF) and 

ionization energy (IE) of the two materials are indicated. 

 

Figure 4.1 shows the energy band diagram of n-Si/PEDOT:PSS structure based on 

a model of the p+-n heterojunction. In this work we model PEDOT:PSS as a p-type 

semiconductor with a bandgap of 1.6 eV [155, 156], electron affinity of 3.55 eV 

[154, 157], effective density of states for conduction and valence bands of 21021 

/cm3 [136, 154, 158] and acceptor concentration of 31020 /cm3 [136]. We assume 

for PEDOT:PSS a hole mobility µp of 20 cm2/Vs that was inferred from conductivity 

measurement [136] and an electron mobility µn of 1 cm2/Vs deduced from solar cell 

J-V characteristics fitting [154]. Based on an electron diffusion length Ln
 of 10 nm 

that is reasonable for conjugated polymer [87, 88], we deduced an electron minority 

carrier lifetime τn of 40 ps. The low diffusion length of electrons in PEDOT:PSS 

accounts for the poor photocurrent generation in PEDOT:PSS and hence the 
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parasitic absorption of incident light that does not lead to photocurrent generation. 

The electronic properties of PEDOT:PSS assumed in the simulation are presented 

in Table 4.1. 

Table 4.1 : The electronic properties of PEDOT:PSS. 

Parameters Value Unit Reference 

Bandgap  1.6 eV [155, 156] 

Electron affinity 3.55 eV [154, 157] 

Effective density of states for 

conduction band 

21021 /cm3 [136, 154, 158] 

Effective density of states for 

valence band 

21021 /cm3 [136, 154, 158] 

Donor doping concentration 0 /cm3  

Acceptor doping concentration 31020 /cm3 [136] 

Hole mobility 20 cm2/Vs [136] 

Electron mobility 1 cm2/Vs [154] 

Lifetime 40 ps Calculated from 

diffusion length [87, 

88], and electron 

mobility[154]. 

 

We model the bandgap, electron affinity, density of states, and mobility of the bulk 

Si based on standard Silvaco ATLASTM
 library. The bulk Si lifetime τbulk is controlled 

by Shockley-Read-Hall (SRH) recombination lifetime τSRH and Auger 
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recombination lifetime τAuger as described in Eq. 4.1. The SRH lifetime at low doping 

concentration (τ0,SRH) is set at 1 ms to model n-type Si wafer with high electronic 

quality. The influence of doping concentration ND on τSRH is modelled with the 

concentration dependent SRH model [159-161] as described in Eq.4.2 with fitting 

parameter NSRH is taken at default ATLASTM
 value of 5x1016 cm-3, and N is total 

doping of both donor and acceptor. The bulk Si doping concentration is optimized 

to ensure low dark saturation current and low bulk resistivity. The effects of doping 

on Auger lifetime τAuger  [162] and carrier mobility [163] were modelled for Si with 

parameters taken from the default Silvaco ATLASTM library. Both the front and back 

surfaces of the Si layer are modelled as a passivated surface with the surface 

recombination velocity SRV = 10 cm/s [164-166].   

 

 

1

𝜏𝑏𝑢𝑙𝑘
=

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝐴𝑢𝑔𝑒𝑟
 

 

Eq. 4.1 

 𝜏𝑆𝑅𝐻 =
𝜏0,𝑆𝑅𝐻

1 + 𝑁/𝑁𝑆𝑅𝐻
 Eq. 4.2 

 

4.2.3 Devices schematic 

 

In this section, we present the solar cell architectures for the four types of n-

Si/PEDOT:PSS hybrid solar cells simulated in our work. They include conventional 

front junction (FJ) cell, back junction (BJ) cell, interdigitated back contact (IBC) cell 

and FJ with an antireflection coating (ARC) compensated layer (FJ-ARC) cell.  
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Figure 4.2 : Cross-section of n-Si/PEDOT:PSS hybrid solar cell with conventional 

front junction (FJ) structure. 

 

Figure 4.2 shows the cross-section of a planar n-Si/PEDOT:PSS hybrid solar cell 

with conventional FJ structure. The PEDOT:PSS thickness (tP) is varied to study its 

anti-reflection coating (ARC) property as well as its resistance as a channel for 

lateral hole transport. For the FJ structure, it is known that optical absorption and 

hence the PCE increase monotonically with the silicon thickness (tSi). In our study, 

we fixed tSi at 640 µm, which corresponds to practical wafer thickness and is thick 

enough to absorb almost all of the incident solar radiation. The Si substrate doping 

concentration (ND) is treated as a variable in the simulation and will be varied to 

optimize the performance of the solar cell. Some part of the solar cell surface is 

covered with top metal grid and not exposed to light at all. The area of solar cell 

impacted by the shadow of the grid is equal to the area of the metal grid when the 

light is incident normal to the surface. The percentage of grid shadowing is the 
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percentage of front surface covered with the metal grid. For our 2D simulation case, 

the grid shadowing is calculated based on the width to periodicity ratio of the finger 

grid. We set the width of the anode finger (Wanode) and the unit cell period (P) at 60 

µm and 1400 µm, respectively, which will yield 4.3% grid shadowing.  

 

Figure 4.3 shows the cross-section of a planar n-Si/PEDOT:PSS hybrid solar cell 

with front junction (FJ) structure having an ARC compensated layer (FJ-ARC) 

structure. A thin layer of PEDOT:PSS with the thickness tP sits on the Si absorber 

layer, and a Si3N4 ARC layer with the thickness of tARC is deposited on top of the 

PEDOT:PSS to compensate for the lack of the thickness required for minimum 

reflection. We studied the combination of tP and tARC that will give the best 

compromise between achieving good lateral hole transport, minimum parasitic 

absorption, and strong anti-reflection, so as to maximize the PCE. For the FJ-ARC 

solar cell, similar to the FJ cell, the Si thickness is set at 640 µm, while the Si 

substrate doping concentration (ND) is allowed to vary to optimize the performance 

of the solar cell. For comparison purpose, the design of the top grid structure is also 

chosen to be the same as that of the FJ cell, with the width of the anode finger 

(Wanode) set at 60 µm and the width of unit cell period (P) set at 1400 µm, resulting 

in the same grid shadowing of 4.3%. A thin layer of PEDOT:PSS layer can be easily 

achieved by varying the spin coating speed and through solvent post-treatment 

[167]. Si3N4 based ARC layer can be deposited uniformly on the entire surface, as 

previously demonstrated by [168]. Ag paste will be deposited on top of ARC layer 

by screen printing process. Contact between Ag and PEDOT:PSS can be formed 
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by firing the Ag paste to dissolve the intermediate ARC layer and drive the Ag to 

contact PEDOT:PSS layer. A similar formation of front contact Ag grid through ARC 

layer has been commonly applied in commercial screen printing solar cell 

fabrication [169] without any photolithography process. 

 

 

Figure 4.3 : Cross-section of n-Si/PEDOT:PSS hybrid solar cell with front junction 

and ARC compensated layer (FJ-ARC).  

 

Figure 4.4 shows the cross-section of planar n-Si/PEDOT:PSS hybrid solar cell with 

back junction (BJ) structure. The simulation of the BJ structure is important as such 

a structure at present offers the highest efficiency reported for experimental cells, 

and our simulation studies will allow us to benchmark our proposed FJ-ARC solar 

cell with the simulated best BJ solar cell. For the BJ structure, the Si thickness (tSi) 

and silicon substrate doping concentration (ND) will be optimized to ensure optimum 

short circuit current density and open circuit voltage. Note that unlike the case of 
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FJ and FJ-ARC cells, the Si thickness in BJ cell cannot be too large as otherwise, 

the carriers generated nearer the front surface may not be efficiently collected at 

the back Si/PEDOT:PSS junction. Hence there is a need to investigate and 

determine the optimum Si layer thickness. We also aimed to study the variation of 

ND on the photovoltaic performance of the cell, especially the open circuit voltage 

(Voc). Increasing ND will lower the dark saturation current (J0) which in turn will tend 

to increase the Voc. However, increasing ND will also shorten the carrier diffusion 

length, which will decrease short circuit current density (Jsc). Therefore, an optimum 

value of ND will exist in which the power conversion efficiency (PCE) is optimized. 

We also vary the PEDOT:PSS thickness (tP) so as to optimize the back surface 

reflectance. Similar to both FJ and FJ-ARC solar cells, the width of the cathode 

finger (Wcathode) and the unit cell period (P) are fixed at 60 µm and 1400 µm, 

respectively. As the PEDOT:PSS layer is located at the back of Si to minimize 

parasitic absorption, the BJ cell will require an anti-reflection coating on the front 

side of the Si layer. We have chosen the commonly used and established Si3N4 

anti-reflection layer for this purpose, with a thickness (tARC) set at 75 nm to minimize 

light absorption around the peak solar spectrum of 600 nm [68]. Double polished 

n-Si wafer will be needed for actual fabrication of the device to ensure a high quality 

back and front surface.  
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Figure 4.4 : Cross-section of n-Si/PEDOT:PSS hybrid solar cell with back junction 

(BJ) structure. 

 

Figure 4.5 shows the cross-section of planar n-Si/PEDOT:PSS hybrid solar cell with 

interdigitated back contact (IBC) structure. The IBC cell is similar to the BJ cell in 

that the PEDOT:PSS layer is located at the back of Si to minimize parasitic 

absorption. However, the anode and cathode electrodes are all located at the back 

of the solar cell to eliminate grid shadowing and concurrently achieve a high quality 

front surface that is free of metal contacts. For the IBC cell, the silicon thickness 

(tSi) and silicon substrate doping concentration (ND) are set at values that will be 

derived from the optimization of the BJ solar cell, since they have similar structure 

and absorption characteristic. The optimized tSi and ND will be determined as a 

compromise between ensuring sufficient photogeneration, efficient carrier 

collection and low dark saturation current in the solar cell. A key design of the IBC 

cell is the layout and spacing of the cathode and anode at the back of the cell. In 
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our study, we allow the cathode width (Wcathode), anode width (Wanode) and the 

interfinger gap (Wgap) to vary to optimize the minority and majority carrier collection. 

The minimum widths for Wcathode, Wanode, and Wgap are all set at 60 µm to account 

for the use of practical screen printing technology for metal deposition [170]. Similar 

to the BJ cell, a Si3N4 anti-reflection coating layer with the thickness (tARC) of 75 nm 

is introduced on the front surface of the Si layer to minimize light reflection at around 

the peak solar spectrum. Double polished n-Si wafer will be needed for actual 

fabrication of the device to ensure a high quality back and front surface. 

 

 

Figure 4.5 : Cross-section of n-Si/PEDOT:PSS hybrid solar cell with interdigitated 

back contact (IBC) structure. 
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4.3 Conventional and ARC compensated front junction hybrid solar cell 

 

4.3.1 Conventional front junction hybrid solar cell 

 

Figure 4.6 : Influence of PEDOT:PSS thickness tP on (a) Jsc and Voc and (b) FF 

and PCE of FJ solar cell with ND = 1017 cm-3.  

 

Figure 4.6 shows the influence of PEDOT:PSS thickness (tP) on the performance 

of conventional FJ solar cell with ND = 1017 cm-3. We found that the short circuit 

current density Jsc increases with tP from 23.7 mA/cm2 to 27.0 mA/cm2 over the 

range of 10 nm ≤ tP ≤ 80 nm, and decreases at larger tP > 80 nm. The optimum 

thickness of 80 nm for Jsc is lower than what is expected from the quarter 

wavelength rule for peak solar spectrum of 105 nm, due to parasitic optical 
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absorption losses in a thicker layer of PEDOT:PSS. It is also seen that Voc varies 

slightly from 0.678 to 0.682 V over the range of tP investigated, attributed to the 

change in Jsc.  

 

From Fig. 4.6(b) it is seen that the FF increases from 78.8% to 82.9% as tP varies 

from 10 nm to 40 nm, and it saturates at 83.8% after that for the thicker 

PEDOT:PSS layer. The increase in FF with tP is due to a reduction in the 

PEDOT:PSS sheet resistivity with increased thickness. The saturation behavior 

seen in the FF at larger tP indicates that there is good hole transport in the lateral 

direction for PEDOT:PSS thicker than 40 nm. The combined behaviors of the above 

photovoltaic parameters result in a maximum PCE of 15.4% achieved at tP = 80 

nm, primarily controlled by the good ARC effect, good lateral electrical transport in 

PEDOT:PSS, as well as low parasitic optical absorption. 

 

Next, we set tP to be at its optimum value of 80 nm, and investigate the effects of 

the Si doping concentration ND on the performance of the FJ cell for a given tSi = 

640 µm. The simulated photovoltaic parameters of the cell as a function of ND are 

shown in Fig. 4.7. The Jsc is seen to drop from 28.3 to 25.7 mA/cm2 with increased 

ND, due to the reduced diffusion length in higher doped Si layer. In contrast, Voc 

increases from 0.532 to 0.682 V with ND over the range of 11014 < ND < 11017 cm-

3, attributed to reduced dark saturation current. For ND > 11017 cm-3 the Voc 

decreases slightly, brought about by the drop in Jsc. On the other hand, the FF 

increases monotonically from 71.4 to 83.6% with ND due to the larger Voc as well 
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as lower Si series resistance at higher ND. These mechanisms allow a maximum 

PCE of 15.4% to be achieved at ND = 11017 cm-3, as seen in Fig. 4.7(b).  

 

 

Figure 4.7 : Influence of Si doping concentration (ND) on FJ solar cell 

performance. 

 

We compare the photovoltaic performance between simulation and experimental 

device as a function of Si doping concentration (ND) as shown in Fig. 4.8. The I-V 

curve for the experimental devices for this work had been previously shown in 

section 3.3.3. It can be seen that the Jsc for experimental and simulation devices 
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decrease monotonously with ND. The Jsc from our experimental work is lower than 

predicted by simulation which is partially attributed to relatively dense front grid 

spacing on our experimental device, that causes 12% grid shadowing in 

comparison to 4.3% grid shadowing in the simulated devices. It can be seen that 

for experimental devices Jsc drops significantly for ND > 11016 cm-3, in contrast to 

the simulation results where Jsc
 only slightly reduced. The significant drop in Jsc for 

the experimental devices can be attributed to low bulk minority carrier lifetime τ0,SRH 

in the experimental device.  

 

 

Figure 4.8 : Comparison of photovoltaic performance between simulation and 

experimental device as a function of Si doping concentration (ND). 

 

We found that the simulation and experimental results agree in the value and trend 

of Voc as a function of ND for the range of 1014 < ND < 1016 cm-3 as seen in Fig 4.8. 

However, the experimental Voc does not increase for ND > 1016 cm-3, attributed to 
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increased shunt leakage. FF in simulation and experimental devices increase with 

ND at 1014 < ND < 1015 cm-3 range. However, the FF in experimental device 

decrease at ND > 1015 cm-3 in contrast with FF in the simulation that increase with 

ND. We found that the PCE in experiment and simulation increase with  ND at 1014 

< ND < 1016 cm-3. It is found that at ND > 1016 cm-3, the PCE decrease with ND for 

the experimental devices, in contrast with the simulation devices that increases with 

ND. The decrease in PCE for the experimental device is attributed mainly to the 

decrease in Jsc and FF. Although there are several discrepancies, we considered  

that the simulation could be reasonably used to design and optimize n-

Si/PEDOT:PSS hybrid solar cell. 

 

4.3.2 Front junction hybrid solar cell with ARC compensated layer 

In the previous section, the efficiency of conventional FJ solar cell has been found 

to be limited by parasitic absorption in the PEDOT:PSS layer. In this section, we 

investigate the performance of the proposed FJ-ARC cell that uses a thinner layer 

of PEDOT:PSS to reduce the parasitic absorption while adding a layer of Si3N4 

ARC layer on top of PEDOT:PSS to ensure minimum reflection of light. Si3N4 has 

been chosen as the ARC material since it is widely used for conventional Si solar 

cells and exhibits refractive index that satisfies the geometric ratio mean rule. The 

use of a thinner layer of PEDOT:PSS will increase its lateral resistance and hence 

an optimum thickness is expected that compromises the need for minimum optical 

absorption and good lateral hole transport. As the transport behaviors of the FJ and 

FJ-ARC solar cells and their influences on the photovoltaic performance are similar, 
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therefore the optimum Si doping concentration of 1017 /cm3 deduced for the 

conventional FJ cell is also applied here to the FJ-ARC solar cell. 

 

 

Figure 4.9 : Influence of tP and tARC on the (a) short circuit current density (Jsc) and 

(b) open circuit voltage (Voc) of FJ-ARC hybrid cell with ND = 1017 cm-3.  

  

Figure 4.9 shows the combined influence of tP and tARC on the Jsc and Voc of FJ-

ARC solar cell. Thin film PEDOT:PSS with tP = 10, 20, 30 and 40 nm are 

investigated with various thicknesses of Si3N4 (tARC) deposited on top of it. Figure 

4.9(a) shows that there is an optimum tARC for each value of tP that will maximize 

Jsc. The optimum tARC are 60, 50, 40, and 30 nm for tP of 10, 20, 30, and 40 nm, 

respectively. It is noticed that the optimum tARC is related to tP by the relation tARC ≈ 

70 nm – tP. For tP = 10 nm, the Jsc is low at 24.5 mA/cm2 when no ARC is introduced, 

and it increases remarkably to 33.5 mA/cm2 under optimum ARC compensation. 

The large Jsc obtained for this structure is due to minimum parasitic absorption in 

the thin 10 nm PEDOT:PSS layer as well as good coupling of light incident from air 

into the Si. For larger tP, the difference in Jsc for cells without and with optimum 

ARC compensation is smaller, since the parasitic absorption effect in the thicker 
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PEDOT:PSS is more dominant, hence limiting the improvement in Jsc. Figure 4.9(b) 

shows that the trends in the change of Voc are similar with those of Jsc, which 

indicates that the open circuit voltage variation is due to the change in Jsc.  

 

 

Figure 4.10 : Influence of tP and tARC on the (a) fill factor (FF) and (b) power 

conversion efficiency (PCE) of FJ-ARC hybrid cell with ND = 1017 cm-3. 

 

Figure 4.10(a) shows the FF of the FJ-ARC solar cell as a function of tARC and tP. 

We found that the smaller the tP, the lower the FF. This is due to the larger sheet 

resistance of the thinner PEDOT:PSS layer that hinders hole transport in the lateral 

direction toward the front metallic grid. It is also interesting to note that the FF 

depends on tARC, particularly for the cell with the thinnest tP of 10 nm, despite that 

the Si3N4 ARC layer does not play a direct role in the hole transport. This can be 

explained by a change in the photocurrent density at the maximum power point JMP 

which is affected by the presence of the ARC layer and its thickness. For tP = 10 

nm, the influence is the most significant since the sheet resistance is the highest 

and the variation in the photocurrent is the largest for cells without ARC and with 

optimum ARC compensation. Figure 4.10(b) shows that the optimum PCE of the 
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solar cell is at 18.4%, which can be achieved with tP over the range of 20 to 30 nm 

and corresponding tARC of 40 to 50 nm. This maximum PCE is controlled by a 

tradeoff between achieving good optical coupling effect, minimum parasitic 

absorption and minimum sheet resistance. The maximum PCE of 18.4% obtained 

for the FJ-ARC is noted to be significantly improved as compared to that of the 

conventional FJ solar cell of 15.4%. It is also comparable to the PCE of the best 

back junction (BJ) cell that will be studied in the next section.   

 

4.4 Back junction and interdigitated back contact hybrid solar cell 

4.4.1 Back junction hybrid solar cell 

 

Figure 4.11 : Influence of tSi and ND on the (a) short circuit current density (Jsc) 

and (b) open circuit voltage (Voc) of BJ solar cell. 

 

Figure 4.11 plots the Jsc and Voc of the back junction (BJ) solar cell as a function of 

the Si thickness tSi under different Si doping concentrations. The back PEDOT:PSS 

layer thickness tP is set at 70 nm. It is noted that an optimum tSi exists that gives 

rise to maximum Jsc for each doping concentration investigated. The initial increase 
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in Jsc with tSi is attributed to a stronger optical absorption arising from the use of a 

thicker Si layer. However, when tSi is further increased, the Si/PEDOT:PSS junction, 

which is situated at the back side of Si, will be further away from the optically active 

region at the front surface, resulting in a poorer collection of photogenerated 

carriers. Hence, at some point, Jsc will decrease with increasing tSi despite that there 

is more optical absorption in the thicker Si. The optimum Si thickness toptimum that 

gives rise to maximum Jsc is dependent on the minority carrier diffusion length, 

which in turn is controlled by the doping concentration ND. For ND of (1 – 3)1016 

cm-3, 11017 cm-3 and 31017 cm-3, toptimum is found to be  80 µm, 40 µm, and 20 

µm, respectively. We observe that a higher ND will lead to a smaller toptimum, which 

is expected as the carrier diffusion length is shorter when Si is heavier doped, and 

hence the optimum collection of carriers will occur in thinner Si layer.  

  

Figure 4.11(b) shows that over the range of 11016 < ND < 11017 cm-3, Voc 

increases with ND. In this range of ND and over the range of tSi investigated, Voc is 

also noted to increase with tSi. This is attributed to the combined effect of increased 

Jsc for tSi < toptimum, and lower dark saturation current J0 as the effect of surface 

recombination is relatively reduced as compared to bulk Si recombination in thicker 

Si layer [171]. At larger tSi = 160 µm, a small reduction is seen in Voc for ND = 11017 

cm-3, which is attributed to the drop in Jsc seen in Fig. 4.11(a). For the BJ cell with 

the highest doping of ND = 31017 cm-3, the Voc increases initially with tSi and 

subsequently decreases for tSi > 40 µm. This decrease follows the significant 

reduction in Jsc seen in Fig. 4.11(a) at larger tSi. Figure 4.12 shows the FF and PCE 
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of the BJ solar cell as a function of the Si thickness tSi under different Si doping 

concentrations. It is observed in Fig. 4.12(a) that in general, the FF increases with 

ND, which can be attributed to the larger Voc and reduced bulk wafer resistance. 

Figure 4.12(b) shows that the BJ cell yield a maximum PCE of 18.8% for the hybrid 

cell with Si substrate thickness tSi of 40 µm and doping concentration ND of 11017 

cm-3. 

 

Figure 4.12 : Influence of tSi and ND on the (a) fill factor (FF) and (b) power 

conversion efficiency (PCE) of the BJ cell.  

 

Based on the optimum Si substrate thickness of 40 µm and doping concentration 

of 1017 cm-3 as deduced, we proceed to study the influence of the PEDOT:PSS 

thickness tP on the BJ cell performance. Figure 4.13 plots the photovoltaic 

parameters of the BJ cell as a function of tP. It is found that Jsc increases from 31.6 

to 32.0 mA/cm2 when tP is increased from 10 nm to 60 nm, which is attributed to 

improved back surface reflectance. The Jsc is relatively independent of tP at 32.0 

mA/cm2 in the range of 60 < tP <110 nm. The Voc varies slightly according to the 
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change seen in Jsc, while the FF increases slightly due to increased Voc and 

saturates at large tP.  

 

Figure 4.13 : Influence of PEDOT:PSS thickness (tP) on the BJ cell performance. 

 

Overall, it is seen from Fig. 4.13(b) that the PCE increases from 18.5 to 18.8% 

when tP is increased from 10 nm to 60 nm, and then saturates at 18.8% for the 

optimum PEDOT:PSS thickness range of 60 < tP <110 nm. Therefore, we conclude 

that the PCE of BJ solar cell is not sensitive to the thickness of the PEDOT:PSS 
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layer, which is understandable as it is located on the back surface of Si, and thus 

has a minimum effect on the light absorption.  

 

4.4.2 Interdigitated back contact hybrid solar cell 

Compared to the back junction solar cell, the interdigitated back contact (IBC) solar 

cell allows contact free front surface which thus eliminates parasitic absorption and 

grid shadowing losses. Since it is free of front contact, it allows a high quality 

passivation layer to be grown on the front surface in one step over a large area. In 

terms of structure, the IBC cell is similar to BJ cell except that the front cathode grid 

is moved to the back. Though the majority carriers are now collected at the back, 

however, the key process in the solar cell, namely, the photogeneration and 

minority carrier collection would remain the same in both structures.  Therefore we 

set the Si substrate thickness tSi = 40 µm, and doping concentration ND = 1x1017 

cm-3, which are the optimized values deduced for the BJ cell. Since both the 

electron and hole collecting contacts are located on the back surface of the IBC 

cell, an optimum geometry is needed to ensure efficient minority and majority 

carriers collection. As explained previously, in the simulation of the IBC cell, the 

focus is on optimizing the width of the anode (Wanode) and cathode (Wcathode) that 

are responsible for minority hole and majority electron carriers collection, 

respectively, as well as the width of the gap between the anode and cathode (Wgap), 

which is needed to prevent shunting between them. 
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Figure 4.14 : The IBC hybrid solar cell performance (a) as a function of Wcathode for 

a given Wanode = 5000 µm and Wgap = 60 µm and (b) as a function of Wgap for a 

given Wanode = 5000 µm and Wcathode = 60 µm. 

 

It is found that an increase in Wcathode or Wgap leads to a monotonic decrease in Jsc 

and PCE of the IBC cell. In Fig. 4.14(a) we illustrate the results by plotting the Jsc 

and PCE for an IBC cell as a function of Wcathode, with Wanode and Wgap fixed at 5000 

µm and 60 µm, respectively. We found that the Jsc and PCE monotonously 

decrease with Wcathode. In Fig. 4.14(b), we plot the Jsc and PCE for an IBC cell as a 

function of Wgap, with Wanode and Wcathode fixed at 5000 µm and 60 µm respectively. 

Similarly, we found that the Jsc and PCE monotonously decrease with Wgap. The 

results can be attributed to the larger carrier collection distance involved when 

these parameters are increased, which thus decreases the efficiency of carriers 

collection.  

 

Since we found that the PCE monotonously decrease with Wcathode or Wgap, we fixed 

Wcathode and Wgap at the smallest possible value of 60 µm for the subsequent 
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simulations, while allowed Wanode to vary, to study its effects on the performance of 

the IBC cell. The 60 µm value for Wcathode or Wgap  is determined by the minimum 

width that can be achieved in practical screen printing technology widely used in 

commercial solar cell fabrication.  

 

 

Figure 4.15 : Influence of Wanode on IBC solar cell performance with                      

Wcathode = Wgap = 60 µm 
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Figure 4.15 displays the photovoltaic parameters of the IBC solar cell as a function 

of Wanode. We found that Jsc increases sharply with Wanode initially and then gradually 

for Wanode beyond 2500 m. Note that the minority hole carriers that are generated 

above the anode are more readily collected, while those generated above the 

cathode will need to diffuse to the neighbouring nearest anodes before they can be 

collected. When Wanode is increased while Wcathode is maintained constant, the ratio 

of the area covered by anode to cathode will increase, resulting in more carriers 

being generated above the anode. Therefore, there will be more carriers that can 

be readily collected, which contributes to the increase in Jsc as seen in our 

simulation result. A similar increase in Voc is also observed, which can be attributed 

to the change in Jsc just explained. On the other hand, the FF increases with Wanode 

and peaks at 85% at Wanode = 1250 µm due to the large Voc. It then decreases to 

78% at larger Wanode, which is attributed to the larger series resistance as the 

majority carriers generated above the PEDOT:PSS layer will need to travel a longer 

distance before being collected at the cathode. Due to the increase in Jsc and Voc 

with Wanode, and the peak behavior exhibited by the FF, the optimum geometry is 

found to occur at an intermediate Wanode of 5000 µm, which gives rise to a maximum 

PCE of 20.4%. 

 

We compare the I-V curves of the best performance cell for each type of cell 

structures in Fig 4.16. It can be seen that the Jsc for the FJ cell is the lowest amongst 

all devices (27 mA/cm2), which is attributed to parasitic absorption loss. The Jsc for 

FJ-ARC and BJ cell is significantly higher than those of FJ cell at 32.7 mA/cm2 and 
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32.1 mA/cm2, respectively, due to a reduction in parasitic absorption. Further 

increase in Jsc at Jsc of 33.5 mA/cm2 on IBC cell is attributed to the reduction of both 

parasitic absorption as well as grid shadowing.  The Voc for IBC cell is also the 

highest at 0.727 V in comparison to FJ, FJ-ARC and BJ cell which has Voc of 0.682 

V, 0.686 V, and 0.694 V respectively. The high Voc and Jsc value for IBC cell allow 

IBC cell to exhibit the highest power output amongst other cell structures.  

 

 

Figure 4.16 : I-V curves of n-Si/PEDOT:PSS hybrid solar cell with front junction 

(FJ), front junction with ARC compensated layer (FJ-ARC), back junction (BJ) and 

interdigitated back contact (IBC) structure. 

 

We summarize the photovoltaic parameters of the best performance cell for each 

type of cell structures in Table 4.2. We see that for the FJ-ARC solar cell proposed 

in this work, despite its lower FF due to the higher series resistance in the thinner 

PEDOT:PSS layer, it exhibits a high PCE of 18.4%, which is significantly improved 

as compared to that of the conventional FJ cell of 15.4%. Its PCE is also 
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comparable to that of the BJ cell of 18.8%, which at the moment is the best cell 

structure that has been demonstrated experimentally to deliver the highest PCE for 

Si/PEDOT:PSS hybrid cell [27]. From Table 4.2, we also observe that the IBC cell 

offers the highest PCE of 20.4%, which is better than both the BJ cell and the FJ-

ARC cell. However, it should be noted that the IBC cell has a number of 

disadvantages such as more complicated patterning process and stricter 

requirements for minority carrier lifetime compared to FJ-ARC cell. 

 

Table 4.2 : Comparison of hybrid Si/PEDOT:PSS solar cell PV parameters for 

planar FJ cell, FJ-ARC cell, BJ cell and IBC cell. All cells are based on a planar 

structure with ND = 1017 cm-3.  

Hybrid solar cell design Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Front Junction cell (FJ) 27.0 0.682 83.5 15.4 

Front Junction cell with 

ARC compensated layer 

(FJ-ARC) 

32.7 0.686 82.1 18.4 

Back Junction cell (BJ) 32.1 0.694 84.5 18.8  

Interdigitated back contact 

cell (IBC) 
33.5 0.727 83.8 20.4 
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4.5 Conclusion 

In conclusion, we have investigated four solar cell device architectures which 

include the conventional front junction (FJ) cell, back junction (BJ) cell, 

interdigitated back contact (IBC) cell and FJ structure with ARC compensated layer 

(FJ-ARC) cell. We found that planar BJ cell in which the PEDOT:PSS layer is 

located on the back surface of the Si layer can yield Jsc of 32.1 mA/cm2 and PCE 

of 18.8% under an optimum Si thickness of 40 µm. These are higher as compared 

to Jsc of 27.0 mA/cm2 and PCE of 15.4% achieved for bulk conventional FJ cell. 

The higher performance is attributed to the elimination of parasitic absorption in 

PEDOT:PSS, as well as the introduction of an antireflective coating with a refractive 

index that better matches the geometric mean ratio between those of n-Si and air. 

Our simulation has also demonstrated that the parasitic absorption issue affecting 

the FJ cell architecture can be resolved without resorting to a more demanding BJ 

structure. We proposed to adopt the simpler FJ structure but reduce the thickness 

of the PEDOT:PSS layer to 30 nm to minimize parasitic absorption and introduce 

a layer of silicon nitride anti-reflection-coating (ARC) layer with a thickness of 40 

nm on top. We obtained a high Jsc of 32.7 mA/cm2 and PCE of 18.4% for the 

proposed FJ-ARC cell structure, which is almost similar to those achieved for the 

BJ cell. We have also simulated the IBC cell in which both the hole and electron 

collecting contacts are located on the back side of Si. The device architecture is 

free of any contact on the front side, which thus eliminates shadowing and parasitic 

absorption, and allows excellent passivation of the solar cell in one step over a 
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large area. The use of the IBC cell structure yields the highest PCE of 20.4% among 

the four types of cell structures investigated. 

 

To the best of our knowledge, there is no such comprehensive study and 

comparison of n-Si/PEDOT:PSS hybrid solar cells with the various cell 

architectures, as what we have carried out in this work. In particular, our proposed 

FJ-ARC cell which can deliver similar performance as the BJ cell has not been 

reported and investigated before. As for the IBC cell, though the concept of having 

all electrodes at the back of Si has been successfully demonstrated in conventional 

Si solar cell, to the best of our knowledge, it has not been applied to n-

Si/PEDOT:PSS hybrid solar cell either in simulation study or experimental 

demonstration. The simulation results obtained in this study are promising and 

demonstrate the great potential of n-Si/PEDOT:PSS solar cell based on the FJ-

ARC and IBC structures. They will also be helpful in guiding the future experimental 

realization of such n-Si/PEDOT:PSS solar cells. 
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Chapter 5. Fabrication and optimization of Si/molybdenum oxide 

heterojunction solar cell 

 

In this chapter, we study Si/transition metal oxide (Si/TMO) heterojunction solar 

cell. Firstly, we describe the motivation for using a transition metal oxide as a 

selective carrier contact for Si heterojunction solar cell. Subsequently, we 

investigate experimentally the use of the transition metal oxide, namely 

molybdenum oxide (MoOx), as the selective carrier contact material for n-Si 

heterojunction solar cells. Planar front junction n-Si/MoOx heterojunction solar cells 

are fabricated by e-beam evaporation of MoOx solid source onto n-Si substrates to 

form an electron blocking layer. Indium tin oxide (ITO) is then deposited on top of 

MoOx by RF sputtering to serve as an antireflection coating as well as an electrode. 

We investigate the performance of the Si/MoOx solar cell in terms of the Si 

substrate doping concentration, and the two types of top electrodes used, namely 

PEDOT:PSS and ITO. We also study the influence of a water barrier layer on top 

of MoOx which is used to prevent moisture adsorption on MoOx in ambient air. 

Finally, the effect of native Si oxide at the n-Si/MoOx interface on the characteristics 

of the cell is also reported. 

 

5.1 Introduction and motivation 

 

Reducing the cost of silicon (Si) solar cell is important in accelerating the growth of 

the commercial photovoltaic (PV) market. Today, the key challenge in Si solar cell 

is to achieve high-efficiency cell at a lower cost. To address this issue, two key 
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approaches such as low-temperature fabrication process and adoption of thin film 

Si, are being actively researched [172]. The motivation to achieve low-temperature 

fabrication has driven the development of Si/organic heterojunction solar cell [26, 

102] as shown in Fig. 5.1(a) to replace high-temperature diffusion doping process 

currently used to form a p-n junction in conventional Si solar cell. However, as 

organic material generally, has lower bandgap (< 2 eV), Si/organic heterojunction 

solar cell as illustrated in Fig 5.1(a) suffers from parasitic optical absorption loss. 

The parasitic optical absorption issue is especially critical if we consider a 

heterojunction solar cell based on thin film Si where there is limited optical 

absorption in the Si active material. While the use of back junction, where the 

organic material is located at the back of Si and away from the incident light, can 

be used to overcome parasitic optical absorption problem [27], however, more 

complicated processes are required to produce robust high performing device. 

 

    

Figure 5.1 : Schematics of (a) n-type Si/organic heterojunction solar cell and (b) n-

type Si/metal oxide heterojunction solar cell. 
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The motivation to achieve low-temperature fabrication process and low parasitic 

absorption loss has driven the development of Si/metal oxide heterojunction solar 

cell. The metal oxide can be deposited by various low temperature means, 

including thermal evaporation [97], atomic layer deposition [44] and solution based 

processing [45]. The thermal evaporation of metal oxide through shadow mask has 

been demonstrated to simplify fabrication of interdigitated back contact structure 

[42]. It is also potentially useful for the patterning process of another high-efficiency 

solar cell concept, such as localized rear contact and emitter wrap through design. 

Metal oxide exhibits large optical bandgap and allows high transparency which is 

crucial for simple front junction solar cell design as shown in Fig. 5.1(b). Such front 

junction design is still the most commonly used structure in commercial 

photovoltaic (PV) market due to its simple structure, lower cost fabrication process 

and its good efficiency. Besides, the design imposes less stringent requirement on 

the quality of the Si layer, as compared to other designs where the junction is 

located at the back. There are various metal oxides that can provide a strong hole 

or electron carrier selectivity when deposited on Si to form Si/Metal heterojunction. 

Hole accepting layers such as V2Ox [173], WOx [98, 173] or MoOx [53, 97, 173] can 

be used with n-type Si, and in particular Si/MoOx solar cell has been reported with 

18.8% power conversion efficiency and open circuit voltage as high as 710 mV [52]. 

Electron injection layer such as TiOx [95] has also been demonstrated to act as a 

back surface field for n-type Si [95] and can be used as an emitter for p-type Si/TiOx 

solar cell.  
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In the n-type Si/metal oxide structure as shown in Fig. 5.1(b), light is incident on 

top of the metal oxide layer. Since the metal oxide possesses large optical 

bandgap, light passes through the metal oxide layer and is absorbed in the Si active 

layer with minimum parasitic absorption loss in the metal oxide, in contrast to the 

n-type Si/organic heterostructure as shown in Fig. 5.1(a). Electron-hole pairs will 

be generated upon absorption in Si, and the metal oxide will accept hole and repel 

electron to generate photocurrent. A transparent electrode layer such as ITO is 

deposited on top of the metal oxide to serve as an anti-reflective-coating (ARC) [54] 

and to assist majority carrier collection from the metal oxide [97]. It is expected that 

the simple planar Si/metal oxide structure as shown in Fig. 5.1(b) will produce larger 

current than the Si/organic hybrid solar cell shown in Fig. 5.1(a), thanks to the 

reduced parasitic absorption loss in the metal oxide as compared to the organic 

layer. This is particularly beneficial when thin film Si is used as the active layer to 

achieve low-cost, high-performance Si solar cell. 

 

Research on Si/metal oxide heterojunction, especially on Si/MoOx, is developing at 

a promising pace. C. Battaglia et al. fabricated hole selective MoOx contact Si/MoOx 

heterojunction solar cell with a microtextured front junction, which exhibited an 

open circuit voltage of 580 mV and efficiency of 14.3% [97]. Insertion of a-Si:H 

passivation layer between Si and MoOx has been shown to improve the open circuit 

voltage to 711 mV and the efficiency to 18.8% [52]. J. Bullock et al. recently 

demonstrated that SiOx could also be used to provide passivation for Si/MoOx 

heterojunction solar cell, resulting in an open circuit voltage of 637 mV [54]. 
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Interestingly, a high short circuit current density of 35 mA/cm2 and an efficiency of 

16.7% has been achieved for planar front junction cell, demonstrating the excellent 

potential of wide bandgap MoOx as a transparent hole injection layer [54]. 

Junctionless front surface nanohole was employed by Um et al. [42], coupled with 

interdigitated back contact structure with planar Si/MoOx interface at the back, to 

provide additional light trapping. A current density of 37 mA/cm2 and efficiency of 

15.4% have been reported for the structure [42]. The lower efficiency obtained as 

compared to that of J. Bullock et al. [54] is due to the lower open circuit voltage that 

might be attributed to unoptimized rear contact geometry employed [42] or a lack 

of proper passivation for the front surface nanohole.  

 

5.2 Si/molybdenum oxide heterojunction solar cell 

 

Silicon/transition metal oxide (Si/TMO) heterojunction solar cells based on n-

Si/molybdenum oxide (n-Si/MoOx) structure have been recently reported with high 

power conversion efficiency (PCE) of 14% [97] and 18% [52] respectively for un-

passivated and PECVD passivated devices. The un-passivated and PECVD 

passivated devices demonstrated open circuit voltage (Voc) of 580 mV [97] and 711 

mV [97], respectively, revealing the excellent selective carrier contact property of 

MoOx on n-Si. It is desirable to achieve high Voc without resorting to PECVD 

passivation process which might limit the process throughput and the practical 

application of the solar cell. Alternative deposition methods such as evaporation or 

solution based processing will be more attractive for commercial applications. 
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In practice, evaporated molybdenum oxide forms an oxygen deficient MoOx 

structure with x < 3. The oxygen to molybdenum atomic ratio x in the compound 

has been reported to be in the range of 2.4 < x < 2.9 [174]. MoOx is known to be 

very sensitive to moisture and oxygen in ambient air and hence displays high 

variability in its work function. Irfan et al. found that for a 5 nm thin film of MoOx, its 

work function is reduced from 6.8 eV to 5.3 eV when exposed to air, while saturates 

at 5.7 eV when exposed to pure oxygen [175], and can recover partially to 6.3 eV 

upon a desorption process [174]. The work function of MoOx is reduced more in the 

air than in oxygen, which is attributed to adsorption of water moisture. Photoemitted 

electron spectroscopy revealed that the surface of MoOx film is significantly more 

oxygen-rich (x = 2.8 - 3.1) than the bulk (x = 2.4 - 2.5), and film exposed to air has 

a significantly higher surface concentration of oxygen (x = 2.95 - 3.1) as compared 

to as-evaporated or annealed film (x = 2.8 - 2.9) [174].  

 

MoOx is often incorrectly assumed to be a p-type semiconductor since it was 

previously known to assist in hole injection and extraction for various organic-based 

devices [94]. However, a later study using UPS and IPES spectra revealed that 

MoOx is an n-type semiconductor with an electron affinity of 6.7 eV, a work function 

of 6.9 eV, ionization energy of 9.7 eV, and a bandgap of 3.0 eV [94]. The band 

offsets between Si and MoOx is not well studied on literature. The mechanism of 

MoOx carrier selectivity has been previously studied on heterojunction structures 

involving MoOx interface with an organic semiconducting material such as 4,4′-Bis( 

N-carbazolyl)-1,1′-bipheny (CBP). Figure 5.2 (left) shows that the high work 
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function of MoOx induces strong band bending in CBP, which allows a small energy 

gap to develop between the highest occupied molecular orbital (HOMO) level of 

CBP and the conduction band (CB) of MoOx [94]. The small energy gap facilitates 

hole injection by electron transfer from the HOMO of CBP to the CB of MoOx, while 

the hole extraction is through a transfer of an electron from the CB of MoOx to the 

HOMO of CBP, as seen in Fig. 5.2 (right). This mechanism allows MoOx to inject 

or extract holes, although it mainly conducts electrons. On the other hand, the 

electron-blocking property of MoOx does not result from the material itself, but by 

the induced energy level bending on the LUMO of the CBP.  

 

 

Figure 5.2 : Energy level alignment of MoOx/CBP interface (left) and the model for 

hole injection and the transfer mechanism (right) [174]. 
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Figure 5.3 : A model of Si/TMO heterojunction solar cell based on n-type TMO 

with an electron blocking property [99]. 

 

Due to its unusually high work function, MoOx can also induce inversion layer in n-

Si [52, 99] to allow hole extraction while blocking electron, thus achieving small 

dark recombination current. A model of Si/TMO heterojunction solar cell energy 

level alignment based on MoOx material is proposed by Gerling et al. [99] as seen 

in Fig 5.3. In this case, hole collection will be equivalent to a transfer of an electron 

from the TMO to the hole in the Si inversion layer (p+), while the electron blocking 

is provided by the Schottky barrier. Gerling et al. also proposed the formation of a 

negative dipole on the TMO/n-Si interface due to trapped negative charges which 

contribute to electron blocking.  
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In summary, molybdenum oxide (MoOx) has a high value of work function, but it 

may vary widely due to oxygen or moisture adsorption (5.3 eV to 6.8 eV) after the 

evaporation process. Since MoOx is an n-type semiconductor, the electron blocking 

capability of the n-Si/MoOx heterojunction is solely a result of the high band bending 

in the conduction band of the n-Si. Since the band bending is reliant on the high 

work function of MoOx, it is important to ensure high MoOx material quality in 

forming the heterojunction, so that it can provide strong carrier selectivity to n-Si. 

The interface passivation between n-Si and MoOx is another important 

consideration to minimize minority carrier recombination as well as to manipulate 

dipole formation to increase electron barrier. In addition, the Si substrate doping 

concentration has to be tuned to control the Si Fermi level, so as to produce 

favorable energy band alignment. 

 

5.3 Fabrication and optimization of Si/MoOx heterojunction solar cell 

5.3.1 Fabrication process 

 

In this section, we present our study on the fabrication of n-Si/MoOx heterojunction 

solar cell by e-beam evaporation of MoO3 on Si. The influence of the Si doping level 

(ND), the use of PEDOT:PSS and ITO electrode, the incorporation of a water barrier 

layer on MoOx, and the native oxide passivation of the n-Si/MoOx interface on the 

photovoltaic performance of n-Si/MoOx heterojunction solar cell will be 

investigated.  
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Figure 5.4 : (a) Fabrication process of baseline n-Si/MoOx heterojunction solar cell 

and (b) optical image of n-Si/MoOx solar cell. 

 

Fig. 5.4 shows the fabrication process of baseline n-Si/MoOx heterojunction solar 

cell. The starting n-Si <100> CZ wafers with a thickness of 675 µm were cleaned 

with acetone, IPA, and DI water, before subsequently immersed in dilute HF 

solution to remove native oxide. Cathode layer based on Ti (20 nm)/Pd (20 nm)/Ag 

(200 nm) was evaporated on the back side with Edward EB3 e-beam evaporation 

machine. A 15 nm of MoOx layer was evaporated from stoichiometric MoO3 source 

using the same e-beam evaporation machine at a rate of 0.05 – 0.1 nm/s and a 

chamber pressure of 10-6 to 10-5 mbar. For the solar cells having ITO electrode, the 

samples were transferred through the air to a Denton RF sputtering machine to 

sputter 60 nm of ITO at a rate of 10 nm/min, using Argon at a flow rate of 50 sccm 

subjected to 100 W RF power. The samples were then annealed at 150OC in an N2 

atmosphere. For the characterization of the photovoltaic parameters, the samples 

were illuminated using San-EI solar simulator system with the AM1.5 reference 
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spectrum, calibrated with Si solar cell calibration standard. The dark I-V parameters 

were also measured using the same setup. The optical image of n-Si/MoOx solar 

cell is shown in Fig. 5.4(b). 

 

5.3.2 Si/MoOx solar cell with various Si substrate doping 

 

Figure 5.5 : Illuminated J-V curve of n-Si/MoOx/ITO solar cell with various n-Si 

substrate doping concentrations. 

 

Figure 5.5 shows the illuminated J-V characteristics of n-Si/MoOx based solar cells 

with ITO electrodes at various n-Si doping concentrations ND, and the photovoltaic 

parameters are summarized in Table 5.1. For ND = 1014 - 1016 /cm3 the short circuit 

current densities Jsc as shown in Table 5.1 are relatively high at 32.5-33.9 mA/cm2 

which is almost close to that of the planar device reported by Bullock et al. [54] at 

35 mA/cm2. As ND increases to 1017 /cm3, the Jsc decreases to 27.7 mA/cm2 due to 
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the lower carrier diffusion length in Si under higher doping concentration. It is found 

that Voc increases with ND from 0.518 to 0.554 V over the range ND = 1014 - 1016 

/cm3, which is typically attributed to reduced dark saturation current. At higher ND = 

1017 /cm3, Voc decreases to 0.503 V. On the other hand, the FF monotonically 

decreases from 57.5 to 49.9% with increasing ND, which is not expected since Voc 

increases with ND over the range of 1014 - 1016/cm3, and the bulk wafer series 

resistance is lower at higher doping concentration. The PCE is observed to be 

almost independent of doping at 10.1 to 10.2% for ND = 1014 - 1016 /cm3, and it drops 

to 6.9% at ND = 1017 /cm3. 

 

Table 5.1 : n-Si/MoOx/ITO solar cell device as a function of n-Si donor 

concentration. 

ND
 

(/cm3) 

Jsc
 

(mA/cm2) 

Voc   

(V) 

FF 

(%) 

PCE 

(%) 

1014 33.9 0.518 57.5 10.1 

1015 32.5 0.543 57.2 10.1 

1016 32.5 0.554 56.6 10.2 

1017 27.7 0.503 49.9 6.9 

 

 

We further investigate the dark ln([J]-V) as seen in Fig. 5.6. We found that at a low 

voltage bias, all devices reveal a significant ohmic component of shunt leakage as 

can be seen by the relatively symmetrical ln([J]-V) curve at a voltage range of -0.2 



117 
 

to 0.2 V. The dark current increases from ND = 1014 /cm3 to 1015 /cm3 especially at 

lower forward bias voltage range. The dark current for cells with ND of 1015 and 1016 

/cm3 is almost similar over the entire voltage range. At forward bias voltage greater 

than 0.5 V, all the dark current curves for ND = 1014 - 1016 /cm3 converge. For ND = 

1017 /cm3, the dark current is significantly larger than those at ND = 1016 /cm3, which 

is consistent with the observed drop in Voc. As previously shown, we found that the 

Voc increase with ND at ND = 1014 - 1016 /cm3. On the other hand, the dark current 

increase with ND at ND = 1014 - 1017 /cm3. Since the increase on Voc is not caused 

by the decrease in dark current, the device junction behaviour is not consistent as 

expected of a conventional p-n junction solar cell. For a p-n junction solar cell, we 

expect that the Voc increase with ND due to reduced dark current. Further 

characterization work is needed to understand the junction behaviour of n-Si/MoOx 

solar cell. We also found an increased component of ohmic shunt leakage with 

increased ND, which is also correlated with the reduced FF when ND increases from 

1014 to 1017 /cm3.  
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Figure 5.6 : Effect of ND on the dark J-V curve of n-Si/MoOx based solar cell. 

 

 

5.3.3 Si/MoOx solar cell with PEDOT:PSS electrode 

 

In this section, we study the use of PEDOT:PSS instead of ITO as an electrode for 

Si/MoOx solar cell. PEDOT:PSS has a work function of ≈ 5.2 eV, which is higher 

than ITO of ≈ 4.8 eV [176]. The higher work function of PEDOT:PSS may induce 

favorable electronic level alignment with MoOx which also has a relatively high work 

function of ≈ 5.3 - 6.8 eV [174, 175]. This may allow us to realize higher open circuit 

voltage Voc and FF. Besides, PEDOT:PSS is easier to deposit as compared to 

sputtered ITO, which thus leads to a simpler fabrication process.  
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Figure 5.7 : Fabrication process of Si/MoOx heterojunction solar cell with 

PEDOT:PSS as an electrode. (a) Direct contact between MoOx and PEDOT:PSS 

and (b) thin evaporated ITO layer incorporated between MoOx and PEDOT:PSS. 

 

Figure 5.7 shows the fabrication process of Si/MoOx heterojunction solar cell with 

PEDOT:PSS as an electrode. Cathode/n-type Si/MoOx structure was fabricated as 

previously described in Fig. 5.4. To minimize adsorption of water on MoOx arising 

from the PEDOT:PSS coating process, we also fabricated such solar cell with a 5 

nm thin layer of evaporated ITO as shown in Fig. 5.7(b) to serve as a water barrier 

between MoOx and PEDOT:PSS. We choose ITO as a water barrier layer since it 

is known to make good electrical contact with PEDOT:PSS [176] and is water 

resistant [177]. Note that the evaporation process, instead of sputtering process, is 

used so that the ITO can be evaporated as a water barrier directly after MoOx 

evaporation in the same vacuum without exposure to air. The solar cells with the 
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thin ITO layer were subsequently annealed in two different conditions at 150 °C for 

10 min (i) in N2 ambient and (ii) under UV illumination in ozone ambient (UV-ozone 

treatment). After the treatment, PEDOT:PSS water based solution with 5 wt% 

DMSO and 1 wt% Triton X-100 was spin coated on top of the thin ITO layer, 

followed by 10 min annealing at 105 °C on a hotplate to dry the PEDOT:PSS layer. 

Anodic finger grid was evaporated on top of the PEDOT:PSS layer as the top 

contact to form both Si/MoOx/PEDOT:PSS and Si/MoOx/ITO/PEDOT:PSS solar 

cells as shown in Fig. 5.7.  

 

Figure 5.8 : Illuminated J-V curves of n-Si/MoOx/PEDOT:PSS solar cell and n-

Si/MoOx/ITO/PEDOT:PSS solar cells with different treatment conditions. 

 

Figure 5.8 shows illuminated the J-V curves of n-Si/MoOx/PEDOT:PSS solar cell 

and n-Si/MoOx/ITO/PEDOT:PSS solar cell annealed under N2 and UV illumination 

and ozone ambient. The solar cell without the ITO barrier layer exhibits triangular-



121 
 

like J-V characteristic, indicating a weak rectifying property. In contrast, the solar 

cell with ITO barrier layer reveals more rectangle-like shaped J-V characteristic that 

is more typical of a good solar cell. As compared to the cell annealed in N2 ambient, 

the cell treated with UV-ozone exhibits J-V curve that is closer to ideal photovoltaic 

response, with a small slope at V = 0 and an almost vertical J-V curve near Voc. 

Table 5.2 shows the photovoltaic parameters of the n-Si/MoOx/PEDOT:PSS solar 

cells with various conditions of the barrier layer. It is seen that the FF increases 

from 28.6 to 50.7% and Voc increases from 0.505 to 0.579 V with the introduction 

of the thin ITO water barrier layer annealed in a nitrogen ambient. Water adsorption 

significantly reduces the work function of MoOx [175], which in turn compromises 

the rectifying property of the n-Si/MoOx junction. This is believed to be the cause of 

the lower Voc, and FF observed for the n-Si/MoOx/PEDOT:PSS solar cell without 

the thin ITO water barrier layer. Hence, the higher Voc for a device with the barrier 

layer may have been caused by the preservation of MoOx work function which is 

crucial for the electron blocking properties of n-Si/MoOx junction. When the ITO 

layer was subjected to UV-ozone treatment, the FF and Voc are further improved to 

67.3% and 0.592 V respectively. This is attributed to the fact that UV-ozone 

treatment improves the wettability of ITO [177], which will result in a more uniform 

and better contact formed between the ITO layer and the PEDOT:PSS layer. This 

will lower the series resistance of the solar cell and result in a higher FF. We also 

noted that Jsc is observed to increase from 25.1 mA/cm2 to 27.0 mA/cm2 when the 

barrier layer is introduced, and further enhanced to 28.4 mA/cm2 when the UV-

ozone treatment is applied. The improvement in the photovoltaic parameters has 
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resulted in a high PCE of 11.3% achieved for the cell incorporated with thin ITO 

water barrier layer treated with UV-ozone.  

 

Table 5.2 : Photovoltaic parameters of n-Si/MoOx/PEDOT:PSS solar cell and n-

Si/MoOx/ITO/PEDOT:PSS solar cells with different treatment conditions. 

 

Photovoltaic Parameters 

Sample 

Jsc 

(mA/cm2) 

Voc   

(V) 

FF    

(%) 

PCE   

(%) 

Without ITO 25.1 0.505 28.6 3.6 

With thin ITO 

annealed in N2 27.0 0.579 50.7 7.9 

With thin ITO 

annealed in UV-

ozone 28.4 0.592 67.3 11.3 

 

Figure 5.9 shows the dark J-V characteristics of n-Si/MoOx/PEDOT:PSS solar cell 

and n-Si/MoOx/ITO/PEDOT:PSS solar cells with different treatment conditions. In 

general, they present a consistent picture of reduced dark saturation current with 

the introduction of the thin ITO layer with the UV-ozone treatment, which in turn 

leads to an increase in Voc. We believe that the major cause of high saturation 

current for the solar cell without the water barrier layer is excessive water moisture 

adsorbance that is caused by the PEDOT:PSS deposition process. The 

introduction of the thin ITO layer as water barrier avoids water-induced defects 
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[175] and preserves the MoOx work function, resulting in the n-

Si/MoOx/PEDOT:PSS solar cell with relatively high Voc of 0.579 V. Besides 

increasing the wettability of PEDOT:PSS on ITO [177], the use of UV-ozone 

treatment may also increase the ITO work function [178], which helps provide a 

favorable band alignment with MoOx, and in turn increase the Schottky barrier 

height and open circuit voltage of the solar cell.   

 

 

Figure 5.9 : Dark J-V curves of n-Si/MoOx/PEDOT:PSS solar cell and n-

Si/MoOx/ITO/PEDOT:PSS solar cells with different treatment conditions. 

 

5.3.4 Si/MoOx solar cell with ITO electrode 

 

Our earlier study of n-Si/MoOx/ITO solar cell with ITO electrode may suffer from 

water adsorption problem since the samples were exposed to air when they were 

transferred from the evaporation chamber after the growth of MoOx to the sputtering 

chamber for the deposition of ITO. Note that although the same evaporation 
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chamber can be used to evaporate ITO as the electrode for the solar cell 

immediately after the evaporation of MoOx, however, this was not done as the 

evaporated ITO has much poorer quality than the sputtered ITO. From the result 

obtained for the n-Si/MoOx/PEDOT:PSS solar cell with PEDOT:PSS electrode that 

reveals the importance of the thin ITO barrier layer, it suggests that we can similarly 

introduce a thin layer of evaporated ITO to serve as a water barrier layer for the n-

Si/MoOx/ITO solar cell, before the cells are transferred to the sputtering machine 

for ITO electrode deposition. Comparing the n-Si/MoOx solar cells with 

PEDOT:PSS and ITO electrodes, it should be noted that the former suffers from 

parasitic absorption in PEDOT:PSS, and hence using ITO electrode may potentially 

improve its performance. Therefore, in this section, we investigate n-Si/MoOx/ITO 

solar cell incorporated with a thin water barrier layer of evaporated ITO on top of 

the MoOx. For comparison purpose, we studied two different cell structures, one 

without thin ITO barrier layer as shown in Fig. 5.10(a), and the other one with an 

ITO barrier layer incorporated as shown in Fig. 5.10(b). The barrier layer was based 

on 5 nm evaporated thin ITO layer, which was deposited immediately in a vacuum 

after the evaporation of MoOx. The layer was kept thin in order to minimize its 

impact on the overall transparency and conductivity of the solar cell.   

 

For the fabrication process, Si substrates were cleaned in acetone, IPA and DI 

water in an ultrasonic bath, followed by a dip in 5% HF solution to remove native 

oxide. Ti (20 nm)/Pd (20 nm)/Ag (200 nm) layer was evaporated on the back side 

as a cathode in an Edward EB3 e-beam evaporation machine in 10-5-10-6 mbar 
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range. MoOx layer was evaporated on the top side using the same machine at a 

rate of 0.05 – 0.1 nm/s in 10-5-10-6 mbar range. For the device with the barrier layer, 

a thin (5 nm) ITO layer was evaporated directly on top of MoOx layer in the same 

vacuum. The samples were transferred through ambient air to a Denton RF 

sputtering machine. A 60 nm thick ITO layer was sputtered at a rate of 10 nm/min, 

using Argon at a flow rate of 50 sccm subjected to 100 W RF power. The entire 

samples were then annealed at 150 °C in N2 ambient for 10 min before evaporated 

with Ag grid as the anode.  

 

 

Figure : 5.10 n-Si/MoOx/ITO solar cell structures (a) without barrier layer and (b) 

with evaporated thin ITO (5 nm) as a barrier layer. The structures shown are not 

to scale, and the MoOx and ITO layer thicknesses have been exaggerated. 
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Figure 5.11(a) shows the illuminated J-V curves of the solar cells fabricated with 

and without ITO barrier layer, and Table 5.3 summarizes the photovoltaic 

parameters of the cells. The n-Si/MoOx/ITO solar cell without the barrier layer has 

a Voc of 0.554 V, which is much less than those of the n-Si/MoOx/PEDOT:PSS cells 

studied in the previous section, with Voc of 0.579 and 0.592 V for the cells annealed 

in N2 and UV-ozone respectively. In contrast, n-Si/MoOx/ITO solar cell with the 

barrier layer can achieve a Voc of 0.591 V. The improvement in the Voc of the n-

Si/MoOx/ITO solar cells cannot be explained in terms of Jsc since the one without 

barrier layer has slightly higher Jsc = 34.3 mA/cm2 as compared to the one with the 

barrier layer having Jsc = 32.1 mA/cm2. From Fig. 5.11(b) which plots the dark J-V 

curves of the n-Si/MoOx/ITO solar cells fabricated with or without thin ITO barrier 

layer, it is observed that for applied voltage greater than 0.5 V, the dark current of 

the cell with the barrier layer is lower, which is consistent with the improvement in 

Voc seen.  
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                 (a) 

 

       (b) 

 

Figure : 5.11 (a) Illuminated J-V curves and (b) dark J-V curves of n-Si/MoOx/ITO 

solar cells fabricated with or without thin ITO barrier layer. 
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Table 5.3 : Photovoltaic parameters for n-Si/MoOx/ITO solar cell with or without 

thin ITO barrier layer. 

 

 

without  

barrier layer 

with thin (5 nm) ITO 

as a barrier layer 

Jsc (mA/cm2) 34.3 32.1 

Voc (V) 0.554 0.591 

FF (%) 60.9 56.3 

PCE (%) 11.6 10.7 

 

We know from the literature [174, 175] that exposure to water moisture in the air 

reduces the MoOx work function, which is an important parameter that controls the 

energy level alignment and effectiveness of electron blocking on n-Si. From our 

previous experiments in section 5.3.2, we found that a 5 nm thin layer of ITO can 

protect MoOx against water based PEDOT:PSS solution. The n-Si/MoOx/ITO solar 

cell with a barrier layer is believed to have similarly protected the surface of the as-

deposited MoOx and result in the higher Voc observed. The concept of preservation 

of as-deposited MoOx with a barrier layer has been previously demonstrated [179], 

with the use of copper phthalocyanine and C60 as a barrier layer with a thickness 

down to two monolayers. In our case, the thin ITO is used as a barrier layer for 

convenience since it can be evaporated directly after MoOx evaporation.  
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Interestingly, we noted from Table 5.3 that the FF of the n-Si/MoOx/ITO solar cell 

without barrier layer is slightly higher at 60.9% as compared to the one with the 

barrier layer of 56.3%, despite its lower Voc. It can be observed from Fig. 5.11(b) 

that for applied voltage less than 0.5 V, there is an increased shunt current 

component which is correlated with the lower FF. The increased shunt leakage is 

suspected to be due to penetration of evaporated ITO into pinholes in the MoOx 

layer, which facilitates direct conduction between the n-Si and the sputtered ITO, 

bypassing the MoOx. Further morphology characterization is needed to verify this 

assertion. In summary, although we found that the n-Si/MoOx/ITO solar cell with 

the thin ITO barrier layer can achieve a high Voc of 0.591 V, however, its PCE is 

still lower at 10.7% as compared to the cell without the barrier layer of 11.6%, owing 

to its lower Jsc and FF. 

 

5.3.5 Influence of interfacial Si native oxide on Si/MoOx solar cell 

 

Figure 5.12 : n-Si/MoOx/ITO solar cell (a) without a native oxide and (b) with a thin 

layer of Si native oxide. 
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A thin Si native oxide layer has been shown to play a critical role in enhancing the 

performance of Si/PEDOT:PSS hybrid heterojunction solar cell [103, 180]. This is 

attributed to better surface passivation and enhanced surface dipole effect. In this 

section, we study the effect of having a thin Si native oxide on the performance of 

the n-Si/MoOx/ITO solar cell, whose structure is shown in Fig 5.12(b). It is believed 

that the native oxide may similarly improve the surface passivation and enhance 

the surface dipole to increase the Schottky barrier height developed between Si 

and MoOx.   

 

After the back contact deposition within the e-beam evaporation chamber, a 

reference solar cell is taken out and immediately prepared and put inside the 

evaporation chamber again for MoOx deposition. This process will result in a direct 

contact between the n-Si and MoOx layers as seen in Fig. 5.12(a). Whereas for the 

cell introduced with a native oxide, the Si surface was deliberately exposed to 

ambient air for 2 h after HF etching, before being put inside the evaporation 

chamber again for MoOx deposition. This process will result in a thin native oxide 

interface layer with the thickness of about 1.8 nm [102] formed between n-Si and 

MoOx film.  
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                  (a) 

 

                   (b) 

 

Figure 5.13 : (a) Illuminated and (b) dark J-V curves of n-Si/MoOx/ITO solar cell 

with and without native oxide at the n-Si/MoOx interface. 

 

Figure 5.13(a) shows the illuminated J-V curves of n-Si/MoOx/ITO solar cells with 

and without native oxide at the n-Si/MoOx interface, while their photovoltaic 

parameters are shown in Table 5.4. We found that the cell with native oxide has 

higher FF of 58.9% as compared to 56.3% for the cell without native oxide, as seen 

in Table 5.4. The increased FF is correlated to the reduced ohmic leakage current 

for bias voltage less than 0.52 V, as seen in the dark J-V curves shown in Fig. 
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5.13(b). The reduced ohmic leakage current is attributed to the presence of the thin 

native oxide. We found that the Voc is essentially similar for the solar cells with and 

without the native oxide layer, which is consistent with the relatively similar 

magnitude of dark current of the solar cells with and without the native oxide layer, 

around the bias voltage range of 0.55 – 0.65 V. It is possible that the Schottky 

barrier height for the solar cell without the native oxide is already sufficiently high 

to block electrons, and hence the additional native oxide provides only marginal 

improvement in the blocking effect. The Jsc of the solar cells is relatively similar at 

32.1 - 32.5 mA/cm2, which is not unexpected since the native oxide is relatively thin 

at 1-2 nm [102].  Overall, it is noted that arising mainly from the improvement in the 

FF, the cell with a thin native oxide can reach 11.4% efficiency, which is much 

improved as compared to the cell without the native oxide layer of 10.7%.  

 

Table 5.4 : Photovoltaic parameters of n-Si/MoOx/ITO solar cell with and without 

native oxide at the n-Si/MoOx interface. 

 

 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

without native oxide 32.1 0.591 56.3 10.7 

with native oxide 32.5 0.595 58.9 11.4 
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5.4 Conclusion 

 

In conclusion, we have fabricated and optimized Si/transition metal oxide (Si-TMO) 

heterojunction solar cell based on planar n-Si substrate and molybdenum oxide 

(MoOx). We studied the influence of Si substrate doping concentration (ND) on n-

Si/MoOx solar cell and found that over the range ND = 1014 - 1016 /cm3, the Voc 

increases with ND from 0.518 V to 0.554 V. The Voc decreases to 0.503 V at ND = 

1017/cm3, which is related to the increased ohmic shunt leakage current component. 

On the other hand, the Jsc decreases with increasing ND due to the reduced 

diffusion length in Si. The FF also decreases with ND, which is related to the 

increased ohmic shunt current leakage that is observed under low forward bias in 

the dark J-V curve. These mechanisms render the efficiency almost independent 

of doping at 10.1 to 10.2 % for ND = 1014 - 1016/cm3, which then drops to 6.9% at 

higher ND = 1017 /cm3. It is found that using an evaporated 5 nm thin ITO layer on 

top of MoOx as a water barrier, n-Si/MoOx solar cell with PEDOT:PSS electrode 

can achieve Voc = 0.592 V, FF = 67.3% and PCE = 11.3%. Subsequently, we 

studied n-Si/MoOx solar cell with sputtered ITO electrode with or without thin 

evaporated ITO as a barrier layer. We found that the highest PCE = 11.6% and Jsc 

= 34.3 mA/cm2 are observed for the solar cell without the barrier layer. Although 

the solar cell with the barrier layer yields Voc = 0.591 V, which is significantly higher 

than Voc = 0.554 V for those without the barrier, however, it has lower PCE = 10.7% 

due to its lower Jsc and FF. A further introduction of native oxide at the n-Si/MoOx 

interface can improve the FF of the device with the barrier layer, and enhance the 

efficiency to 11.4%.  
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Chapter 6. Simulation of PV-Tower solar cell for high power over 

small footprint application 

 

In this chapter, we propose and present the concept of a novel solar cell design 

that can deliver high power over small footprint. It is named as PV-Tower solar cell, 

and it is ideal for solar energy harnessing for powering sensors and circuit in the 

internet of things (IoT) application. In our study, a full simulation of the operation 

and characteristics of the PV-Tower solar cell will be carried out to demonstrate its 

feasibility. To begin with, the motivation behind developing a solar cell for high 

power over small footprint application will be explained in relation to proliferation of 

energy autonomous Internet-of-Things Smart Node (IoT-SN). Subsequently, we 

will explain how PV-Tower solar cell satisfies the requirement for this application 

and how it can be produced using industrially viable processes. Finally, we will 

present and analyze the simulation results obtained for the device to demonstrate 

its excellent performance in terms of power delivery per unit foot print area.  

 

6.1 Introduction and motivation 

 

Currently, there is a growing interest on Internet of Things (IoT) where small and 

intelligent wireless sensors are deployed throughout the environment, forming a 

network for the collection and exchange of information. This enables large-scale 

real-time monitoring in areas such as smart building, traffic management, 

environmental monitoring, personal health care, etc [56, 114-119]. It is estimated 
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that in the near future, billions of physical objects will be connected using wireless 

IoT Smart Nodes (IoT-SN), allowing enhanced data collection and interactive 

control of the physical world around us [117]. IoT smart node (IoT-SN) is a self-

contained device which can collect data from its surrounding and send the 

information remotely to a data collecting unit. Typically several IoT-SNs will be 

employed to form data collection networks that are connected to the internet. A key 

challenge in IoT-SN is the provision of energy for sensing, electronics, and 

communication. It is imperative that IoT-SN are energy autonomous, that is, able 

to harvest environmental energy [55-58] and store in supercapacitors/batteries to 

power its operation [181, 182]. This will eliminate the need for battery replacement 

and allow IoT-SN to be installed in “deploy and forget” mode [57]. Among the 

environmental energies available, harvesting of light energy using photovoltaic 

(PV) is the most promising [120], as it is one of the most efficient approaches and 

light energy is widely available in both outdoor and indoor environments [59, 60, 

120, 121].  

 

Typical IoT-SN has footprint of tens of square centimeters [56, 61, 116, 120, 122, 

181, 183, 184]. It is desirable to reduce the size as much as possible, down to 

several square centimeters or even square millimeters range [55, 59-62], to realize 

less intrusive sensors with lower power consumption. For example, a state-of-the-

art IoT-SN has a sensor node with dimensions of 0.5×1.5×2 mm3, designed to be 

safely inserted into human eyes to monitor intraocular pressure on glaucoma 

patient [185]. It incorporates a 0.07 mm2 solar cell to harvest light energy entering 
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the eyes, even under low light intensity condition. The trend towards miniaturization 

of IoT-SN will lead to less area for solar cells and consequently insufficient energy 

harvested to power the IoT-SN. Indeed, IoT-SN often needs solar cell with a 

footprint comparable or larger than the rest of the circuit [56, 59, 122].  

 

The energy constraint can be alleviated to a certain extent by reducing and 

managing the energy requirement of IoT-SN [63-66], such as lowering the regularity 

of sensing and communication. This, however, compromises the availability of 

timely information. It can also be addressed by having more compact integration of 

PV to IoT-SN. A common approach is to use multiple layer PCB or substrate 

system, where most of the electronics are placed on the lower layer, while the solar 

cell on the top most layer [59]. This maximizes the area available for the solar cell, 

but increases the volumetric footprint, and may hinder the operation of sensors 

underneath the solar cell. Another approach is to use solar cells based on materials 

such as III-V semiconductors [60], or a-Si [58, 67], instead of conventional 

crystalline Si. These materials have energy bandgaps suitable for indoor visible 

light and offer better absorption than Si, and hence can more efficiently absorb 

commonly used artificial indoor light sources, e.g. fluorescence or LED lamp. 

However, III-V semiconductors are costly, while a-Si is inefficient in capturing 

outdoor sunlight compared to Si. All the above issues constraining PV energy 

harvesting in IoT-SN can be resolved if there is a way to drastically improve the 

output power per unit footprint of the solar cell. Indeed, the availability of powerful 
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and small footprint solar cell that can fit into mm [55] or cm [57] scale IoT-SN circuit 

will be critical in enabling the mass deployment of energy autonomous IoT-SN.     

 

Conventional Si solar cell has its metallurgical junction (the plane between n-doped 

and p-doped regions of the solar cell) aligned parallel to its base plane, as seen in 

Fig. 6.1(a). As incident light from the top is mostly absorbed just over tens of 

micrometers thickness [186], the height of the solar cell is usually kept to a 

minimum to lower the material cost. In practice, Si substrate thickness of the order 

of  100 to 200 m is adopted for robust mechanical handling in the PV industry, 

and the trend is towards using even thinner Si wafers for cost saving. Given the 

typically much larger surface dimensions compared to its height, therefore 

conventional solar cell is essentially a two-dimensional planar device. The surface 

available for light absorption is defined by the top surface area, which is also its 

footprint of dimensions a × b (see Fig. 6.1(a)). To increase the output power will 

inevitably require an increase in its footprint, which is undesirable for the IoT-SN 

application.  
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6.2 PV-Tower cell concept 

 

6.2.1. Merit of PV-Tower compared to conventional solar cell 

 

Figure 6.1 : Schematic of (a) conventional planar solar cell and (b) PV-Tower cell. 

 

In this project, we propose a novel PV-Tower solar cell that offers a huge surface 

area for light absorption, and yet occupies only a small footprint. As shown in Fig. 

6.1(b), the PV-Tower has a tower structure with the metallurgical junction aligned 

perpendicular to the base plane. It has a simple n+-p-p+ (or n+-n-p+) front-back 

structure with metallization on two opposite sidewalls. Its footprint is x × y, where 

the length x is of the order of diffusion length (100 - 200 m), to ensure that the 

carriers can be separated to generate photocurrent before recombination. The 

novelty of PV-Tower lies in the fact that its height z can be significantly increased 
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to boost the surface area available for light absorption without enlarging its footprint, 

in contrast to the conventional planar solar cell. Indeed the height z can increase 

to that of IoT-SN circuit packaging typically in mm or cm scale, to drastically boost 

optical absorption and power generation.  

 

Therefore, the PV-Tower is a three-dimensional device with a high aspect ratio, 

and it can harvest light energy not only from the top surface but more importantly 

from the four sidewalls that offer huge surface area. As an illustration, assuming 

the same footprint for both conventional and PV-Tower solar cells (a × b = x × y) 

and x = 100 m, the surface area available for light absorption for PV-Tower is > 

50 times that of conventional planar cell if z = 2.5 mm, and > 500 times if z = 2.5 

cm. This signifies a huge improvement in the power that can be generated over the 

same footprint.  

 

Conversely, for the same output power, the footprint of the PV-Tower can be 

several hundred times smaller as compared to a planar solar cell. This thus allows 

a very compact integration with miniaturized ultra-small IoT-SN. It should be 

highlighted that the excellent mechanical properties of crystalline Si [187-189], with 

Young’s modulus of 130 GPa, allows such Si towers with high aspect ratio (>100) 

to be realized without self-buckling [190]. They are therefore practical and 

achievable. 
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Our proposed PV-Tower solar cell offers a number of advantages as compared to 

conventional planar solar cells for energy harvesting in IoT-SN: 

1. It drastically increases the amount of light energy that can be harvested over 

a given footprint and thus can serve as a compact, efficient and high power 

source. For the same output power, it will occupy a drastically reduced 

footprint as compared to planar cells and is thus ideal for IoT-SN application. 

2. As it has multiple surfaces facing different directions, it can effectively 

harvest diffuse light that is dominant in indoor environments where many 

IoT-SN will be deployed [59]. This is in contrast to planar cells that are 

designed to capture directional light, which is thus not as efficient under 

indoor environments. 

3. It has a large surface area to volume ratio, implying a large output power 

with minimal semiconductor material usage, leading to the more cost-

effective device. 

4. As each PV-Tower is modular, they can be readily configured and 

customized as an array or distributed across the IoT-SN to meet its power 

requirement. For example, several PV towers can be connected in series to 

deliver a specific output voltage, or in parallel to boost the overall power 

supply. Such PV Tower power supply module can be integrated with IoT-SN 

in a “plug-and-play” manner with great flexibility.  

5. Due to its modularity, it is also possible to integrate PV Towers fabricated 

using different semiconductor materials to offer the best absorption 

characteristics for a given lighting environment. 
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6. It can be encapsulated by low cost transparent plastic lenses (e.g. 

rectangular lenses) to focus light onto the PV-Tower and further enhance 

absorption over a small footprint. Such encapsulation also serves to 

strengthen the mechanical robustness of the PV-Tower solar cell.  

 

Therefore the proposed PV-Tower solar cell is compact and efficient, and can 

effectively harvest diffuse light to power energy autonomous IoT-SN in IoT network. 

Very importantly, as will be illustrated, it can be fabricated on a large scale and at 

low cost, using processes compatible with existing Si PV technology.  

 

Previously, Verlinden et al. [123] developed the Sliver® cell concept where the solar 

cell is cut into strips, positioned horizontally and connected in a huge array. This 

allows light to be intercepted from the top and bottom surfaces, doubling the 

absorption area over the same footprint. A 3D solar cell concept with a large 

number of tower structures packed in high density over a large area has also been 

proposed by Ready et al. [124, 125]. The idea is to use the closely spaced towers 

for light trapping to improve the overall optical absorption as seen in Fig 6.2(a). The 

height of the individual tower proposed is 100 m, which is slightly larger than the 

base dimensions of 40 m  40 m and this resulted in an increase in absorption 

by three times [124] despite increased geometric surface area of 11. This is due to 

the fact that the increased geometric surface area increased the chance to capture 

secondary light reflected from other towers instead of primary light from the 

environment. This in contrast to the PV-Tower concept which aims to increase the 
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surface area to collect primary light, which is directly proportional to its height as 

seen in Fig. 6.2(b). 

 

Figure 6.2 : Distinction between (a) light trapping concept based on arrays 

structure and (b) direct increase of active surface area by PV-Tower.  

 

Bernardi et al. [128] demonstrated a stacking of conventional PV modules in a 

three-dimensional structure to increase the surface area for absorption over a given 

footprint. However, the use of conventional PV modules in this arrangement wastes 

a significant amount of costly semiconductor material [128] and is too complicated 

to replicate in a smaller scale appropriate for miniaturized IoT-SN. The above 

concepts reported are different from our proposed PV-Tower cell in several 

aspects: (i) Our PV-Tower cell is positioned vertically and has heights up to 

centimetre range, resulting in an increase in absorption area by several hundred 

times compared to a planar cell with the same footprint. Note that such centimetre 
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scale height solar cell with very high aspect ratio has not been attempted before; 

(ii) our PV-Tower cell is designed to operate individually or in a small number in 

series/parallel connection, which is in contrast to the above reports that are mostly 

based on an array of a huge number of closely spaced structures that suffer from 

shadowing effect; (iii) our PV-Tower is compact, efficient, and occupies only a small 

footprint that is ideal for powering IoT-SN, in contrast to the other works that are 

designed for large area based solar cells and (iv) the design of PV-Tower as an 

individual solar cell allows large active surface area per given semiconductor 

volume, resulting in an efficient use of the material. 

 

6.2.2. Industrially Viable Fabrication Process for PV-Tower 

 

 

Figure 6.3 : (a) conventional Si wafer solar cell with patterned electrodes on both 

surfaces and cut along the blue dotted lines to form PV-Towers, (b) Individual 

vertically aligned PV-Tower solar cell and (c) Multiple PV-Tower solar cells 

connected in series on a rigid insulating substrate (not to scale). 
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C-Si based PV-Tower with a rectangular cross-section, and a front-back n+-p-p+ 

(or n+-n-p+) junction structure can be fabricated using processes compatible with 

existing Si PV technology, as described in Fig. 6.3(a). The proposed process 

begins with the fabrication of conventional n+-p-p+ junction solar cell on a large 

area double-side polished Si wafer using conventional diffusion process. An anti-

reflective coating (ARC) and parallel metal grids can be deposited on both sides of 

the wafer. The wafer can be pasted on a flexible dicing sheet and coated with a 

temporary protective layer on top. It will be cut along a direction parallel to and in 

between the metal grids using either diamond cutter, laser ablation or selective wet 

chemical etching to form separate PV-Tower cells, which are held together after 

the cutting by the dicing sheet. The sidewall surfaces of the PV-Towers can be 

passivated by dry or wet chemical processes to minimize surface recombination. 

Apart from ARC, we can study fabricating Si nanostructures on the sidewalls to 

minimize reflection. Finally, the dicing sheet and the top protective layer can be 

removed to obtain individual PV-Towers. For the electrodes on the two sides, 

besides metal grids, the use of transparent conductors such as ITO, FTO can be 

considered. Based on the above proposed process, Si Towers with cross-sectional 

dimensions of x  100 - 200 m, y ranging from several hundred micrometers to 

millimeters, and z reaching up to several centimeters can be fabricated. Individual 

PV-Tower cell can be mounted vertically and positioned on an insulating substrate 

using prefabricated grooves or epoxy glue for PV testing, as shown in Fig. 6.3(b).  
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The majority of the processes involved in the fabrication of PV-Towers are 

compatible with those used in the industry fabrication of Si wafer solar cells. There 

are challenges faced that include achieving well-passivated high quality sidewalls 

and ensuring the mechanical robustness of the high aspect ratio PV-Tower and its 

secured vertical positioning on an insulating substrate. Apart from the Si PV-Tower 

with a rectangular cross-section and front-back junction structure, other PV 

materials (e.g. a-Si) with different cross-section shapes, doping profiles and 

fabrication methods (e.g. PECVD) can be explored to leverage on the advantages 

offered by the different absorption characteristics and fabrication processes. 

 

Multiple PV-Tower cells will be connected in series and/or parallel by metal strips 

running on the substrate, as shown in Fig. 6.3(c), to form compact modular PV 

Tower power supply that can be configured to achieve specific voltage or power 

requirements. Two output terminals will be formed to facilitate connection to IoT-

SN. Note that it is not desirable to have too many PV Towers in the power supply 

due to the concern of shadowing that will lower the overall power output. Just 

several PV Towers are generally needed to meet the output voltage requirement, 

while the current requirements can be met by having wider (i.e. larger y) or taller 

PV Towers. We will study protecting the entire power supply by transparent plastic 

encapsulation that also serves to focus light onto the PV Tower solar cells and 

enhance light absorption and power generation. 
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6.3 PV-Tower cell performance 

 

We will present PV-Tower cell performance based on numerical device simulation. 

Firstly, the active surface area per footprint, offered by PV-Tower cell concept will 

be illustrated. We will then perform numerical device simulation for the Si-based 

PV-Tower cell to illustrate its response to illumination, in particular at different 

incident angular directions. The effect of PV-Tower height to resistance losses will 

also be estimated based on the grid geometry.  

 

6.3.1 Active surface area per footprint 

 

Figure 6.4 : Area improvement factor (IFarea) for PV-Tower solar cells with a 

square cross-section and with various tower heights. 
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One important figure of merit for PV-Tower is the area improvement factor (IFarea) 

which is defined as the ratio of the active surface area compared to its footprint. 

Referring to Fig. 6.1(b), the active surface comprises the four sides of the tower 

with an area of 2  (x  z + y  z), plus its top surface with an area of (x  y), whereas 

the footprint is just equal to the top surface area. Figure 6.4 shows the IFarea as a 

function of a PV-Tower having a square cross section (x = y) and with various tower 

heights z. The square cross section is chosen for simplicity, although rectangular 

cross section PV-Tower can also be used. We can see in general that PV-Tower 

with smaller cross section will have better IFarea as compared to those with the 

larger cross section since the side wall area will contribute substantially to the total 

area when the footprint area is small. It is also observed that IFarea increases with 

the tower height z, which is expected as the side wall area will be larger for a higher 

tower. As an illustration, considering PV-Towers with a square cross section of side 

x = y = 200 µm, it can yield IFarea of ≈ 20 and 500 for height z of 1 mm and 2.5 cm 

height respectively. An even higher IFarea of 1000 can be achieved for the PV-Tower 

with 2.5 cm height by decreasing the side x and y to 100 µm. Therefore, we see 

from the results that the PV-Tower solar cell allows the active area for absorption 

to be significantly increased relative to the footprint by up to two or three orders of 

magnitude. It should also be noted, however, that the area improvement factor 

IFarea may not necessarily equate to power improvement factor (IFpower), defined as 

the ratio of the power generated by the PV-Tower relative to that generated by a 

solar cell with an active area that is equal to its footprint. It is expected that IFpower 

will approach IFarea under diffuse lighting condition when the four sides of the tower 
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are illuminated. Another important aspect to consider is the series resistance losses 

from the finger grid, which stretches along the height of the tower as seen in Fig. 

6.1(a), and increases with the tower height. This will limit the IFpower that could be 

achieved for the taller PV-Tower solar cell.  

 

An important figure of merit for the design of PV-Tower solar cell is the ratio 

between the IFpower and IFarea, and hence it is important to study the effects that 

may lead to a discrepancy between them. In the following sections, we study the 

discrepancy which is caused by carrier collection response to light from different 

directions by using the 2D numerical device simulation software, Silvaco ATLASTM.  

Subsequently, we will present the difference in IFpower and IFarea due to the 

increased series resistance losses with height scaling using analytical equation.   

 

6.3.2 Si-based PV-Tower cell response with light incident from different 

directions 

 

In order to study the influence of carrier collection with light incident from various 

directions, we simulate its response as a function of the incident angle. Since the 

PV-Tower has a height that is far larger than its cross sectional dimension, and as 

the side wall constitutes a significant fraction of the total area, we study its response 

using the cylindrical coordinate with the axis centered at the axis of the PV-Tower, 

as shown in Fig. 6.5. The PV-Tower is mounted on a rotating axis, which is 
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subjected to directional light. This will allow us to investigate the PV response of 

the PV-Tower solar cell with light incident from different directions onto the sidewall. 

 

 

Figure 6.5 : Study of PV-Tower cell response to light with different incident 

directions. 

 

The top view of the setup is also shown in Fig. 6.6, where the incident angle  is 

defined. The PV-Tower has an n+-p-p+ structure, and the p-type wafer is designed 

with a doping concentration NA = 1016 /cm3 since this is more commonly used in the 

conventional solar cell industry. The conventional solar cell is simulated in order to 

design for the practical industrial application. We set a bulk lifetime of 300 µs which 

is considered realistic to model typical c-Si wafer used in a commercial setting. The 

200 µm x 200 µm cross section is chosen since solar cell can typically be processed 

with a wafer thickness of 200 µm and yet with acceptable mechanical robustness. 

The n+ Si emitter is set to the thickness of 500 nm and doping concentration of ND 

= 1019 /cm3, while the p+ Si surface field is chosen with the same thickness of 500 

nm and doping concentration NA = 1019/cm3. For simplicity, the doping profiles are 

set to be uniform in all the layers. The 2D simulation was carried out using Silvaco 



150 
 

ATLASTM software for a PV-Tower with a height of 1 µm along the direction of PV-

Tower axis. The response of the tower structure is proportional to its height. 

Therefore, an arbitrary height of 1 µm was used to simulate the structure. For tower 

cell with different heights, the response can be scaled accordingly.  

 

 

Figure 6.6 : Top view of PV-Tower with 200 µm x 200 µm cross section and 

definition of the angular direction. 
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Figure 6.7 : Photogeneration profiles for the light with different incident angles.  

 

Figure 6.7 shows the photogeneration profiles for the light incident from different 

directions. At θ = 0 and 180o, we observe intense photogeneration close to the 

emitter and surface field layer, respectively. Notice that the distinct lines seen in 

the results are due to grid shadowing. For the incident light with θ = 90o, the intense 

photogeneration region occurs at the sidewall of the PV-Tower, without any grid 

shadow appearance. For the light incident diagonally with θ = 45o and 135o, it is 

observed that there is high photogeneration occurring at two sidewalls 

concurrently. Figure 6.8 shows the power generated for a PV-Tower solar cell with 
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a height of 2.5 cm under AM1.5 100 mW/cm2 solar radiation. At θ = 0o, the power 

output is 0.86 mW, while at θ = 180o the power generated is slightly smaller at 0.83 

mW. The smaller power for θ = 180o is due to an increase in the distance required 

for carrier collection at the junction. At θ = 90o, the power is at 0.91 mW, which is 

higher than those at θ = 0o due to reduced grid shadowing. The power output peaks 

at 45o and 135o since the light illumination falls in the diagonal direction of the tower 

cross section, and absorption takes place strongly across two sidewalls, as also 

illustrated in the photogeneration profiles shown in Fig. 6.7. The enhanced 

response is also assisted by increased internal reflection under diagonal incident 

direction.  

 

Figure 6.8 : Power output of a PV-Tower with 2.5 cm height.  

 

To compare the performance of conventional planar Si solar cell and the PV-Tower 

solar cell, we consider a conventional planar solar cell with a surface area the same 

as the footprint of the PV-Tower solar cell of 200 µm x 200 µm, and with the same 
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structure of n+(500 nm, 1019 /cm3)/ p(200 µm, 1016 /cm3)/ p+(500 nm, 1019 /cm3). 

Under AM1.5 100 mW/cm2 solar radiation, the strongest power output that is 

generated by normal incident is found to be 6.85x10-3 mW. This translates to IFpower 

of 125.0, 133.3, and 120.7 at θ = 0o, 90o, and 180o, respectively. The results mean 

that for the same planar area occupied, the PV-Tower solar cell can deliver power 

output that is more than 100 times larger as compared to the planar solar cell. 

Simple PV-Tower structure with 200 x 200 µm2 footprint and 2.5 cm high may yield 

power per footprint area of 2 W/cm2 compared to 17 mW/cm2 for conventional 

planar structure.  The PV-Tower solar cell with the simulated geometry has IFarea 

of 501.0 as shown in Fig. 6.4.  The IFpower / IFarea is calculated to be only ≈ 0.25 

since only one surface has been illuminated under the simulated directional light. 

Based on one directional light illumination, the back surface (θ = 180o) has the 

lowest IFpower of 120.7 compared to the other surfaces. Assuming an ambient with 

totally diffuse light, the total IFpower will be at least 4 × IFpower(θ = 180o) or 482.8. This 

will yield a ratio of IFpower / IFarea > 0.96, which is very close to 1, implying that almost 

the entire surface area of the PV-Tower solar cell is active in harnessing incident 

solar energy. 
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6.3.3. Effect of series resistance on the scaling of PV-Tower solar cell 

 

Figure 6.9 : Current flow through the metal grids on the side walls of PV-Tower. 

 

Another important factor to consider, in the height scaling of PV-Tower solar cell to 

achieve higher power output, is the increase in series resistance losses for taller 

towers. Figure 6.9 shows the current flow through the metal grids on the side walls 

of a PV-Tower with a height of z. At the top of the anode electrode, referring to Fig. 

6.9, h = z, the current is small since it is mainly collected from the top section of the 

tower. The current will increase progressively as h decreases since there will be a 

large segment of the tower generating photocurrent and contributing to the current 

flow towards the bottom of the tower. At the base of the anode when h = 0, the 
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current magnitude is at its largest and is the same as the total current output of the 

entire tower Itower. The same variation of current also happens in the cathode 

electrode, with the current flowing in the opposite direction.  

 

We assume that the light illumination is uniform on the side walls of the tower such 

that the current generated is constant for any given small segment of the tower with 

the same height dh. In this way, the current collected in the electrode at a given 

height, I(h), will vary linearly with the height h and is described by Eq 6.1, 

𝐼(ℎ) = 𝐼𝑡𝑜𝑤𝑒𝑟 (1 −
ℎ

𝑧
) (6.1) 

 

The ohmic losses for transport inside the semiconductors have already been taken 

into consideration in the 2D device numerical simulation. However, the ohmic 

losses in the metal grids have not been accounted for since they were assumed to 

be a perfect conductor in the simulation. The losses arising from the metal grid on 

the two sides of the PV-Tower solar cell can be significant, especially for taller 

towers since the grids will have a length in the range of millimeter or centimeter. 

The resistance dR of an infinitesimal section of the electrode with a length dh is 

described by Eq. 6.2.  

𝑑𝑅 =  
𝜌𝑒𝑑ℎ

𝑤𝑒𝑡𝑒
 (6.2) 

where ρe is the electrode resistivity, and we and te are the width and thickness of 

the electrode. The ohmic loss dPloss associated with the section dh of the electrode 

is given by I2(h)dR, and the total power loss Ploss can be calculated by integrating 
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the power loss in each section over the entire height of the tower, from which we 

obtain 

𝑃𝑙𝑜𝑠𝑠 =
𝐼𝑡𝑜𝑤𝑒𝑟

2

3
 

𝜌𝑒

𝑤𝑒𝑡𝑒
𝑧 (6.3) 

 

Since the total current generated by the PV-Tower solar cell Itower is dependent on 

z, a more useful variable to study the effect of height scaling on the power loss is 

the current per unit length, defined as itower = Itower /z, which is a constant for a given 

PV-Tower solar cell. Using Eq 6.3 and expressing in terms of itower, the total power 

loss is given by, 

𝑃𝑙𝑜𝑠𝑠 =
𝑖𝑡𝑜𝑤𝑒𝑟

2

3
 

𝜌𝑒

𝑤𝑒𝑡𝑒
𝑧3 (6.4) 

We notice that the power loss scales strongly with the tower height at a rate of z 

cube. This is analogues to power losses associated with finger grid length that also 

has a cubic length functional dependence [68]. To have a more quantitative 

appreciation of the design constrains and the optimization of the device, we shall 

consider a PV-Tower solar cell with a square cross section of 200 µm x 200 µm, 

and with the light incident from all directions. Considering the maximum power point 

of the PV characteristic, we deduced from our previous device simulation that the 

current generated per unit height of the solar cell is itower = 2.5 mA/cm and the 

voltage at maximum power point Vmp = 0.56 V. We assume the use of silver 

electrode with resistivity ρe = 3x10-8 Ω.m [68], width we = 10 µm and thickness te = 

0.2 µm. We further assume that the anode and cathode electrodes have the same 

geometry. We calculated the output power generated by the PV-Tower solar cell (i) 
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in the ideal case without grid resistance, (ii) taking into account grid resistance 

losses. The power loss associated with the grid resistance is calculated, and all the 

results are displayed in Fig. 6.10 as a function of the tower height z. 

 

 

Figure 6.10 : Influence of PV-Tower height on its power output, with a tower cross 

section of 200 µm x 200 µm. 

 

We notice that the power output of the ideal PV-Tower solar cell scales linearly with 

the height z, which is expected as there will be a proportional increase in the active 

surface area with the tower height. When we further consider the ohmic loss due 

to the electrode resistance which scales as a functional of z3 as seen in Fig. 6.10, 

the overall power output is further reduced particularly at large z and exhibits an 

optimum point with an optimum height z of 1 cm. Therefore, the ohmic loss 
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associated with the electrodes, which is significant for the taller tower, put a limit on 

the maximum power output that can be achieved for a tall PV Tower solar cell. 

 

As explained previously, a figure of merit for the design of the PV-Tower solar cell 

is the relative values of the area improvement factor (IFarea) and the power 

improvement factor (IFpower). Ideally the power improvement factor should scale 

with the area improvement factor, however, due to ohmic losses, it is expected that 

IFpower will not improve proportionally with IFarea. In Fig 6.11, we calculate and plot 

IFarea and IFpower as a function of the tower height z for a PV-Tower cell with a 200 

µm x 200 µm square cross section. It can be seen that while IFarea increases linearly 

with z, IFpower is limited at higher z, and exhibits a maximum of 117.6 at z ≈ 1 cm. 

At this optimum point, the power generated by the PV-Tower solar cell is 0.8 mW, 

which is 117.6 times larger than that generated by a planar solar cell with 6.85 µW 

occupying an area of 200 µm x 200 µm that is the same as the footprint of the PV-

Tower cell. As can be seen, despite the limit imposed on IFpower, the improvement 

in the power output by a factor of more than 100 is still a very remarkable result, 

and it validates the use of PV-Tower solar cell to deliver high power over a small 

footprint.  

 

Besides metal electrodes, it is possible to consider the use of transparent 

conducting oxide for the PV-Tower solar cell that can alleviate shadowing losses 

and assist in the current collection from Si. We can also consider incorporating low 

cost plastic lenses into the PV-Tower solar cell to enhance the capturing of light 
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onto the cell. For practical solar cell applications that require output voltage in the 

range of several volts, we can have multiple PV-Tower solar cells connected in 

series to boost the output voltage. Similarly, they can be connected in parallel to 

increase the output current generated.  

 

Figure 6.11 : The area and power improvement factors as a function of tower 

height for a PV-Tower with 200 µm x 200 µm square cross section. 

 

6.4 PV-Tower with Si Heterojunction Solar Cell 

 

We can also demonstrate PV-Tower concept by adopting Si heterojunction solar 

cell structure as shown in Fig. 6.12. The use of n-Si/PEDOT:PSS allow low 

temperature formation of rectifying junction for the PV-Tower. The front side (θ = 

0o) adopt the Front Junction with ARC compensated layer (FJ-ARC) structure which 

offers higher power conversion efficiency compared to conventional n-

Si/PEDOT:PSS structure as we have demonstrated in Chapter 4.  Wafer with n-
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type doping is  used in the simulation with doping concentration (ND) of 1016 /cm3, 

and 200 µm x 200 µm square cross section.  

 

Figure 6.12 : PV-Tower with n-Si/PEDOT:PSS heterojunction solar cell. 

 

The output power of the Si heterojunction solar cell with 2.5 cm height at different 

illumination direction is shown in Fig. 6.13. It can be seen that the power output at 

θ = 0o ,and 180o is 0.90 mW and 0.78 mW respectively. This amount to IFpower of 

125.0 and 109.1  for one sided illumination, which is comparable to 125.0 and 120.7 

as previously demonstrated for conventional Si solar cell.  Similar to those of 

conventional Si solar cell, the IFpower will be further limited by ohmic losses in the 

metal grid. Despite that, this result indicates that PV-Tower with Si heterojunction 

solar cell also shows a promising result as previously shown for PV-Tower with 

conventional Si homojunction solar cell.  
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Figure 6.13 : Power output of a PV-Tower with 2.5 cm height that adopts Si 

heterojunction solar cell structure 

 

6.5 Conclusions 

 

In conclusion, we have proposed the PV-Tower cell concept as a novel device to 

offer high power output, owing to its large active surface area, over a small footprint. 

We first described in the chapter the differences between our proposed PV-Tower 

solar cell as compared to other solar cell concepts that offer high active surface 

area over a given footprint. The possible methods that can be used to fabricate the 

PV-Tower solar cell using industrially viable techniques have also been presented. 

For the quantitative study of the PV-Tower solar cell, we introduced the area 

improvement factor IFarea and power improvement factor IFpower as a figure of merits 

to assess their performance. We calculated that IFarea of 100 to 1000 is achievable 

for PV-Tower with a height of centimeter range, and cross section dimension of 

≈100-200 µm. Subsequently, we used 2D numerical device simulation software to 
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simulate the response of PV-Tower solar cell based on a conventional Si structure 

of n+-p-p+. We also calculated the ohmic loss associated with the electrodes on the 

sidewall of the PV-Tower solar cell, and it is found to scale as a function of the cubic 

height of the tower. Despite that, an improvement in the power output of more than 

100 times has been achieved as compared to the planar solar cell having the same 

area. Finally, we also demonstrate with device simulation that PV-Tower cell can 

also adopt Si heterojunction solar cell structure with promising result. Therefore, 

the results suggest that the novel PV-Tower solar cell proposed has the potential 

to deliver high power output over a small footprint, and is ideal for energy 

harnessing over a limited physical area, such as in IoT applications. 
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Chapter 7. Conclusion and Future Work 

 

7.1 Conclusion 

 

In this project, different Si heterojunction solar cells have been simulated, fabricated 

and characterized. Si/PEDOT:PSS hybrid solar cell has been fabricated and 

characterized to understand its junction behaviour. Various device architectures 

based on Si/PEDOT:PSS hybrid solar cell has been simulated to optimize its 

performance. Si/molybdenum oxide heterojunction solar cell has been fabricated 

with various methods to optimize its performance. A PV-Tower solar cell concept 

for high power over small footprint application has been proposed and analyzed in 

this project.  

 

In Chapter three, planar n-Si/PEDOT:PSS hybrid heterojunction solar cells have 

been fabricated with simple low-temperature solution-based processing technique. 

Hybrid solar cells with various n-Si doping concentrations (ND) from 1014 - 1017 cm-

3 have been investigated in terms of their junction behaviors using the reverse 

recovery transient (RRT) and DC I-V measurement techniques. From the RRT 

response, we concluded that the junction behaviour is consistent with the n-p+
 

junction model and in strong contradiction with the Schottky junction model, as 

commonly assumed for the hybrid junction. The DC-IV measurement results of the 

solar cells under dark condition are also consistent with the model of diffusion, and 

trap-assisted recombination controlled dark current. The photovoltaic 

measurements of the cells under AM1.5G 100 mW/cm2 illumination revealed that 
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the open circuit voltage (Voc) increases from 0.541 V to 0.610 V, while the short 

circuit current (Jsc) density decreases from 24.6 to 20.6 mA/cm2 as ND increases 

from 1014 to 1017 cm-3. A maximum power conversion efficiency (PCE) of 9.8% has 

been obtained for the solar cell with Si doping concentration of ND = 1016 cm-3.  

 

In Chapter four, four different solar cell device architectures have been 

investigated, which include the conventional front junction (FJ) cell, back junction 

(BJ) cell, interdigitated back contact (IBC) cell and FJ structure with ARC 

compensated layer (FJ-ARC) cell. It has been found that planar BJ cell in which the 

PEDOT:PSS layer is located on the back surface of the Si layer can yield Jsc of 

32.1 mA/cm2 and PCE of 18.8% under an optimum Si thickness of 40 µm. These 

are higher as compared to Jsc of 27.0 mA/cm2 and PCE of 15.4% achieved for bulk 

conventional FJ cell. The better performance is attributed to the elimination of 

parasitic absorption in PEDOT:PSS. Our simulation has also demonstrated that the 

parasitic absorption issue affecting the FJ cell architecture can be resolved without 

resorting to a more demanding BJ structure. We proposed to adopt the simpler FJ 

structure but reduce the thickness of the PEDOT:PSS layer to 30 nm to minimize 

parasitic absorption and introduce a layer of silicon nitride anti-reflection-coating 

(ARC) layer with a thickness of 40 nm on top. We obtained a high Jsc of 32.7 

mA/cm2 and PCE of 18.4% for the proposed FJ-ARC cell structure, which is almost 

similar to those achieved for the BJ cell. We have also simulated the IBC cell in 

which both the hole and electron collecting contacts are located on the back side 

of Si. The device architecture is free from any contact on the front side, which thus 
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eliminates shadowing and parasitic absorption, and allows excellent passivation of 

the solar cell in one step over a large area. The use of the IBC cell structure yields 

the highest PCE of 20.4% at the planar device with 40 µm Si substrate. 

 

In Chapter five, we have fabricated and optimized Si/transition metal oxide (Si-

TMO) heterojunction solar cell based on planar n-Si substrate and molybdenum 

oxide (MoOx). We studied the influence of Si substrate doping concentration (ND) 

on the performance of n-Si/MoOx solar cell and found that over the range ND = 1014 

- 1016 /cm3, the Voc increases with ND from 0.518 V to 0.554 V. At higher doping 

concentration ND = 1017/cm3, the Voc decreases to 0.503 V at, which is related to 

the increased ohmic shunt leakage current component. On the other hand, the Jsc 

decreases with increasing ND due to reduced diffusion length in Si. The FF also 

decreases with ND, which is related to an increased ohmic shunt current leakage 

that is observed under lower forward bias in the dark J-V characteristic. These 

mechanisms render the efficiency to be 10.1 to 10.2 % that is almost independent 

of doping concentration over the range ND = 1014-1016/cm3 before it drops to 6.9% 

at a higher doping concentration of ND = 1017 /cm3. It is found that using an 

evaporated 5 nm thin ITO layer on top of MoOx as a water barrier, n-Si/MoOx solar 

cell with PEDOT:PSS electrode can achieve Voc = 0.592 V, FF = 67.3% and PCE 

= 11.3%. Subsequently, we study n-Si/MoOx solar cell with sputtered ITO electrode 

with or without thin evaporated ITO as a barrier layer. We found that the highest 

PCE = 11.6% and Jsc = 34.3 mA/cm2 is observed for the solar cell without the barrier 

layer. Although the solar cell with the barrier layer yields Voc = 0.591 V, which is 
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significantly higher than Voc = 0.554 V for those without the barrier, however, it has 

lower PCE = 10.7% due to its lower Jsc and FF. A further introduction of native oxide 

at the n-Si/MoOx interface can improve the FF of the device with the barrier layer, 

and enhance the efficiency to 11.4%. 

 

In Chapter 6, we have proposed the PV-Tower solar cell concept as a novel solar 

cell device structure to offer high power output, owing to its large active surface 

area, over a small footprint. For the quantitative study of the PV-Tower solar cell, 

we introduced the area improvement factor IFarea and power improvement factor 

IFpower as figures of merits to assess their performance. We calculated that an 

improvement in the active surface area by 100 to 1000 times is achievable for PV-

Tower solar cell with a height of centimeter range, and cross section dimension of 

≈ 100 - 200 µm. Subsequently, we used 2D numerical device simulation software 

to simulate the response of PV-Tower solar cell based on a conventional Si 

structure of N+-P-P+. We also calculated the ohmic loss associated with the 

electrodes on the sidewall of the PV-Tower solar cell, and it is found to scale as a 

function of the cubic height of the tower. This limits the height of PV-Tower to a 

maximum of about 6 cm. Nevertheless, PV-Tower solar cell at such height still can 

provide an improvement in the power output by more than 100 times as  compared 

to a planar solar cell having the same footprint area. Finally, we also demonstrate 

with device simulation that PV-Tower cell can also adopt Si heterojunction solar 

cell structure with promising result. Therefore, the results suggest that the novel 

PV-Tower solar cell proposed has the potential to deliver high power output over a 
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small footprint, and is ideal for energy harnessing over a limited physical area. This 

is important towards realizing energy autonomous sensor circuits for IoT 

applications. 

 

Overall, our study of Si/organic hybrid junction fabricated using the solution based 

process has demonstrated its great potential as a viable low cost solar cell with 

power conversion efficiency beyond 10%. The performance of Si/organic hybrid 

solar cell has been limited by the parasitic absorption in the organic layer. Using 

different device architectures employing thinner organic layer or back junction 

structure can resolve this problem and realize high performance Si/organic hybrid 

solar cell. Si/transition metal oxide has also been studied due to its potential to offer 

a parasitic absorption free device with simple conventional front junction structure. 

However, understanding of the nature of heterojunction formed between Si and 

metal oxide is still in its infancy. Evaporation based deposition of metal oxide has 

been used in this study to investigate the concept, although solution based 

deposition technique can also have a potential to be used for the fabrication of 

Si/metal oxide heterojunction solar cell. In conclusion, owing to the excellent 

electronic properties of Si and low-temperature processing capability of organic or 

transition metal oxide materials, the Si/organic and Si/transition metal oxide 

heterojunction solar cells have great potential to realize low cost and high 

performing solar cells in the near future. Moreover, we also have proposed and 

analyzed PV-Tower cell concept, in which high power can be generated over a 

small footprint. PV-Tower cell can be realized using both conventional and Si 
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heterojunction solar cell structure. The proposed PV-Tower cell concept is believed 

to be useful for emerging applications, such as for energy harvesting system in 

miniaturized Internet-of-Things Smart Node device.  
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7.2 Recommendations for future research 

 
There are several aspects of the present research work that can be further 

investigated. 

 
 

7.2.1 Fabrication of Si/PEDOT:PSS hybrid solar cell with FJ-ARC structure 

 

We have proposed and simulated Si/PEDOT:PSS hybrid solar cell based on the 

ARC compensated layer (FJ-ARC) structure. It is attractive due to its simple front 

junction structure and that its efficiency is comparable to that of the more 

demanding back junction structure. Future work would be to realize the FJ-ARC 

solar cell experimentally. A key challenge lies in the fabrication of the thin layer of 

PEDOT:PSS with low sheet resistivity. Thin and conductive PEDOT:PSS layer 

down to tens of nanometers can be fabricated by manipulating the spin coating 

speed, solvent post treatment, and thermal annealing [167]. It is also important to 

ensure sufficiently low PEDOT:PSS sheet resistivity to allow efficient lateral hole 

transport. For this purpose, we can consider an introduction of silver nanowire 

meshes [109] or transparent conducting oxide layer [191] to assist in the electrical 

conduction. We can also study FJ-ARC solar cell incorporated with antireflection 

structures, such as Si nanowire [192], nanohole [108] or nanocone [107], for light 

trapping.  

 

7.2.2 Fabrication of Si/PEDOT:PSS hybrid solar cell with IBC structure 

 

The patterning process required to form interdigitated layer of PEDOT:PSS and 

electrode metal on the back side of Si/PEDOT:PSS hybrid solar cell with 
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interdigitated back contact (IBC) structure is the key to realizing high performing 

IBC cell structure. The pattern can be made by spin coating PEDOT:PSS layer over 

the entire back surface, followed by silver metal deposition to protect the intended 

PEDOT:PSS area [193] that serves as a hole collecting contact. The rest of the 

PEDOT:PSS can then be removed by oxygen plasma etching [193]. Finally, the 

cathode metal can be deposited on the removed surface to form electron collecting 

contact.  

  

7.2.3 Study of n-Si/molybdenum oxide solar cell junction behaviour 

 

Understanding of the nature of the heterojunction formed between n-Si and 

molybdenum oxide (MoOx) is still in its infancy. Since MoOx acts as n-type 

semiconductor [94] and has a low conductivity of 2×10-5 S/cm [53], both p-n and 

Schottky junction models are unlikely to be appropriate to explain the rectifying 

behavior of the n-Si/MoOx junction. Various characterization studies based on DC, 

AC and transient behaviours are needed to understand the nature of the 

heterojunction so as to optimize the solar cell performance. The effect of the MoOx 

deposition condition on its work function needs to be further investigated and 

correlated with the junction behavior and solar cell performance. Investigation of 

composition and structure of the deposited MoOx layer will be conducted to reveal 

more information about the MoOx layer. 
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7.2.4 Si/transition metal oxide solar cell with other materials and deposition 

process 

 

Other metal oxide materials such as vanadium pentoxide (V2Ox) or nickel oxide 

(NiOx) are attractive alternatives to MoOx as a hole accepting material for n-Si since 

they are more commonly available and have higher conductivity. On the other hand, 

electron accepting materials such as aluminum-doped zinc oxide (AZO) or fluorine-

doped tin oxide (FTO) can also be used concurrently to serve the function of back 

surface field layer for n-Si. AZO and FTO layer can also be used to replace ITO 

which is still commonly used for Si/transition metal oxide heterojunction solar cells. 

It is also interesting to study deposition of metal oxide on top of Si using solution-

based processing, which is important towards realizing lower cost large area solar 

cells.  

 

7.2.5 Si/molybdenum oxide solar cell with antireflection nanostructure 

 

Since molybdenum oxide (MoOx) has small molecule size, we can fabricate a 

conformal layer of this metal oxide around silicon nanowire to form core-sheath 

heterojunction structure. Previously, this was difficult to realize with large molecule 

organic polymer which cannot penetrate into the nanowire array. Such silicon 

nanowire/MoOx core-sheath structure can provide a more gradual change in 

refractive index which will yield better antireflection property, on top of good light 

trapping characteristic. The core-sheath structure also allows shorter collection 

distance for photogenerated carriers inside the nanowire.  
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7.2.6 Fabrication and application of PV-Tower cell 

 

Further work is needed to experimentally demonstrate PV-Tower solar cell with an 

industrially compatible process and apply it on small footprint application such as 

for Internet-of-Things Sensor Node (IoT-SN). The process can be done by 

fabricating the basic structure on large area Si wafer, and then cut it and process it 

to individual PV-Tower. The PV-Tower solar cell will be tested under a controlled 

environment such as illumination simulator and as well at applied to the real IoT-

SN device.  

 

7.2.7 Investigation of ambient temperature effect on photovoltaic parameters 

 

Effect of ambient temperature on the photovoltaic parameters of solar cells is 

important to be studied in the future work. The study of ambient temperature effect 

may help to understand the effect of practical working condition on solar cell 

performance. Studying the effect of temperature on I-V curve may also reveal more 

detail on the transport and trap behaviour on Si/organic [104] and Si/TMO [99] 

heterojunction solar cell.    
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