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ABSTRACT 

DESIGN AND SIMULATIONS OF SiC BASED REAR 

CONTACT Si AND SiGe SOLAR CELLS FOR 

STANDALONE AND TANDEM APPLICATIONS 

 

The most abundant renewable source of energy on the earth is solar energy, yet its 

potential has not been exploited efficiently by solar cells present in the market. Affordability 

of solar energy can be enhanced, either by increasing the efficiency of a solar cell or by 

reducing its cost. In this thesis, several approaches for improving solar efficiency with careful 

design have been proposed using Technology Computer Aided Design (TCAD). These 

approaches attempt to improve the solar cell current, solar cell voltage, light absorption, 

surface recombination, and ultraviolet (UV) stability. Finally, the mechanically stacked 

tandem architecture addresses thermalization and lack of absorption losses for improved 

efficiency.  

The initial focus is to minimize the issues associated with thin devices such as low 

absorption and high surface recombination. These issues have been resolved using novel front 

surface design which consists of Zirconia (ZrO2) based texturing along with Silicon Carbide 

(SiC) based front surface passivation. Design principle balances out photonic and electronic 

effects together and resulted in 15.7% efficient rear contact silicon (Si) solar cell, in the sub-

10 µm-thick regime. The next focus is to minimize the thermalisation losses. 300 microns and 

10 microns thick SiC passivated rear-contact solar cell has been placed in four terminal 

(mechanically stacked) tandem configuration with 20.9% efficient perovskite top subcell. 

Realistic TCAD analysis has been done for both top and bottom subcell; which resulted in 

27.6% and 22.4% efficient tandem devices under single air mass 1.5 (AM 1.5) irradiance. 

Further, SiC passivated interdigitated back contact silicon heterojunction solar cell (IBC-

SiHJ) has also been discussed for bottom subcell application under perovskite top subcell 

since IBC-SiHJ solar cell uses low-temperature fabrication processes and has excellent 

photovoltaic (PV) performance.  The efforts resulted in 29.5% and 23.7% efficient tandem 

devices which contain 250 µm and 25 µm thick IBC-SiHJ bottom subcells, respectively.  
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Si as an active material for most of the PV devices, whose absorption coefficient is 

small at higher wavelengths; therefore, thick silicon wafers are required to obtain greater 

efficiencies in both standalone as well as tandem configuration. Thicker silicon wafer 

eventually increases the module cost, and hence, modification in the bandgap (Eg< 1.1 eV) of 

the Si is required to increase the absorption of sunlight at higher wavelengths while keeping 

the thickness low. Therefore, Silicon-Germanium (SiGe) material has been introduced to rear 

contact solar cell designs and investigation is done for both standalone and tandem 

configuration. The thickness of SiGe based devices reported in this thesis is 10 microns, 

which is projected to enhance the efficiencies keeping the thickness low. The device exhibits 

improved higher wavelength absorption without the need of complex texturing schemes and 

suggested its potential use as a bottom subcell under tandem configuration. 15.4% power 

conversion efficiency (PCE) is reflected in convention rear contact SiGe solar cell, whereas in 

interdigitated back contact SiGe heterojunction solar cell (IBC-SiGeHJ) architecture, 15.5% 

PCE is achieved in a stand-alone configuration, and in combination with perovskite top 

subcell, further 25.7% PCE is demonstrated. 
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CHAPTER 1  

INTRODUCTION 
 

This chapter has been dedicated to the introduction of the thesis where overview, working, 

parameters, standard losses are reported. Chapter also includes research gaps and motivation 

followed by objectives and the chapter‘s outline.  

 

 

 

 

 

 

 

 

 

 

 

 

 Overview along with strength and weakness of photovoltaic is reported. 

 Record efficiencies of different photovoltaic technologies are provided.  

 Research gaps and motivations are provided. 

 Objectives and thesis outlines are provided.  
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1.1: OVERVIEW OF PHOTOVOLTAIC  

Earth receives almost nearly all forms of energy from the Sun. All organisms depend 

on solar energy to sustain their life. Solar energy is harnessed by humans to serve purposes 

other than biological purposes, i.e., fossil fuel and electricity generation. Also, sun‘s energy is 

utilized for producing biomass and wind energy. Industrial revolution became possible by the 

invention of electricity; almost all equipment and machinery needs electricity for their 

functioning. Thus, it is important to produce electricity at commercial scale with economical 

methods to make it feasible. Biomass, hydro, thermal, nuclear and wind energy are utilized to 

generate electricity at large scale; but some of them are not amicable for the environment, 

whereas others are not efficient in conversion. On the other hand, earth receives tremendous 

amount of solar radiation which is renewable and environmental friendly in nature. Thus, it 

can be used for direct production of electricity with the help of PV devices. These devices 

convert solar radiation directly into electricity by employing semiconductor devices, known 

as solar cell. The energy produced is directly proportional to the intensity of the radiation. 

Thus, solar cells can produce electricity in all weather conditions but with low conversion 

efficiency. The PV devices have following strength and weakness: 

 Strength 

 They are mature and highly reliable with longer lifetimes ~ 25 years 

 Requires low maintenance and automatically operated 

 Does not require fuel. 

 Environmentally amicable on comparison with conventional sources. 

 Unaffected by price hike  of other energy sources 
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 Weakness  

 Production of electricity is proportional to the intensity of radiation 

 Backup and storage is required for efficient utilization due to fluctuations  

 Expensive installation cost. 

 Some PV technologies contain hazardous material. 

 High energy need for silicon production. 

Direct current (DC) electricity is produced by semiconductor with the help of 

chemical-electrical interaction with radiation. Mostly, Silicon is used as the base material in 

solar cells (ITRPV, 2016) . Following are the major technologies:   

 Monocrystalline silicon cells. 

 Poly-crystalline silicon cells. 

 Thin film solar cells: They are fabricated by deposition of thin layer of semiconductor 

PV materials on a low-cost backing such as glass, stainless steel or plastic. 

 Multiple junction cells: They consist of two or more stacked layers of different 

materials to use a wider spectrum of radiation.  

With over 40 % compound annual growth rate (CAGR), from the last 15 years, Solar 

PV industry has become one of the fastest emerging ones in the world. Europe and Japan 

dominated solar cell production until 2006. However, China and Taiwan have shown rapid 

increase of the annual solar PV production since 2006; But, in 2014, Asian countries like 

India, Malaysia, Thailand, the Philippines or Vietnam have also produced PV solar cells in 

increased capacities. According to market forecasts, the installed PV power capacity of 235 

GW at the end of 2015 could double until 2018 (Jäger-Waldau, 2016). Figure 1.1 on page 4 

shows annual production in different regions of the world. 
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Figure 1.1: World PV cell module production from 2005 to 2016 (Jäger-Waldau, 2016). 

1.2: WORKING OF SOLAR CELL 

Solar cell works on the principle of PV effect, i.e. upon incidence by electromagnetic 

radiation, a potential difference is generated at the junction between two different materials. It 

is identical to photoelectric effect in which emission of electrons from material takes place  

after absorbing threshold frequency. This effect could be explained on the basis of quantized 

photons theory illustrated by Albert Einstein in 1905. The photon energy is represented by E 

= hν, where ν is the frequency of the light and h is Planck‘s constant. The PV effect can be 

split into three simple processes as shown in Figure 1.2(a-c) on page 5   (Jäger et al., 2014):  

 Formation of light generated carriers in material forming junction due to the 

absorption of photons with appropriate energy. 

 Consequent separation of the carriers generated at the junction. 

 The light-generated charge carriers are collected at the terminals. 
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Figure 1.2: (a) Illustrations: photon absorption in semiconductor (Eph= hν) (b) Thermalisation loss (Eph > 

Eg) (c) A very simple solar cell model. ❶ Absorption leads to the generation ❷ normally, electrons and 

holes will combine ❸ the electrons and the holes separation by semipermeable membranes ❹ The 

separated electrons constitute electric current in the external circuit. ❺ Recombination with holes after 

flowing through the circuit (Jäger et al., 2014). 

 

1.3: SOLAR CELL PARAMETERS  

 Quantum efficiency (QE)= Number of carriers collected/ number of photons absorbed. 

Typical quantum efficiency of Si solar cell is reported in Figure 1.3(a) below along with 

carrier collection probability as a function of distance from p-n junction as reported in 

Figure 1.3(b). 

 

Figure 1.3: (a) The quantum efficiency of a silicon solar cell. Quantum efficiency is usually not measured 

much below 350 nm as the power from the air mass 1.5 (AM1.5) contained in such low wavelength is low, 

and (b) the carrier collection probability as a function distance from the p-n junction (Honsberg and 

Bowden, 2017). 
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 Light generated current density, IL (Honsberg and Bowden, 2017) 

 

  dxxCPdxHqdxxCPxGqI
W

L )( ))(exp()()().( 0

0

     

Where q is the electronic charge, W is the thickness of the device, α(λ) is the absorption 

coefficient, H0 is the number of photons at each wavelength, G(x) is the generation rate, 

and CP (x) is the collection probability. 

 Illuminated current (I)-voltage (V) characteristics: The I-V curve of a solar cell is the 

superposition of the dark (diode) and illuminated (solar cell) current (Würfel, 2008) as 

reported in Figure 1.4 on page 7. Under illuminated condition, the I-V curves shift down 

into the fourth quadrant, and hence, power can be extracted. The illuminated I-V curve 

can be represented by the following equation.  

                 1)exp(0 LI
nkT

qV
II 








  

Where V is the applied voltage, n is diode ideality factor, k Boltzmann constant, T is 

operating temperature, and IO is leakage current.  

 

 Short circuit current density, )( pnSC LLqGI   where
 
Ln and Lp are the electron and 

hole diffusion lengths, given by DL  , D is diffusion coefficient and τ is carrier 

lifetimes.  

 Open circuit voltage, )1ln(
0


I

I

q

nkT
V L

OC                             

 Fill factor, 
OCSC

mpmp

VI

VI
FF    

 Maximum power, FFIVP SCOCmax  

(1.01) 

(1.02) 

(1.03) 

(1.04) 

(1.05) 
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 Efficiency, 
in

SCOC

P

FFIV
  

The input power for efficiency calculation is 0.1 W/cm
2
. Input power for 100x100 mm

2
 cell is 

10 W and for 156 x 156 mm
2
 cell is 24.3 W. 

 

Figure 1.4: Dark and illuminated I-V curve of solar cell along with representation of some important 

parameters (Priambodo et al., 2013) 

 

1.4: DIFFERENT GENERATIONS OF SOLAR CELL 

Solar cells are mainly categorised in three generations as depicted in Figure 1.5 on 

page 8. The first generation is relatively expensive to produce and have low efficiencies. The 

second generation is cheaper but produces lower efficiencies, i.e. cost per watt ($/Watt) is 

lower than first generation cells. The term third generation is used for highly efficient cells, 

and most of the technologies in this generation are not yet commercial. However a lot of 

research is going on in this area. The goal is to make third generation solar cells cheap to 

produce. 

 First generation solar cell:  

First generation PV cells dominate the current market which consists of Si wafers and 

generally shows conversion efficiency of the order of 15-20%. They reflect good performance 

(1.06) 
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and high stability; nonetheless, they require large energy for production and are rigid in 

nature.  

 

Figure 1.5: Cost efficiency scenarios for different solar cell generations (Conibeer, 2007) 

 Second generation solar cell:  

The second generation PV cells show conversion efficiency of 10 - 15% and they  

contain copper indium gallium selenide (CIGS),  amorphous silicon (a-Si) and cadmium 

telluride (CdTe) as active semiconductor material. They require less amount of material for 

fabrication and do not demand complex processing as needed in silicon wafers. These solar 

cells are flexible to some degree. However, still it requires a large amount of energy for the 

production of cells because their fabrication needs vacuum and high-temperature treatments. 

 Third generation solar cell: 

Third generation PV cells consist of high-performance multi-junction PV cells which 

are expensive but hold a world record. They also include organic materials such as polymers 

or small molecules. Due to inflated production prices, most of these technologies are not 
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commercialised yet. Perovskite solar cells also made an entry with potential to achieve 

efficiency > 20% on very small area. Polymer solar cells are quick and cheap as well simple 

to produce with the assistance of roll to roll technologies. However, their performance and 

stability are still inadequate as compared to other two generations. Recently, polymer solar 

cells have attracted a wide interest among the researchers to make it  less expensive and more 

stable (Krebs et al., 2013).  Moreover, different PV technologies are reported in Figure 1.6 

below along with their best research cell efficiencies till date (NREL, 2017). 

 

 

Figure 1.6: Best research cell efficiency of different type of PV technologies (NREL, 2017).   
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1.5: STANDARD LOSSES IN SOLAR CELL 

Shockley and Queisser (SQ) predicted the efficiency limit of homojunction solar cells, 

which is 33% for a single junction solar cell with a bandgap of (1.4 eV) at a cell temperature 

of 25
O
C illuminated by the AM 1.5G spectral irradiance (Shockley and Queisser, 1961, Rühle, 

2016). There are some fundamental losses which laid the limit on the efficiency of solar cells, 

and the same has been reported in Figure 1.7 (a) below along with SQ limit and major losses 

as reported in Figure 1.7 (b). The two most important loss mechanisms in single bandgap 

cells are the inability to absorb photons with energy less than the bandgap (loss 1)   and   

thermalization   of photon energies exceeding the bandgap (loss 2). These two mechanisms 

alone amount to the loss of about half of the incident solar energy in solar cell conversion to 

electricity as depicted in Figure 1.7 (b). Junction (loss 3) and contact (loss 4) losses provide 

an insignificant reduction in overall conversion efficiencies.  Another important loss process 

is process 5, where an electron from conduction band recombines with a hole in valence band.  

 

 

Figure 1.7:  (a) Loss processes in a standard solar cell: (1) non-absorption of below bandgap photons; (2) 

lattice thermalization loss; (3) and (4) junction and contact voltage losses; (5) recombination loss 

(radiative recombination is unavoidable), and (b) The major loss mechanisms in the SQ limit. AM1.5 

spectrum was used for the calculation (Conibeer, 2007, Jäger et al., 2014). 
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Recombination losses are further categorized as radiative, Auger, and Shockley Read 

Hall (SRH). In radiative recombination (unavoidable for direct bandgap semiconductor), an 

electron from the conduction band combines with a hole in the valence band and loses the 

energy of the order of the band gap.  In SRH, the electron moves to an extra level in the 

forbidden gap releasing the energy either as a photon or multiple phonons followed by 

recombination with holes. SRH is prominent in less pure semiconductor solar cells, where 

carrier lifetime is low.   Moreover, auger recombination involves three particles, where an 

electron recombines with the hole and gives its energy to a second electron pushing it high 

into the conduction band. The electron gradually gives off its energy thermally and relaxes 

back to the band edge. Auger recombination is most significant at elevated carrier 

concentrations produced by heavy doping or high level injection under concentrated sunlight. 

Schematic representation of radiative, SRH and Auger recombination is reported in Figure 

1.8(a), Figure 1.8(b) and, Figure 1.8(c) below, respectively. Detailed equations and 

assumptions used in the thesis are reported in Appendix.     

 

 

Figure 1.8: Schematic representations of (a) Radiative, (b) SRH, and, (c) Auger recombination 
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1.6: GAPS AND MOTIVATIONS  

Silicon is the most extensively used material for solar cell production due to its 

abundance, reliability, nontoxicity, and mature fabrication techniques. Crystalline silicon solar 

cells have been dominating the PV market for several decades, with a current market share of 

90% (ITRPV, 2016). The efficiency of the crystalline silicon (c-Si) solar cell has only 

marginally improved during the last 15 years; wafer size efficiency as high as 25.6% was 

obtained with a-Si/c-Si heterojunction technology (Masuko et al., 2014), and recently, record 

of 26.3% has been achieved on 180 cm
2
 silicon heterojunction solar cell with interdigitated 

back contacts (Yoshikawa et al., 2017). These photoconversion efficiencies are close to the 

theoretical maximum efficiency of 29.4% (Richter et al., 2013). Despite this, for a PV system, 

fully competitive with the conventional energy source, cost-effective energy-efficient 

modules are required. There are different limitations of silicon PV technologies which need to 

be overcome simultaneously to achieve high efficiencies at reduced cost. Some of the 

limitations and possible solutions are as follows:   

 Absorption: In silicon-based PV, more than 100 µm thick planar cell is required (Deinega 

et al., 2013), because absorption coefficient of silicon is small, to absorb the solar 

spectrum. Also, in order to increase the collection of the generated carriers, the dimension 

of the device should be comparable to the carrier diffusion length. The requirement of 

large volume and high-quality silicon significantly increases the module cost.  Thinner 

silicon solar cells with high efficiency are fruitful for cost-effective energy solution (Jeong 

et al., 2012, van Lare et al., 2015, Jeong et al., 2013). Moreover, to maximize solar cell 

efficiency, it is necessary to optimize both, the device electrical characteristics and the 

optical absorption of thin devices (Garnett and Yang, 2010, Dwivedi et al., 2013). 
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Nanostructuring has been projected as an appropriate method to make thin silicon an 

efficient absorber. However, these cells are not efficient due to Auger and surface 

recombination due to large surface to volume ratio. However, few reported  research work 

have adopted novel methods to minimize the surface recombination for nanostructured 

based ~300 µm thick devices, which resulted in 20% and 22% efficient cells (Ingenito et 

al., 2015, Savin et al., 2015). The PCEs of nanostructured Si solar cell remains below 

22.2% for thick devices (Ingenito et al., 2015, Savin et al., 2015) and below 11% for thin 

devices (Jeong et al., 2013), except 13.7% and 15.7% reported by Jeong et al., (Jeong et 

al., 2013) and Branham et al., (Branham et al., 2015), respectively in the 10 µm thick 

devices. Therefore, to enhance the efficiency of the devices, novel front surface designs 

are needed to avoid absorption losses keeping the thickness and recombination losses 

minimal. Additionally, as silicon has absolutely low absorption coefficient particularly at 

higher wavelengths, high-frequency response can be improved by incorporating 

appropriate element which can modify its bandgap 

 Surface recombination: In contrast with thick silicon solar cells, thin cells have large 

surface to volume ratio which enhances surface recombination and hence, decreases the 

overall performance of the devices (Jeong et al., 2013).  In the 1980s, the advancement in 

the passivation of both surfaces leads to the power conversion efficiencies above 20%. 

Modern practices work towards minimizing the thickness of active materials keeping the 

efficiencies high; thus, passivation of both front and back surfaces are essential. In 

crystalline Si, recombination losses occur mainly through defect states due to indirect 

band gap (Chen et al., 2016) . These defects are situated within the volume and the 

surface. They are further divided into two categories: extrinsic (process related) and 
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intrinsic (material related and unavoidable). High-quality silicon is free from inherent 

defects, and external defects can be minimized to a low level using suitable growth 

techniques like float-zone (FZ) (Niewelt et al., 2017). However, the situation becomes 

more complicated at the interface, due to non-saturated dangling bond. These defect levels 

promote the surface recombination losses, and they must be electronically passivated, and 

the passivation techniques must be stable against UV radiation. Further, most of the lower 

wavelength photons are absorbed near the illuminated surface, and hence, the non-

metalized front surface needs to be well passivated to increase the lower wavelength 

response. There are two fundamental approaches to minimize the surface recombinations: 

(1) reduction of the density of surface states, and (2) reduction of surface concentrations 

of electrons or holes (Aberle, 2000). Deposition of dielectric films (Al2O3, SiO2, SiNx) is a 

common method to minimize the surface states. However, high-quality surface 

passivation cannot be maintained when exposed to UV radiation. Thus, to improve the UV 

stability of dielectric passivated devices, the formation of high-low junctions, i.e., p
+
p and 

n
+
n is required to reduce the concentration of charge carriers (electrons or holes) by 

creating a front surface field (FSF) or back surface field (BSF) (Aberle, 2000).  However, 

presence of heavily doped front surface reduces the lower wavelength response due to the 

formation of the dead layer, and hence alternate UV stable passivation scheme is required 

which do not involve heavily doped front surface.    

 Architecture: Conventional Si solar cells are based on front and back contact design 

which suffers from optoelectrical losses, and a possible solution is the introduction of rear 

contact architecture based cells, i.e. back-contact back-junction (BC-BJ) solar cells which 

have both; junction and the electrodes on the back side of the device. Since, the junction 
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and contacts are on the back side, front surface can be designed for optimum optical 

performance (Diouf et al., 2009, Kerschaver and Beaucarne, 2006). It has the advantages, 

such as prevention of optical shading losses at the front side and higher absorption and 

current density. A BC-BJ solar cell with 17% efficiency working under 50 sun conditions 

has been reported (Schwartz and Lammert, 1975), which is intended for concentrator 

photovoltaic (CPV) applications. The back diffusion, contact opening, and contacts were 

implemented using photolithography; about six lithography steps are required to produce 

the cell. This fabrication technique is not compatible with the cost-effective production of 

the solar cell, and hence, a simplified processing of BC-BJ solar cell has been introduced 

(Sinton et al., 1988, Sinton and Swanson, 1990), which marks a major step toward the 

cost-effective BC-BJ solar cell and has been commercialized by Sunpower Corporation 

(Sinton et al., 1993). Today, Sunpower is the world leading manufacturer of BC-BJ solar 

cell. Sunpower Corp. showed in 2007 that it is possible to achieve an average cell 

efficiency of 22% in the mass production of BC-BJ silicon solar cell (De Ceuster et al., 

2007). In the year 2014, independently confirmed conversion efficiency of 23.0% for n-

type rear contact cell has also been reported by Feldmann et al., (Feldmann et al., 2014), at 

the end of the year, the interdigitated back contact solar cells developed which resulted in 

an independently confirmed designated-area efficiency of 24.4%. The cell is fabricated on 

a 230 µm thick 1.5 Ω cm n-type  Czochralski (CZ) wafer (Franklin et al., 2016).  

Moreover, latest record efficiencies 25.6% (Masuko et al., 2014) and 26.3% (Yoshikawa 

et al., 2017) has also been obtained with the help of interdigitated back contacts 

heterojunction (IBC-HJ) technologies. These photoconversion efficiencies are close to the 

theoretical maximum efficiency of 29.4% (Richter et al., 2013). The BC-BJ solar cells are 

potential candidates to achieve higher efficiencies. Nevertheless, the conventional back 
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contact solar cell has a large area which results in the higher production cost. Therefore, to 

make these cells further cost effective and energy efficient, the active material thickness 

should be reduced, i.e. energy efficient thin architecture based rear contact silicon cell is 

needed to reduce overall $/watt.    

 Thermalization losses: Photoexcited carriers with excess energy, i.e. energy larger than 

bandgap leads to quick thermalization which is one of the major hindrances in single 

junction cells (Green, 2002).  The thermalization losses can be minimized by splitting the 

solar spectrum into various ranges and each range will be utilized by well-matched 

bandgap cells. In available solar spectrum, small-bandgap single-junction solar cell device 

yields a low voltage. However, high energy photons can be absorbed by large-bandgap 

cell forming stacked tandem architecture and generate a high voltage as compared to the 

small-bandgap cell which results in efficient utilization of spectrum. Vos (Vos, 1980) 

predicted the efficiency limit for a tandem solar cell with optimized band gaps, and work 

shows it is possible to achieve  42% conversion efficiency with 2 cell stacked tandem 

solar cell.  There   are    three main designs to consider when designing tandem solar cells:  

 

(a)                             (b)                                  (c) 

Figure 1.9:  Different tandem architectures. (a) Mechanically stacked, (b) monolithically integrated, and 

(c) spectrally spilt (Bailie and McGehee, 2015).   
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Mechanically stacked, monolithically integrated, and spectrally split as reported in Figure 

1.9(a), Figure 1.9(b), and Figure 1.9(c) on page 16, respectively. In mechanical stacking, 

top and bottom subcells are fabricated independently, and then assembled together in the 

module; thus gives greater process and design flexibilities. It does not require current 

matching between the top and bottom subcell. However, three transparent contacts are 

needed to maximize the optical coupling in underlying bottom subcell. These cells are 

also known as 4 terminal tandem solar cell, since, top and bottom subcell have separate 

contacts as reported in Figure 1.9(a). In monolithic integration, all layers are sequentially 

deposited on top of one another, tunnel junction is required for current matching between 

top and bottom subcells as depicted in Figure 1.9(b). These tandem devices are also 

known as 2 terminal tandem solar cells and require only one transparent contact. 

Meanwhile, perfect transparent electrode does not exist in reality and hence, removal of 

two electrodes will result in a higher efficiency potential. Also, cost of manufacturing 

becomes lower, as deposition of fewer layers is needed. Additionally, the combined 

advantages of monolithically integrated and mechanically stacked tandems can be 

acquired in spectral splitting. Nevertheless large-scale manufacturing process is uncertain. 

Only high concentration systems favor this architecture, which is attributed to high cost of 

dichroic mirrors and the physical geometry of a spectrally split system as shown in Figure 

1.9(c). On comparing aforesaid architectures, mechanically stacked architecture is more 

economically and commercially viable, whose efficiency can further be enhanced by 

using rear contact architecture based bottom subcell, which requires only 2 transparent 

contacts and thus avoids the need of three transparent contacts.  
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1.7: OBJECTIVES  

In this thesis, several schemes have been proposed to reduce the losses and achieve 

higher efficiencies. Moreover, the objective of the work done is briefly stated as follows: 

 To minimize the losses associated with thin devices: low absorption and surface 

recombinations. 

 To design UV stable surface passivation layer. 

 To obtain higher efficiencies using heterojunction with intrinsic thin layer (HIT) 

based rear-contact solar cell architecture. 

 To increase the optical absorption at higher wavelength by modulating the 

bandgap of Si. 

 To minimize the thermalisation and spectrum losses using mechanically stacked 

perovskite/silicon and perovskite/SiGe tandem solar cell approaches. 

1.8: THESIS OUTLINE  

This thesis is organized into seven chapters to accommodate all the research 

objectives. Each chapter is organized to be fundamentally self-contained.  

 

Chapter-2 Thesis starts with design and simulation 

of a novel front surface to resolve the issues 

associated with thin devices: low absorption and 

surface recombinations. Reported design balances the 

photonic and electronic effects together. ZrO2 based 

texturing has been used along with SiC-based front 
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surface passivation for the suppression of interface recombination and improvement of VOC.  

UV stability analysis has also been done. 

 

Chapter-3 Since, tandem structure of perovskite-

silicon solar cells is a promising method to achieve 

efficient solar energy conversion at low cost. Hence 

current chapter represents the application of SiC 

passivated rear contact silicon solar cell in 

mechanically stacked tandem configuration with 

perovskite solar cell.  The focus of the work is to 

minimize the thermalisation losses. The impact of perovskite layer thickness, monomolecular, 

bimolecular, and trimolecular recombination have also been obtained on the performance of 

perovskite top subcell. 

Chapter-4 The objective of this chapter is identical 

to the Chapter 3 i.e., minimizing the thermalisation 

losses. However, the tandem architecture is slightly 

different, i.e., the conventional rear-contact solar cell 

has been replaced with SiC passivated IBC-SiHJ 

solar cell. Detailed analysis has been done for top and 

bottom subcells. Fundamental recombination 

dynamics are obtained. Hole transport layer (HTL) 

analysis has been done for perovskite top subcell, and passivation quality of SiC has been 

studied for IBC-SiHJ solar cells. 
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Chapter-5 Investigates the efficiency potential 

of SiGe material in SiC-passivated rear-contact 

solar cell architecture. SiGe is introduced to 

modulate the bandgap of Si in order to increase 

the optical absorption at higher wavelengths. 

Analysis of intrinsic and n-type wafer based 

SiGe solar cell has been done. Surface 

passivation analysis and comparison has been done with convention SiO2 and Si3N4 based 

passivation techniques. Recombination rates, carrier distribution, and photon absorption rates 

within the device, are obtained. 

 

Chapter-6 Examines the efficiency potential of 

SiC passivated IBC-SiGeHJ solar cell in 

standalone as well as tandem applications. 

Optimization of intrinsic hydrogenated 

amorphous SiGe (i-a-SiGe: H) thickness, the 

width of n-type hydrogenated amorphous SiGe 

(n-a-SiGe: H) region, width of p-type 

hydrogenated amorphous SiGe (p-a- SiGe: H) 

region and pitch gap along with composition fraction has been done. It is followed by the 

design and analysis of mechanically stacked 4 terminal perovskite/IBC-SiGeHJ solar cells.  

 

Finally, the research work of the thesis is briefly summarized in Chapter -7 and future works 

are outlined.   
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CHAPTER 2   

REAR CONTACT SILICON SOLAR CELL WITH NOVEL 

FRONT SURFACE DESIGN  

 

In this chapter, a novel front surface design has been proposed and simulated to resolve the 

issues associated with thin devices: low absorption and surface recombinations. ZrO2 based 

texturing has been used along with SiC-based front surface passivation for the suppression of 

interface recombination and less absorption. Design reported in this chapter balances the 

photonic and electronic effects together. 

 

 The innovative front surface design has been proposed for silicon solar cell. 

 ZrO2 based texturing has been used along with SiC-based front surface passivation. 

 VOC of 662 mV has been achieved in the sub-10-μm small device. 

 The PCE of 15.7% has been made in the sub-10-μm small device. 

 Moreover, a 21.6% efficient 300 μm thick device has also been designed. 
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2.1: INTRODUCTION  

Solar cell technology is a function of lifetime, efficiency, and cost of the device. In 

silicon PV technology, the thickness of typically more than 100 µm is required to absorb the 

solar spectrum since the absorption coefficient of silicon is small at higher wavelengths 

(Deinega et al., 2013). This requirement results in higher cost and hence, large-scale 

implementation is not economically feasible. Also, the dimension of the device should be 

comparable to the carrier diffusion length in order to increase the collection of the light 

generated carriers. Thinner silicon solar cell devices with high efficiencies are successful 

candidates for cost-effective energy solution (van Lare et al., 2015). Further, to maximize 

solar cell efficiency, it is necessary to optimize both, the device electrical characteristics and 

the optical absorption (Dwivedi et al., 2013, Garnett and Yang, 2010). Nanostructuring has 

been projected as an appropriate method to make thin silicon an efficient absorber. However, 

these cells are not efficient due to Auger and surface recombination as the surface to volume 

ratio of the cells is large. However, methods to minimize the surface recombination for 

nanostructured based ~300 µm thick devices have been presented which results in 20% and 

22% efficient cells (Ingenito et al., 2015, Savin et al., 2015). The PCE of nanostructured Si 

solar cell remains below 22.2% for thick devices (Ingenito et al., 2015, Savin et al., 2015) and 

below 11% for thin devices (Jeong et al., 2013), except 13.7% and 15.7% reported by Jeong et 

al., and Branham et al., (Jeong et al., 2013, Branham et al., 2015) for the 10 µm thick devices.  

The work reported in this chapter shows efficient photon absorption in the sub-10-µm-

thick device. ZrO2 based texturing has been used along with SiC-based front surface 

passivation. ZrO2 is a material of high technology due to its outstanding electrical and 

mechanical properties and high dielectric constant. Dielectric properties (Ɛ ~ 25) and large 
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band gap (Eg ~ 6eV) suggested its potential to replace conventional SiO2 in the advanced 

semiconductor device and optical applications (Garcia et al., 2006). Also, it has an excellent 

thermal stability; and the real index (n) values of ZrO2 are close to the n values of nitride, 

which is usually used as anti-reflective coating (ARC) for silicon solar cell (Philipp, 1973, 

Bååk, 1982). Moreover, previous work shows that presence of thin SiC layer minimizes the 

reflectivity (Allen et al., 2011), and  embedding 3C-SiC nanoparticles significantly reduces 

the photo reflectivity in UV/ visible spectrum region (Parida et al., 2013). The SiC is a wide 

energy band gap (Eg=2.2 eV) indirect semiconductor with high saturation velocity, high 

thermal conductivity and large breakdown field; hence, it is an ideal choice for high 

temperature, high power, high voltage electron devices. Its high melting point, chemical 

inertness, high wear resistance, and extreme hardness, make it possible to fabricate sensors 

and actuators capable of performing in harsh environments (Chung et al., 2010). Moreover, 

experimental work shows the feasibility of SiC formation on silicon; the SiC film formation 

has been done for Si solar cell passivation. The film was deposited on silicon (100) and glass 

substrates by radio frequency (RF) magnetron co-sputtering system (Joung et al., 2012). The 

rear contact silicon solar cell has been selected because it is a promising high-efficiency solar 

cell having both, junction and the electrodes at the back side of the device, as discussed in 

Section 1.6: of Chapter 1 (Kerschaver and Beaucarne, 2006). 

2.2: DEVICE STRUCTURE AND SIMULATION 

In this section, calibrated software program is written in Silvaco ATLAS device 

simulator as per the already published results for 10 µm thick rear contact solar cell with AR 

coating (Jeong et al., 2013). The dimensions and the doping density of the planar device were 

identical to  the  referenced cell  and  named  as  Device A as shown in Figure 2.1 on page 27.  



CHAPTER 2:  REAR CONTACT SILICON SOLAR CELL WITH… 

 

RAHUL PANDEY                                                                                                                                                       27 

 

 

Figure 2.1: The simulated device structure, i.e. 10µm thick rear-contact silicon solar cell with the anti-

reflective (AR) coating (Pandey and Chaujar, 2016b). 

 

The device geometry in the simulation has 50-µm-wide pitch, 46µm-wide p+, and 30-µm-

wide n+ region. The substrate was n-type, with a doping density of 3x10
15

 cm
-3

. The p+ 

region was doped with boron with a doping density of 4x10
20

 cm
-3 

and a depth of 300 nm, 

whereas, n+ region was doped with phosphorus with a doping density of 1x10
20

 cm
-3

 and a 

depth of 100 nm. Moreover, shunt (RSH) and series (RS) resistance of 5.69 kΩ.cm
2
 and 

0.33Ω.cm
2
, respectively, has also been incorporated using spice circuit simulations. Further, 

in the presence of heavy doping, i.e. >10
18

 cm
-3

, experimental work has shown that the pn 

product in silicon turns out to be doping dependent (Slotboom, 1977).   As  the  doping level 

rises, a decrease in the bandgap occurs, where  the  valence band is  raised by approximately 

the same amount as the conduction band is lowered. The discussed structure has heavily 

doped p+ and n+ regions, and so band gap narrowing effects are enabled. These effects can 

be described by an analytic expression relating the variation in the bandgap, ∆Eg to the 

doping concentration, N (Slotboom and de Graaff, 1976). Furthermore, the solar cells are the 

carrier recombination affected devices. Therefore, Auger and SRH recombination models are 

selected during the simulation. Phonon transitions occur in the presence of a trap or defect 
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within the forbidden gap of the semiconductor (Shockley and Read, 1952, Hall, 1952). The 

fundamental of the SRH model are the assumptions of one trap level in the forbidden band 

and drift-diffusion assumption for the transport of electrons and holes,  and the assumption 

that the dynamics of the trapped carrier is quasi-stationary (Goudon et al., 2007). Moreover, 

capturing or emission of mobile charge carriers through three particle transition processes 

leads to Auger recombination, the underlying physics of such processes is still unclear, and 

normally qualitative understanding is sufficient as suggested by Selberherr et al.  (Selberherr, 

1984). The auger coefficients, Cp=9.9x10
-32 

cm
6
.s

-1
, and Cn=2.8x10

-31
 cm

6
.s

-1
 have been used 

for n-type and p-type silicon, respectively, at a 300K temperature (Dziewior and Schmid, 

1977). The concentration-dependent mobility and field dependent mobility models have also 

been selected during simulation. The consistent set of models and parameters for the 

simulation of Si solar cell have been used as suggested in the already published article 

(Altermatt, 2011). Detailed equations of the models are provided in Appendix of the thesis.  

To obtain the current density (J)- voltage (V) curve under illumination, the standard AM1.5 

solar spectrum has been used, throughout the thesis. Also, as the contact interface between 

metal and semiconductor is highly doped both for the p+ and n+ region, i.e. ~ 10
20

 cm
-3

, 

therefore, the Ohmic contacts are used in this work. This has been done to avoid Schottky 

barriers, and thus unnecessarily higher computation time.  Result reveals, the software 

program, is well calibrated within the acceptable range, which will be shown later in this 

Chapter.  

2.3: RESULTS 

The result section is divided into three parts; 1
st
 part describes the analysis and 

comparison of SiC passivated device for UV stability, 2
nd

 part deals with the designing of a 
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ZrO2 textured and thin SiC-based ZrO2 textured 10µm x 10µm thick n-type silicon wafer for 

optimal spectrum response and the 3
rd

 part illustrates the designed ZrO2 pattern with and 

without SiC to the Device A, by removing ARC layer. Additionally, ZrO2 textured 10µm 

thick rear contact silicon solar cell is called as Device B, and ZrO2 textured device with SiC 

layer at the ZrO2/n-Si interface is termed as Device C.  

2.3.1:  Analysis of SiC based rear contact silicon solar cell for UV stability 

As discussed in Section 1.6: of Chapter 1, there are two fundamental approaches to 

minimize the surface recombinations: (1) reduction of the density of surface states, and (2) 

reduction of surface concentrations of electrons or holes. Deposition of dielectric films 

(Al2O3, SiO2, SiNx) is a common method to minimize the surface states. However, high-

quality surface passivation cannot be maintained when exposed to UV radiation. Thus, to 

improve the UV stability of dielectric passivated devices, the formation of high-low junctions, 

i.e. p
+
p and n

+
n is required to reduce the concentration of charge carriers (electrons or holes) 

by creating a surface field (Aberle, 2000).  

 

 

Figure 2.2: The simulated device structure with different passivation scheme (a) represents ARC, (b) 

represents ARC with front surface field (FSF), and (c) represents SiC with ARC, respectively. 
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In this section of the Chapter, simulation analysis has been done for SiC passivated 

rear contact silicon solar cell and performance is compared with conventional dielectric 

passivation and high-low junction based passivation techniques as shown in Figure 2.2 on 

page 29. Initial analysis has been done at the interface. A small region at the surface is 

exaggerated, and photogeneration and recombination rate contour has been obtained, to 

understand and compare the different passivation techniques. Figure 2.3 (a-c) below and 

Figure 2.4 (a-d) on page 31 show the photon absorption and recombination rate, respectively 

at the interface. Results indicate that presence of SiC increases the optical coupling and hence 

higher photon absorption rate compared to other passivation techniques as shown in Figure 

2.3 (c). Moreover, photon absorption rate in FSF/ARC based device is slightly lower 

compared to ARC based device as shown in Figure 2.3 (a) and Figure 2.3 (b), due to the 

heavily doped front surface. Furthermore, surface passivation analysis at different surface 

recombination velocity (SRV) is reported in Figure 2.4 (a-d). The number of surface states is 

incorporated in the simulations with the help of SRV parameters in the interface statement of 

ATLAS device simulator (see Appendix).  Contour plot reported in Figure 2.4 (a-d) has been 

obtained at SRV, 1×10
4
 cm.s

-1
. The device consisting of only ARC shows higher 

recombination rate compared to FSF/ARC and SiC/ARC based devices, and hence more 

vulnerable to surface states. 

 
Figure 2.3: Contour representation of photogeneration rate near the interface (a) FSF/ARC based 

device, (b) ARC based device, and (c) SiC/ARC based device.  Results are obtained under illumination 

on and zero applied voltage (Pandey and Chaujar, 2017). 
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Figure 2.4: Contour representation of recombination rate near the interface (a) ARC based device, (b) 

FSF/ARC based device, different concentration of n+ region, i.e. FSF region is further represented in b (i-

iv), and (c) SiC/ARC based device. Results are obtained under illumination and zero applied voltage 

(Pandey and Chaujar, 2017). 

 

Further, spectrum response, i.e., external quantum efficiency (EQE) of the device has 

been obtained and reported in Figure 2.5 (a-c) on page 32. EQE of ARC, FSF/ARC, and 

SiC/ARC based devices are indicated in Figure 2.5 (a), Figure 2.5 (b) and, Figure 2.5 (c), 

respectively.  Moreover, EQE of the FSF/ARC based device is obtained for different donor 

concentration of the front surface. To get the impact of FSF doping concentration, optical 

performance is achieved by varying the doping concentration (1×10
16 

cm
-3

 to 1×10
20

 cm
-3

) 

and reported in Figure 2.5 (b) (i-v). As discussed earlier, ARC coated device is vulnerable, 

and the same has been supported by spectrum response also. Figure 2.5 (a) shows increasing 

the surface states in terms of SRV results in significant degradation in ARC based device. At 

a wavelength equivalent to 300 nm, the EQE of ARC-based device went to 30% from 60% as 

SRV changes from 1 cm/s to 10
4
 cm/s.  Generally, the lower wavelength response of the 

device is reduced due to front surface recombination, whereas midway and higher wavelength 

response are reduced due to lower diffusion length and transmitted photons, respectively. 

Nevertheless, back surface recombination also degrades higher wavelength response. 
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Figure 2.5: Impact of SRV on the optical performance i.e. EQE of (a) ARC based device, (b) FSF/ARC 

based device, different concentration of n+ region, i.e. FSF region is further represented in b (i-iv), and 

(C) SiC/ARC based device (Pandey and Chaujar, 2017).   

 

Result shows, ARC coated device is unable to withstand under UV radiation and 

higher surface states conditions.   The fundamentals of minimising the surface recombination 

losses are a reduction of surface states and reduction of carrier (electrons and holes) 

concentration at the interface. EQEs of FSF/ARC and SiC/ARC based devices shows fewer 

degradations, however selecting the appropriate doping concentration is an important 

parameter for FSF/ARC based device.  Results show FSF doping concentration of 1×10
16

 cm
-

3
 will not provide any spectral improvement as shown in Figure 2.5b (i) above, i.e., FSF is 

not capable of reducing the minority carrier (holes) concentration at the interface, whereas 
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increasing the concentration will result in improvements in both lower as well as midway 

spectrum responses shown in Figure 2.5b (ii-v) on page 32. Increasing the concentration of 

FSF region results in the higher surface field and hence efficiently prevents the holes at the 

interface; and thus reduces the concentration and surface recombination, eventually, giving 

rise to stable spectrum response. FSF/ARC based device with appropriate doping provides 

UV stability as shown in Figure 2.5b (ii-v), however, the performance, i.e., EQE at the lower 

wavelength is decreased, which is attributed to the formation of dead layer at the front 

surface; most of the high-energy photons are absorbed near the front surface, and they get 

recombine as shown in Figure 2.4b (iii-iv) on page 31. Moreover, another passivation 

scheme, i.e., using SiC along with ARC coating is a possible solution to prevent the formation 

of the dead layer along with UV stability. Figure 2.5 (c) shows the presence of SiC at the 

front surface provides significant UV stability without degrading the lower wavelength 

response, due to higher optical coupling and lower surface recombination as shown in Figure 

2.3 (c) on page 30 and Figure 2.4 (d) on page 31, respectively. The SiC-based device shows 

EQEs >90% in the spectrum range of 480-620 nm wavelength spectrum along with good UV 

stability under high SRV condition.  The presence of SiC prevents the movement of holes 

toward the interface by creating the field without the need of heavily doped front surface 

(Pandey and Chaujar, 2016a, Pandey and Chaujar, 2016c).  However, the thickness of SiC is a 

critical parameter. Increasing the thickness more than 20 nm results in parasitic absorption in 

SiC and reduces optical coupling in underlying Si (Pandey and Chaujar, 2016c).  Concluding 

the results obtained at the interface and spectrum response supports that SiC provides better 

surface stability along with good surface passivation quality.  
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2.3.2:  Designing of SiC and textured ZrO2 based silicon wafer 

In this section, a 10µm x10µm thick n-type Si wafer without ARC, with ARC, 

textured ZrO2 and textured ZrO2 having SiC (20nm) layer at ZrO2/ n-Si interface has been 

designed and simulated to obtain the spectrum response. The entire front surface of the wafer 

is covered with repeated ZrO2 facet structures and optimized height, 175 nm, and width, 250 

nm is used for texturing. The smaller and larger width size than 250 nm will show lower 

optical coupling and lower conversion efficiency, as suggested by Yoshinaga et al., 

(Yoshinaga et al.). In the real cell, the nanopatterns can be fabricated via inexpensive and 

scalable imprinting technique. The complex refractive index of various materials has been 

obtained from SOPRA database (Atlas, 2017) and reported in Figure 2.6 (a-b) below. As 

wavelength changes from 300 to 1200 nm, the refractive index, n of ZrO2 changes from 2.45-

2.17 as shown in Figure 2.6 (a).  The n values of ZrO2 are close to the n values of nitride, 

which is usually used as AR coating for silicon solar cell (Philipp, 1973, Bååk, 1982).  

 

Figure 2.6:  Wavelength-dependent optical properties of the materials used in simulation: (a) Real index, 

and (b) Absorption coefficient of silicon. Inset shows the extinction coefficient of SiC (Pandey and 

Chaujar, 2016b). 
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Figure 2.7: Spectral response of (10 µm × 10 µm) thick Si wafer with different types of front surfaces (a) 

Absorption, and (b) Source and available photocurrent. Si3N4 was used with the thickness of 80nm for AR 

layer (Pandey and Chaujar, 2016b). 

Further, the spectral response of Si wafers is obtained and presented in Figure 2.7 (a-

b) above. Result shows, planar silicon wafer without coating is highly reflective, i.e. 

absorption is small in the range of 300-1000 nm wavelength spectrum. Also, ARC layer based 

Si wafer shows > 96% absorption in the spectrum range of 500-625 nm wavelength. Lower 

and higher wavelength response is however not remarkable. The ZrO2 textured wafer exhibits 

improved optical behavior compared to ARC based wafer due to anti-reflection and light 

scattering as shown in Figure 2.7 (a). This   concludes   that higher absorption is achieved in 

the ZrO2 textured wafer, which further results in higher available photocurrent   shown in 

Figure 2.7 (b). Results also indicate that throughout the spectrum range (300-1000 nm), ZrO2 

textured wafer shows enhanced absorption as compared to ARC coated wafer. At a 

wavelength equivalent to 300 nm, 77% absorption is achieved in the silicon wafer. Also, 

photon absorption > 82% has been achieved in the spectrum range of 325-850 nm 

wavelengths with a maximum of 98.2%.    This shows spectrum response has been improved 
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due to ZrO2 textured front surface. Further, optical behavior of SiC-based ZrO2 textured wafer 

has also been obtained. The efficiency of a solar cell is directly related to the amount of light 

entering the cell. An antireflection coating is used to reduce the reflection of the useful light 

while not absorbing it. It has been shown that the photon coupling in the underlying substrate 

is higher for 20 nm thick SiC-based device (Pandey and Chaujar, 2016c); Also, increasing the 

SiC thickness results in parasitic absorbance in SiC, and lower photon coupling in the 

underlying substrate. Since absorbance directly depends on the thickness of the material, it 

results in lower short-circuit current density and power conversion efficiency (Pandey and 

Chaujar, 2016c). Therefore, the thickness of SiC used in the simulation is only 20 nm whose 

absorption is negligible hence; optical coupling in underlying silicon is higher. Also, the 

optical properties, i.e. refractive index and extinction coefficient (k) required for an AR 

coating depends on the refractive index of the underlying substrate, encapsulated cover, and 

the operating wavelengths. The material having low absorption of useful light is needed, to 

reduce the absorption of useful light in ARC. Therefore, low k values are required, k value of 

0.01 corresponds to less than 1% absorption, since absorption coefficient, ɑ=4пk/λ. Figure 

2.6 (a) and Figure 2.6 (b) on page 34 shows that SiC has n values between 2.9 and 2.5 in the 

spectrum range of 300 -1200 nm and k of less than 0.01 for the wavelengths greater than 430 

nm. Also, according to the patented work of Allen et al. (Allen et al., 2011), SiC film having n 

between 2.7 and 2.3 and k of less than 0.01 at a wavelength of 630  nm is a good candidate for 

anti-reflective coating for solar cells. This confirms that presence of SiC will not degrade the 

optical behaviors of ZrO2 based wafer.  Moreover, a contour plot of photons absorption rate   

in the wafers is also shown in Figure 2.8 (a-d) on page 37.   Higher photons coupling has 

been observed in both ZrO2 based and SiC-based ZrO2 textured wafer, which results in higher 
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absorption rate as well as higher absorption depth compared to ARC based device, as shown 

in Figure 2.8c&d and Figure 2.8g&h below.  

 

Figure 2.8:  Photon absorption rate (cm
-3

.s
-1

) in the silicon wafer with the different type of front surface: 

(a) Without ARC, (b) with ARC, (c) ZrO2 textured, and (d) SiC-based ZrO2 textured. Fig. 2.8 (e-h) shows 

the magnified view near the interface for uncoated, ARC based, ZrO2 textured, and SiC based ZrO2 

textured wafers, respectively (Pandey and Chaujar, 2016b). 

 

2.3.3:  SiC based rear contact solar cells with ZrO2 textured front surface 

Spectral results as discussed in previous sections show that the optical performance of 

Si wafer is significantly improved in the case of ZrO2 textured front surface. Therefore, ARC 

coating of Device A is replaced with ZrO2 textured front surface with rest of the device 

parameters being the same. In this section, the performance of two ZrO2 textured solar cells 

has been obtained, one with 20nm thick SiC layer at the interface (Device C) and another 

without SiC layer at the interface (Device B) and obtained results are compared with planar 

rear contact device as shown in Figure 2.1 on page 27. Device B and Device C have been 

simulated with the help of calibrated program written for Device A. Results of the previous 

section shows, an amalgamation of thin SiC layer does not degrade the optical behavior of the   

wafer.  Hence, both the devices, i.e.  Device B and Device C  shows  significant improvement 

in device photovoltaic parameters: in terms of JSC, VOC, FF, and PCE compared to Device A.   
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Figure 2.9: Contour representation of Recombination rate (cm
-3

.s
-1

): (a) Si3N4 coated device, (b) ZrO2 

textured device, and (c) SiC-based ZrO2 textured device. Fig. 2.07 (d-f) shows the magnified view of 

Si3N4/N-Si, ZrO2/N-Si, and ZrO2/SiC/N-Si interfaces, respectively (Pandey and Chaujar, 2016b). 

 

Further, Figure 2.9(a-f) above shows the contour plot of recombination rate in Device 

A, Device B, and Device C, respectively. The device architecture is such that the holes 

generated at point 1, in Figure 2.1 on page 27 need to travel shorter to arrive at n — p+ 

interface, whereas the holes generated at point 2, needs to travel a greater lateral distance. 

Under short-circuit condition, a space charge region is formed around the junction having an 

associated electric field that collects the generated electron-hole pairs, and the collection is 

complete near p+ region. However, outside the p+ region, the substrate is neutral, and the 

collection will be by diffusion of electrons and holes towards the field region where they will 

be collected and separated. The electrons and holes generated in a region greater than the 

diffusion length will never reach the junction, and the recombination process will balance out. 

This results in higher recombination rate in region II compared to the region I, shown in 

Figure 2.9(a-f). Further, Figure 2.9c&f indicates that significant improvement in surface 

recombination has been obtained in Device C compared to Device A and Device B. The 
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analysis reveals that recombination rate near the SiC/n-Si interface is small compared to the 

bulk region (n-Si) of the device. The presence of SiC creates an electric field at the interface 

and is directed from SiC to Si, rendering it energetically unfavorable for holes transport to 

SiC/n-Si interface, resulting in a low concentration of holes at the passivating interface 

(Pandey and Chaujar, 2016a, Pandey and Chaujar, 2016c). Thus, sinking the holes 

concentration at the interface will produce higher concentration difference between electrons 

and holes, and results in lower surface recombination rate (Aberle, 2000).  Results conclude 

that presence of ZrO2 textured front surface increases the optical response and presence of 

SiC at the ZrO2/n-Si interface minimizes the surface recombination. Therefore, the dual 

advantage has been obtained with the help of SiC and ZrO2.  

 

Figure 2.10: Current density-voltage (J-V) curve under illumination for different devices: (a) Si3N4 coated 

device, (b) ZrO2 textured device, and (c) SiC-based ZrO2 textured device (Pandey and Chaujar, 2016b). 

 

Further, the J-V curve is presented in Figure 2.10 above for Device A, Device B, and 

Device C. Correspondingly, the photovoltaic parameters are concluded in Table 2-1 on page 

40. The J-V curve of Device A is identical  to the J-V curve of the planar 10-μm-thick solar 
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cell with anti-reflection layer, presented by Jeong et al. (Jeong et al., 2013). This also 

validates the calibration of the software program. Moreover, lower recombination and higher 

photogeneration lead to improved JSC and VOC in Device B and Device C compared to    

Device A. The JSC, VOC of 28.6 mA.cm
-2

,623 mV and 29.3 mA.cm
-2

,662 mV have been 

obtained in Device B and Device C, respectively, as shown in Figure 2.10 on page 39. Hence, 

32% higher JSC and 7% higher VOC has been obtained in Device C compared to Device A. 

Also, the VOC of the Device C is 6 % higher compared to Device B which shows that the 

presence of SiC in ZrO2 textured rear contact device significantly boost the photovoltaic 

performance of the device by suppressing  the  surface  recombination.  The overall PCE of 

the Device C is 42% and 11% higher compared to Device A and Device B respectively.  

TABLE 2-1: PHOTOVOLTAIC PARAMETERS OF 10µm THICK DEVICES: DEVICE A, DEVICE B, AND DEVICE 

C CORRESPONDS TO Si3N4 COATED, ZrO2 TEXTURED, AND SiC-BASED ZrO2 TEXTURED DEVICES, 

RESPECTIVELY (PANDEY AND CHAUJAR 2016B). 

Device  JSC (mA.cm
-2

) 

 

VOC (mV) 

 

FF (%) 

 

PCE (%) 

 

Reference cell (Jeong et al., 2013) 22.2 615 80.2    10.9 

Device A 22.2 616 80.8    11.0 

Device B 28.6 623 80.9    14.4 

Device C 29.3 662 80.9    15.7 

Periodic nanostructure based silicon solar cell (Branham 

et al., 2015) 

33.9 589 78.5    15.7 

 

Also, the impact of minority carrier lifetime (τ) has been studied to obtain the effect of 

material quality on PV parameters, and the results are presented in Figure 2.11(a-d) on page 

41. The discussed device is thin compared to conventional   silicon   solar cells and hence, the 

device can be fabricated with inexpensive, less pure material. Also, the charge carriers in 

discussed device need to diffuse shorter length whereas, in conventional rear contact device, a 

long carrier lifetime is required to collect the carrier because the thickness is usually >150µm.  
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Figure 2.11: Impact of minority carrier lifetime on photovoltaic parameters of Si3N4 coated, ZrO2 

textured, and SiC-based ZrO2 textured devices: (a) VOC, (b) JSC, (c) PCE and (d) FF (Pandey and Chaujar, 

2016b). 

 

This results in, increased module cost since high- purity material is required. Results show 

that the impact of minority carrier lifetime is negligible on all the three devices. However, the 

overall photovoltaic parameters of the Device C are superior compared to Device A and 

Device B. At τ equivalent to 10
-2

 s, the PCE of 11.3%, 14.7%, and 16.5% have been obtained 

in Device A, Device B, and Device C respectively, whereas, for τ equivalent to 10
-5

 s,  the 

values are 11.0%, 14.4%, and 15.7%, respectively. This shows only 4% change in PCE is 

observed for Device C, as carrier lifetime changes from 10
-2

 s to 10
-5

 s. All the photovoltaic 

parameters of Device C are good compared to Device A and Device B as shown in Figure 
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2.11(a), Figure 2.11(b), Figure 2.11(c), and Figure 2.11(d) on page 41, respectively.  The 

results discussed above show that the performance of silicon solar cell is improved with the 

help of SiC-based ZrO2 texturing; however, optical absorption falls to lower values in the 

wavelength range of 900-100 nm, whereas simulated spectrum goes up to 1200 nm. The 

absorption coefficient of silicon is small at a higher wavelength (Green and Keevers, 1995, 

Green, 2008) and hence to increase the absorption up to 1200 nm, thicker silicon is required. 

Therefore, a 300µm thick SiC-based ZrO2 textured rear-contact solar cell has also been 

designed and it's optical, as well as electrical parameters, are compared with 10 µm thick 

device as discussed above.  

 

Figure 2.12: (a) Available photocurrent in the 10µm and 300µm thick SiC-based ZrO2 textured devices, 

respectively under AM1.5 illumination, and (b) EQE of the 10µm and 300µm thick SiC-based ZrO2 

textured devices, respectively (Pandey and Chaujar, 2016b). 

 

In addition, Figure 2.12 (a-b) above shows the optical behavior of the devices, i.e. 10 

microns and 300 micron thick devices, respectively. The available photocurrent (IA) is shown 

in Figure 2.12(a) along with source photocurrent (IS) of the spectrum. Improved available 
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photocurrent has been obtained in 300 µm thick device in higher wavelength regime. The 

EQEs of the two devices have also been obtained and presented in Figure 2.12(b) on page 42. 

Results show, significant improvement in the higher wavelength region. The EQE fall to 

lower values at higher wavelength compared to 10-micron thick device, as shown in Figure 

2.12(b). Further, J-V curve of the devices is presented in Figure 2.13 below.  Results indicate 

that improved optical response of 300µm thick device leads to significant improvement in JSC. 

The minority carrier lifetime of 1ms has been selected for the thicker device to prevent the 

bulk recombination of generated carriers. The JSC (39.40 mA.cm
-2

), VOC (687mV), FF (80%), 

and PCE (21.6%) have been obtained. In experimental work,  modulated surface textured 

(MST) based rear contact device shows JSC, VOC, FF, and PCE values of 40.5 mA.cm
-2

, 635 

mV, 77%, and 19.8%, respectively (Ingenito et al., 2015). This shows that simulated results 

are in good agreement with experimental results. The VOC value of the experimental device is 

lower compared to the device under investigation.  

 

Figure 2.13: J-V curve under illumination for different devices: (a) Si3N4 coated device, (b) ZrO2 textured 

device, and (c) SiC-based ZrO2 textured device (Pandey and Chaujar, 2016b). 
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Results conclude that the optimum surface passivation has been achieved in this work 

compared to experimental results due to the presence of SiC. This shows that the 

amalgamation of SiC in experimental devices can significantly suppress the carrier 

recombination at the interface and lead to higher open circuit voltage.  The photovoltaic 

parameters of the 300 µm thick device simulated in this work are shown in Table 2-2 below 

along with already available experimental results.    

TABLE 2-2: PHOTOVOLTAIC PARAMETERS OF 300 µm THICK SiC-BASED REAR CONTACT SILICON SOLAR 

CELL ALONG WITH ALREADY PUBLISHED EXPERIMENTAL RESULTS (PANDEY AND CHAUJAR 2016B). 

Device Thickness (µm) JSC (mA.cm
-2

) 

 

VOC  (mV) 

 

FF (%) 

 

PCE (%) 

 

SiC based ZrO2 textured 300 39.4 687 80.0 21.6 

MST based device 

(Ingenito et al., 2015) 

285±25 40.5 635 77.0 19.8 

 

2.4: SUMMARY  

This chapter presents an efficient optical absorption and improved surface passivation 

in sub-10µm-thick Si solar cell device. Primarily a calibrated software program is written as 

per the results already published and then SiC-based passivation scheme has been discussed 

with rear contact silicon solar cell and optical performance is compared with conventional 

dielectric and FSF based passivation scheme. UV stability and superior optical response have 

been achieved in SiC-based device.  Further, ZrO2 textured and SiC-based front surface are 

designed for the silicon wafer, and spectrum response is obtained. The wafer shows 

absorption (87%) at short wavelengths (300 nm). Results show that throughout the 

wavelength spectrum 300-1000 nm, i.e. (UV-Visible-Infrared), ZrO2 textured wafer having 

thin SiC at the interface (ZrO2/n-Si) shows significant improvement in optical absorption. 

Hence, ZrO2 textured SiC-based rear-contact solar cell device has been designed and 
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simulated to achieve higher optical absorption, lower interface recombination, and improved 

VOC. The device exhibits external quantum efficiency > 81% in the spectrum range of 320-

720 nm wavelength spectrums with a maximum of 95.6% at wavelength 560 nm. This results 

in enhanced photovoltaic parameters compared to the conventional rear-contact solar cell with 

AR coating. The JSC and VOC of 29.3 mA.cm
-2

, 661 mV have been obtained. This results in 

15.7% PCE in the sub-10µm-thick rear contact silicon solar cell. Further, to utilize the higher 

wavelength photons, a 21.6% efficient 300µm thick device has also been designed and 

simulated. Results show that if fabricated experimentally it can prove to be a cost-effective 

solution for energy efficient applications.  

Further, application of SiC passivated rear contact silicon solar cell in tandem 

configuration with perovskite top subcell has been discussed in next chapter and the focus of 

the work is to minimize the thermalisation losses. 
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CHAPTER 3  

SiC PASSIVATED REAR CONTACT SILICON SOLAR 

CELL IN TANDEM CONFIGURATION WITH PEROVSKITE 

TOP SUBCELL   

This chapter represents the application of SiC passivated rear contact silicon solar cell in 

mechanically stacked tandem configuration with perovskite solar cell. The focus of the work 

is to minimize the thermalisation losses as discussed in Chapter 1. The tandem structure of 

perovskite-silicon solar cells is a promising method to achieve efficient solar energy 

conversion at low costs. 

 

 

 

 

 

 Innovative perovskite/silicon based 4-terminal tandem cell has been proposed and 

simulated. 

 20.9% efficient perovskite cell has been designed for top subcell. 

 PCEs of 27.6% and 22.4% have been achieved with 300 μm and 10 μm thick silicon 

bottom subcells. 

 Result shows, proposed design can be a good candidate to obtain ultra-high efficiencies 
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3.1: INTRODUCTION  

Refining the performance of PV devices is crucial to surge their competitiveness with 

a conventional source of electricity. Crystalline silicon solar cells have dominated the PV 

market for decades, with 90% current market share (Loper et al., 2014, ITRPV, 2016). The 

efficiency of the crystalline silicon solar cell has only marginally improved during the last 15 

years, wafer size efficiency as high as 25.6% has been reported with amorphous silicon (a-

Si)/c-Si hetero-junction technology (Masuko et al., 2014). Moreover, recently a record of 

26.3% has been achieved on 180 cm
2
 crystalline silicon solar cell (Yoshikawa et al., 2017) 

which is close to the theoretical maximum efficiency of 29.4% (Richter et al., 2013). 

However, to make photovoltaic fully competitive with the conventional energy source, further 

cost effective energy efficient module is required. Photoexcited carriers with excess energy, 

i.e. energy larger than bandgap leads to quick thermalization which is one of the major 

hindrances in single junction cells (Green, 2002).  The thermalization losses can be minimized 

by splitting the solar spectrum into various ranges and each range will be utilized by well-

matched bandgap cells. This idea seems to be suggested in 1955, and same has been published 

in 1960 (Jackson, 1960),  although, not getting much attention at that time. Moon et al. (Moon 

et al., 1978), demonstrated that high efficiencies could be achieved by employing this idea, 

which led to, widespread interest. Initially, spectrum splitting approaches are used using 

spectrally sensitive mirrors; later it was realized that stacking of the cells on one another could 

lead to spectral filtering by placing the largest bandgap cell on the top (Jackson, 1960).  A 

single-junction small-bandgap solar cell device produces a low voltage from the available 

solar spectrum, whereas, the stacked tandem architecture uses a large-bandgap cell to absorb 
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the high-energy photons, generating a higher voltage from these photons than the small-

bandgap cell, thus, resulting in efficient utilization of solar spectrum.  

Therefore, to obtain the higher efficiency at lower cost, Si-based tandem approaches 

have been proposed, which combine a silicon cell with a low-cost cell with wide-bandgap 

(1.6e - 1.9 eV) absorber material to form a tandem cell. Commonly, III-V semiconductors 

have been used on top of silicon to make a tandem cell; however, their large area production 

is costly and challenging (Bailie and McGehee, 2015). The emergence of organic-inorganic 

halide perovskite solar cell drastically changes the situation. The methylammonium-lead-

halide, CH3NH3PbX3 (X=Br, I) perovskite has a tunable band gap, ranging from 1.6 to 2.3 eV 

depending on halide composition. The solar cell based on organometal halides represents an 

emerging PV technology. Optical absorption of methylammonium-lead-halide on 

nanocrystalline titanium oxide (TiO2) surface produces the PCE of 3-4%, in a liquid-based 

dye-sensitized solar cell (DSSC), as first discovered in 2009. Further, by optimizing the 

perovskite coating condition, the PCE has been doubled after two years. However, owing to 

stability issue, liquid-based perovskite receives little attention. In 2012, a long-term stable 

perovskite solar cell was developed with PCE of 10%, by substituting the solid hole conductor 

with liquid electrolytes. The notable improvement in PCE achieved in the past few years 

suggests that it is a capable candidate for the next-generation PV technology (Park, 2014). In 

the year 2015, the certified efficiency has reached 20.1% (Yang et al., 2015a). Recently, 

record PCEs of 20.8% and 21.1% have been achieved in perovskite solar cells (Bi et al., 2016, 

Saliba et al., 2016).  

The emphasis of this chapter is on designing and simulations of 4-terminal 

mechanically stacked perovskite/SiC-passivated rear contact silicon tandem solar cell. In the 
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four-terminal tandem configuration, the cells are connected independently and hence avoids 

the need for current matching between the top and bottom subcell, thus giving greater design 

flexibility as discussed in Section 1.6: of Chapter 1. Previously, in tandem based approach, 

13.7% efficient 2-terminal perovskite/silicon multijunction solar cell enabled by a silicon 

tunnel junction has been reported (Mailoa et al., 2015). Moreover, 21.2% and 19.2% efficient 

monolithic perovskite/silicon tandem solar cells with a cell area of 0.17 cm
2
 and 1.22 cm

2
 

respectively, have been proposed in the literature (Werner et al., 2015).  Previous research 

work shows perovskite based cell is a good candidate to be used in 2, 4- terminal tandem 

configuration with silicon cell to produce an efficient cell under illumination (Sheng et al., 

2015). Therefore, the work reported in this chapter proposes a new 4-terminal 

perovskite/silicon-based tandem device for energy efficient applications. The CH3NH3PbI3 

based perovskite solar cell has been used as the top subcell, and SiC passivated rear contact Si 

solar cell as discussed in Chapter 2 has been utilized for the bottom subcell. The realistic 

TCAD design and analysis has been done for perovskite solar cell to understand the physical 

processes in the device and to make reliable predictions of the behavior before discussing the 

same in the tandem configuration. The results section of the chapter is divided into two parts: 

Analysis of perovskite top subcell; and Analysis of SiC-based silicon bottom subcell along 

with 4-terminal perovskite/SiC-based silicon tandem solar cell.  

3.2: DEVICE STRUCTURE, MODELS AND METHODS  

Optical absorption by a thin film of CH3NH3PbI3 at room temperature creates free 

mobile charges with high yield within a few picoseconds.  These charge carriers have high 

mobilities that lead to micrometer diffusion length and microsecond timescale recombination 

time (Carlito et al., 2016). Therefore, carrier recombination plays a significant role that 
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determines the ultimate performance of the perovskite based devices. For instance, SRH 

recombination usually determines the carrier lifetime and hence, directly impacts diffusion 

lengths of the carriers in solar cell. Refining material quality can significantly reduce the SRH 

and other defect-related carrier recombination channels, leaving the other fundamental 

recombination channels:  Auger and radiative recombination to limit carrier lifetimes. The 

following equation can quantitatively describe the carrier dynamics in perovskite device 

according to different recombination mechanisms (Wehrenfennig et al., 2014a) : 

                                                        
 

nAnBnC
dt

tdn
... 23                                           (3.01) 

In the above equation, n (t) is the charge carrier density and A, B, and C denotes the 

first, second, and third order decay constants, i.e., monomolecular, bimolecular and 

trimolecular recombination rate constants. Literature reports, first order recombination can be 

attributed to geminate and/or SRH recombinations, whereas bimolecular and trimolecular 

recombinations attributed to radiative and Auger recombination of free electrons and holes, 

respectively (Yang et al., 2015b). With the rapid progress in perovskite-based solar cell 

device performance, critical studies, i.e., device simulation considering the impact of the 

various recombination mechanisms on photovoltaic device parameters is lagging. In this 

Chapter, TCAD analysis has been done for perovskite top subcell with the help of Silvaco 

ATLAS device simulator to study the photophysical properties and the performance of 

CH3NH3PbI3 based perovskite solar cell. The parameters, i.e., constants for each model have 

been obtained from experimentally available data as reported in (Yang et al., 2015b, 

Wehrenfennig et al., 2014a).  

Moreover, Figure 3.1(a-c) on page 53 represents the simulated device structure. 

Perovskite top subcell as reported in Figure 3.1(a) comprises of fluorine doped tin oxide 
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(FTO) based front contact. Compact TiO2 is n- type, with a doping density of 5×10
19

 cm
-3

, 

whereas CH3NH3PbI3 and Spiro-MeOTAD are p-type with a doping density of 2.14×10
19 

cm
-3

 

and 3×10
18

 cm
-3 

respectively. Moreover, in a four-terminal tandem configuration, the 

perovskite top subcell requires two transparent contacts to facilitate the optical coupling in 

underlying bottom subcell. Therefore, molybdenum trioxide (MoO3) buffer layer based 

hydrogenated indium oxide (In2O3: H) rear transparent electrode has been used for perovskite 

cell, as reported by Fu et al. (Fu et al., 2015). Further, bottom subcell device as presented in 

Figure 3.1(b) below is identical to Device C as discussed in Chapter 2; however, ZrO2 

textured surface and external resistances have been omitted to avoid complexity, higher 

computation time and resistive losses respectively.  Additionally, Figure 3.1(c) shows the 

final 4-terminal mechanically stacked perovskite/SiC-passivated rear contact silicon tandem 

solar cell. 

 

Figure 3.1: The device structures used in simulation: (a) perovskite top subcell with indium oxide (In2O3: 

H) as a transparent rear electrode, (b) SiC-based silicon bottom subcell and (c) mechanically stacked 

perovskite/silicon tandem cell (Pandey and Chaujar, 2016) . 

 



CHAPTER 3: SiC PASSIVATED REAR CONTACT SILICON SOLAR CELL IN TANDEM… 

 

RAHUL PANDEY                                                                                                                                                       54 

 

The Poisson‘s equation is solved along with electron and hole continuity equations 

(see Appendix) to obtain the J-V curve. Additionally, when models are enabled, SRH, auger, 

and radiative recombination rates are included in the recombination terms in the carrier 

continuity equations. Perovskite top subcell is simulated based on the recombination 

dynamics in CH3NH3PbI3 with the help of SRH, Auger, and radiative recombination models 

to account for monomolecular, bimolecular and trimolecular   recombinations in the 

perovskite top subcell, whereas concentration dependent SRH, Auger, concentration 

dependent mobility and bandgap narrowing models have been used for the bottom silicon 

solar cell. The radiative recombination model is omitted for silicon solar cell since it is an 

indirect bandgap semiconductor.  

TABLE 3-1: MATERIAL PARAMETERS USED DURING SIMULATION (PANDEY AND CHAUJAR, 2016). 

Material Compact 

TiO2 

CH3NH3PbI3 Spiro-

MeOTAD 

Silicon SiC 

Dielectric Constant 100 30 3 11.8 9.72 

Band Gap (eV) 3.2 1.5 2.91 1.12 2.2 

Electron Affinity (eV) 4 3.93 2.2 4.17 4.2 

Thickness (µm) 0.09 0.5 0.4 10, 300 0.02 

Electron, Hole mobility 

(cm2/V·s) 

0.006, 0.006 50,50 0.0001, 

0.0001 

1417, 470 1000, 50 

Effective conduction band  

(DOS) (cm
-3

) 

1×10
21

 2.5×10
20

 2.5× 10
20

 2.76× 10
19

 6.4 ×10
18

 

Effective valence band (DOS) 

(cm
-3

) 

2×10
20

 2.5×10
20

 2.5× 10
20

 1.02× 10
19

 1.6 ×10
18

 

Conduction tail 

states 

N 
c-tail  

A (cm
-3

) 10
14

 10
14

 10
14 

n/a n/a 

E
 c-tail   

A (eV) 0.01 0.015 0.01 n/a n/a 

Valence tail 

states 

N 
v-tail  

D (cm
-3

) 10
14

 10
14

 10
14 

n/a n/a 

E
 v-tail   

D (eV) 0.01 0.015 0.01 n/a n/a 

Acceptor-like 

(A) dangling 

bond states 

N 
db  

A (cm
-3

) 10
17

 10
14

 10
16

 n/a n/a 

E
 db   

A (eV) 1.1 1.2 1.1 n/a n/a 

𝜎 
db 

 A (eV) 0.1 0.1 0.1 n/a n/a 

Donor-like (D) 

dangling bond 

states 

N 
db  

D (cm
-3

)   10
17

   10
14

   10
16

 n/a n/a 

E
 db   

D (eV) 1.1 1.2 1.1 n/a n/a 

𝜎 
db 

 D (eV) 0.1 0.1 0.1 n/a n/a 
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Further, material parameters used in the simulation are reported in Table 3-1 on page 

54; Parameters for perovskite cell as reported in Table 3-1 has been obtained from already 

published results (Liu et al., 2014). Added, optical properties of the material used in the 

simulations are shown in Figure 3.2(a-f) below. The n, k values of perovskite, Spiro-

MeOTAD, TiO2, FTO, MoO3, In2O3: H, Si and SiC are reported in Figure 3.2(a), Figure 

3.2(b), Figure 3.2(c), Figure 3.2(d), Figure 3.2(e), Figure 3.2(e) inset, and Figure 3.2(f) 

including inset, respectively.  

 

 

Figure 3.2: The optical properties used in simulation: (a) n, k of CH3NH3PbI3 obtained from (Leguy et al., 

2015) (b) n, k of Spiro-MeOTAD obtained from (Filipič et al., 2015), (c) n, k of TiO2, (d) n, k of FTO, (e) n, 

k of MoO3. Inset shows the n, k of In2O3: H and (f) absorption coefficient of silicon and SiC. Inset shows 

real index of Si, SiC, and SiO2 respectively (Pandey and Chaujar, 2016, Yoshikawa et al., 2017). 
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3.3: RESULTS  

Result section of the chapter is divided into two parts: 1
st
 comprehensive analysis of 

perovskite top subcell has been done, where the impact of perovskite layer thickness, 

monomolecular, bimolecular, and trimolecular recombination have been obtained on the 

performance of perovskite top subcell. 2
nd

 part deals with the analysis of mechanically 

stacked 4-terminal perovskite/silicon tandem solar cell, and the performance of the bottom 

subcell has been obtained for both standalone and tandem configurations. Moreover, the 

impact of carrier lifetime has been studied to get the effect of material quality on the 

performance of bottom subcell.  

3.3.1:  Analysis of perovskite top subcell 

The thickness of the top subcell is a critical parameter in tandem configuration since 

absorption is directly related to the absorption coefficient and thickness of the material. 

Hence, thickness of top subcell plays a crucial role in determining the efficiency of bottom 

subcell. A much thicker perovskite layer will limit the optical absorption in underlying bottom 

subcell, due to parasitic absorption. Nevertheless, thinner perovskite layer will result in 

insufficient absorption in top subcell, which eventually leads to lower efficiencies. Hence, 

detailed thickness analysis has been performed and the spectrum response, i.e. external 

quantum efficiency, EQE along with J-V curve of the device is presented in Figure 3.3(a) and 

Figure 3.3(b) on page 57, respectively. The result shows that thin perovskite layer based 

device is not proficient to absorb the photons of the visible spectrum and hence shows inferior 

photovoltaics performance as observed in J-V curve reported in Figure 3.3(b). Frequency 

response indicated in Figure 3.3(a) reveals that top subcell having perovskite thickness < 

400nm is not capable of utilizing the spectrum efficiently. Therefore, substantial improvement 



CHAPTER 3: SiC PASSIVATED REAR CONTACT SILICON SOLAR CELL IN TANDEM… 

 

RAHUL PANDEY                                                                                                                                                       57 

 

in frequency response can be obtained by increasing the thickness of the perovskite layer, as 

shown in Figure 3.3(a) below.  

 

Figure 3.3: Impact of perovskite layer thickness on perovskite top subcell: (a) EQE, and (b) J-V curve 

(Pandey and Chaujar, 2016). 

 

Additionally, considerable improvement in current density has also been observed as 

represented in Figure 3.3(b) above; whereas, VOC decreases slightly. This can be attributed to 

increased carrier recombination in a thicker film. Further, increasing the thickness from 400 to 

1000 nm does not provide any substantial improvement. Hence, further analysis has been 

done with 500 nm thick layer of perovskite.  The simulation results obtained in this chapter 

are in agreement with the fact that increasing the thickness of perovskite, results in higher 

PCE as reported in the literature (Laban and Etgar, 2013, Etgar et al., 2012, Sun et al., 2014). 

Moreover, the efficiency limit for 500 nm thick perovskite solar cell having a perfect mirror at 

the rear side has been predicted by detailed, balanced models, which shows JSC, VOC, FF, and 

PCE of 25.97 mA.cm
-2

, 1.315 V, 91%, and 30.0%, respectively (Sha et al., 2015), while top 

subcell (which do not include perfect mirror at rear side) simulated in this work, displays JSC, 
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VOC, FF, and PCE of 24.06 mA cm
-2

, 1.315 V, 82%, and 25.9%, respectively, as shown in 

Figure 3.4 (a) below.  

 

Figure 3.4: (a) The J-V curve of the perovskite top subcell, by eliminating the recombination models and 

(b) J-V curve of the perovskite top cell with different bimolecular and trimolecular carrier recombination 

coefficient as reported in (Yang et al., 2015c, Wehrenfennig et al., 2014a, Pandey and Chaujar, 2016). 

 

The J-V curve presented in Figure 3.4 (a) above has been obtained by assuming high-

quality perovskite layer and eliminating the recombination models such as Auger and 

radiative recombination. This exercise has been done to observe the impact of these 

fundamental recombination dynamics on the performance of top subcell. Moreover, 

recombination dynamics has been included in the simulation, with the help of recombination 

models and three J-V curves are obtained with different second and third order recombination 

rate constants, i.e. B and C. The constants B and C have been obtained from experimental 

data as suggested in literature (Yang et al., 2015c, Wehrenfennig et al., 2014a). SRH 

recombination model has been modeled with carrier lifetimes of 10
-6

 s. The J-V curves 

reported in Figure 3.4 (b) shows considerable degradation when recombination dynamics are 

incorporated in the perovskite layer. The square and circular mark  J-V curves are based on 
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the constants reported by Wehrenfennig et al. (Wehrenfennig et al., 2014a) and Yang et. al. 

(Yang et al., 2015c), respectively, whereas, to obtain optimum performance, triangular 

symbol based J-V curve is also simulated by selecting the smaller values of the constants as 

shown in Figure 3.4 (b) on page 58. The PCEs of 19.7%, 20.9%, and 21.0% have been 

obtained, which has been reported in Table 3-2 below.  

TABLE 3-2: PHOTOVOLTAIC PARAMETERS OF PEROVSKITE SOLAR CELL: CHARGE CARRIER DECAY 

CONSTANT HAS BEEN OBTAINED FROM EXPERIMENTALLY AVAILABLE DATA FROM (YANG ET AL., 2015C, 

WEHRENFENNIG ET AL., 2014A, PANDEY AND CHAUJAR, 2016). 

Charge Carrier Decay Constants Photovoltaic Parameters 

2
nd

 order, B 

(cm
3
 s

-1
) 

3
rd

 order, C 

(cm
6
 s

-1
) 

JSC 

(mA.cm
-2

) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 

9.4 × 10
-10 

3.7 × 10
-29 

23.70 1.08 76.7 19.7 

1.5 × 10
-10 

3.4 × 10
-28 

23.95 1.12 77.8 20.9 

1.5 × 10
-10

 3.7 × 10
-29

 23.96 1.13 77.8 21.0 

 
Figure 3.5:  The impact of first order recombination lifetime on the device photovoltaic parameters for 

perovskite top subcell: (a) JSC, (b) VOC, (c) FF, and (d) PCE (Pandey and Chaujar, 2016). 
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Moreover, the inclusion of SRH recombination model provides the freedom to obtain 

the impact of material quality on the performance of the device, since SRH recombination is 

defect-limited and proportional to the defect density. Literature reports, first order 

recombination lifetime in perovskite ranges from 10 to 10
3
 ns (Zhu et al., 2015, Wehrenfennig 

et al., 2014b, Shi et al., 2015). Thus, the impact of perovskite material quality on the 

photovoltaic parameters has been achieved by varying the carrier lifetime from 10 ns to 5×10
3
 

ns and presented in Figure 3.5 (a-d) on page 59. Photovoltaic parameters: JSC, VOC, FF and,  

PCE is reported in Figure 3.5 (a), Figure 3.5 (b), Figure 3.5 (c) and, Figure 3.5 (d), 

respectively. Result shows as the lifetime changes from 5×10
-6

 s to 5×10
-8

 s, the change in JSC, 

VOC, FF, and PCE are 23.98 to 23.40 mA cm
-2

 , 1.12 to 1.09 V, 78.2% to 74.8%, and 21.0% 

to 19.1%, respectively. The reduction of 2.4%, 2.6%, 4.3%, and 9.0% in JSC, VOC, FF, and 

PCE has been observed, respectively. Nevertheless, as the lifetime of the carriers further 

changes from 5×10
-8

 s to 10
-8

 s, the decrease in JSC, VOC, FF, and PCEs is 5.3%, 4.6%, 4.6%, 

and 14.1%, respectively as shown in Figure 3.5 (a-d). The analysis of material quality 

concludes that the diffusion length of light generated carriers is inadequate for 5×10
-8

 s and 

10
-8

 s lifetime based perovskite material, and hence significant degradation is observed, 

particularly at 10
-8 

s lifetime as shown in Figure 3.5 (a-d). The photovoltaic parameters of 

perovskite device with 10
-6

 s lifetime simulated in this work are nearly equivalent to mixed 

cation high-performance perovskite solar cells with record PCEs of 20.8% and 21.1% 

reported by  Bi et al. (Bi et al., 2016, Saliba et al., 2016).  While, the performance of lower 

lifetime based perovskite cell is also in close approximation with the experimentally available 

data reported by Liu et al. (Liu et al., 2013).  
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Figure 3.6: The carrier recombination rate inside the perovskite region with different bimolecular and 

trimolecular carrier recombination coefficient as reported in the literature (Yang et al., 2015c, 

Wehrenfennig et al., 2014a). (a) Trimolecular recombination rate (TRR); Inset shows the data on linear 

scale, (b) bimolecular recombination rate (BRR); Inset shows the data on linear scale, (c) monomolecular 

recombination rate (MRR) and, (d) total recombination rate inside the perovskite region. Analysis has 

been done under short circuit condition with standard AM1.5 illumination. Also, fixed first order 

recombination lifetime 10
-6

s has been used during simulation (Pandey and Chaujar, 2016). 

 

 Additionally, fundamental recombination dynamics inside the perovskite region has 

also been obtained and presented in Figure 3.6(a-d) above. Trimolecular, bimolecular, 

monomolecular and, total recombination rates are reported in Figure 3.6(a), Figure 3.6(b), 

Figure 3.6(c) and, Figure 3.6(d), respectively.  J-V curves as reported in Figure 3.4(b) on 

page 58 and recombination rate reported in Figure 3.6(b) above shows that the influence of 
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trimolecular (Auger) recombination is lesser compared to bimolecular (radiative) 

recombination, on the photovoltaic parameters. The magnitude of BRR is higher compared to 

TRR as depicted in Figure 3.6(a-b) on page 61, which is attributed to the direct band gap of 

perovskite material. Therefore, Auger recombination is sufficiently suppressed, and this has 

also been verified by experimental results reported by Xing et al. (Xing et al., 2014), though, 

the influence of trimolecular recombination is not ignorable at high charge carrier density 

(Wehrenfennig et al., 2014a). Moreover, MRR is same for all the three cases, since fix carrier 

lifetime 10
-6

 has been used during analysis, Figure 3.6(c). Figure 3.6(d) shows overall 

recombination rate near compact TiO2-perovskite interface is lower and gradually increases as 

we move away from the interface. To understand the behavior further, thorough analysis of 

recombination rates along with carrier distribution inside perovskite layer is done in the next 

Chapter.  

3.3.2:  Study of 4-terminal perovskite/SiC-based silicon tandem solar cell 

This section of the chapter demonstrates mechanically stacked four-terminal tandem 

solar cell based on perovskite as top cell and SiC-passivated silicon cell as bottom subcell, as 

schematically shown in Figure 3.1(c) on page 53. In experimental approaches, both top and 

bottom subcells are separately handled and then assembled together to form a four-terminal 

mechanically stacked tandem devices, hence both subcells are electrically independent. The 

performance of each subcell is evaluated, and the addition of the two gives the overall 

efficiency in a tandem configuration. Two different devices have been used for bottom 

subcell, i.e., 10 and 300-µm thick silicon wafer-based devices are used. The performance of 

bottom silicon subcell is evaluated with perovskite top subcell (Figure 3.1a on page 53) as a 



CHAPTER 3: SiC PASSIVATED REAR CONTACT SILICON SOLAR CELL IN TANDEM… 

 

RAHUL PANDEY                                                                                                                                                       63 

 

filter under standard AM1.5 illumination. The motivation to design SiC-based silicon cell is to 

suppress the surface recombinations and improvement of VOC, as discussed in Chapter 2.  

 

Figure 3.7: (a) The contour representation of recombination rate in SiC-based bottom silicon subcell, (b) 

magnified view near SiC/n-Si interface (Pandey and Chaujar, 2016). 
 

Further, the recombination rate contour for the bottom silicon solar cell is shown in 

Figure 3.7 above, which validates the improvements in surface passivation. The 

recombination dynamics as observed in bottom subcell show significant reduction in surface 

recombination compared to the bulk region of the device. Moreover, for detailed explanations 

of recombination inside the device, please refer Section 2.3.3: Chapter 2. Additionally, 

optical performance, i.e., EQEs of perovskite top subcell and silicon bottom subcell is 

obtained under tandem configuration and reported in Figure 3.8(a) on page 64. The result 

shows that 10 µm thick Si-based  bottom subcell device is not proficient in absorbing higher 

wavelength photon compared to 300-µm thick device. Improved optical absorption results in 

higher EQEs in thicker device, since photon absorbance is directly related to the absorption 

coefficient and the thickness of the material used. This leads to the superior photovoltaic 

performance of 300 µm thick Si bottom subcell based tandem device. Moreover, photovoltaic 

parameters of the device is summarized in Table 3-3 on page 65 for both standalone and 

tandem configuration.    
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Figure 3.8: (a) EQE of perovskite top subcell and SiC-based silicon bottom subcell in tandem 

configuration, and (b) J-V curve of perovskite and silicon cell in stand-alone and tandem configuration 

(Pandey and Chaujar, 2016). 

 

Further, to understand the impact of using perovskite cell as a filter, the performance 

of Si cell without perovskite filter has also been obtained and reported in Figure 3.8(b) above. 

The stand-alone configuration of bottom subcell leads to, JSC of 28.08 mA.cm
-2

 and 37.64 

mA.cm
-2

 in 10 µm and 300-µm thick wafer based rear-contact solar cells, respectively as 

shown in Figure 3.8(b). After adding the perovskite top cell, the JSC of bottom Si cell went 

down to 3.06 mA.cm
-2

 and 12.61 mA.cm
-2

 for 10 and 300 µm thick devices respectively, 

which is attributed to reduced light intensity. The reduction in FF and VOC are only marginal, 

resulting in 1.5% and 6.7% efficient Si-based bottom subcells, as shown in Table 3-3 on page 

65. Thus, together with the 20.9% efficiency of perovskite top subcell, this results in 22.4% 

and 27.6% efficient tandem devices with 10 and 300-µm thick silicon-based bottom subcells, 

respectively. This is a considerable improvement as compared to transparent perovskite solar 

cell and c-Si solar cell operated individually. Moreover FF under standalone as reported in 
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Table 3-3 shows higher value compared to the devices simulated in Chapter 2, due to the 

absence of external electrical resistances; however, VOC of the device remain unaltered. 

Additionally, removal of ZrO2 texturing resulted in lower JSC. 

TABLE 3-3: PHOTOVOLTAIC PARAMETERS OF THE DEVICES IN STAND-ALONE AND TANDEM CONFIGURATIONS 

(PANDEY AND CHAUJAR, 2016). 

Solar cells JSC 

 (mA.cm
-2

) 

VOC  

(mV) 

FF 

(%) 

PCE 

(%) 

Perovskite top subcell 23.95 1121 77.8 20.9 

Silicon bottom cell 10 micron (stand-alone) 28.08 662 82.3 15.3 

Silicon bottom cell 10 micron (tandem) 3.06 606 81.8 1.5 

Silicon bottom cell 300 micron (stand-alone) 37.64 688 82.9 21.4 

Silicon bottom cell 300 micron (tandem) 12.61 649 82.3 6.7 

4-terminal using 10  micron thick Si bottom 

subcell 

   20.9+1.5=22.4 

4-terminal using 300 micron thick Si bottom 

subcell 

   20.9+6.7=27.6 

 

 

Figure 3.9: Impact of carrier lifetime on the performance of bottom silicon subcell under tandem 

configuration: (a) JSC, (b) VOC, (c) FF, and (d) PCE (Pandey and Chaujar, 2016). 
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Moreover, the influence of carrier lifetime has been studied to obtain the effect of 

material quality on the performance of bottom subcell, and the results are reported in Figure 

3.9(a-d) on page 65. Photovoltaic parameters: JSC, VOC, FF, PCE is reported in Figure 3.9(a), 

Figure 3.9(b), Figure 3.9(c), and Figure 3.9(d), respectively.  The 10 µm thick device is thin 

compared to conventional ~300 µm thick silicon solar cells and hence, the device can be 

fabricated with inexpensive, less pure material. Also, the charge carriers need to diffuse 

shorter length whereas, in 300 mm thick device, a long carrier lifetime is required to collect 

the light generated carriers. Therefore, the photovoltaic performance of thinner device shows 

the negligible impact of material quality, whereas significant degradation has been observed 

in the thicker device as reported in Figure 3.9(a-d). Results show for lower carrier lifetime 

(10
-5

 s) the performance of 300 µm thick is lower compared to 10 µm thick device, due to 

higher bulk recombination of the carrier in the thicker device, since lifetime is small. The 

desired material quality and the device can be selected from Figure 3.9(d) depending upon 

the application. Overall efficiency in tandem configuration can be obtained by adding the 

efficiencies of bottom subcell and perovskite top cell. 

3.4: SUMMARY  

A unique 27.6% efficient, 4-terminal mechanically stacked perovskite/SiC-passivated 

rear contact silicon tandem device has been suggested and simulated. The bottom subcell used 

in the analysis is identical to the SiC passivated device discussed in the previous chapter, and 

semitransparent perovskite top subcell with efficiency of 20.9% has been designed for 

perovskite-silicon tandem structure. The perovskite-silicon tandem architecture is a favorable 

method for low cost energy conversion. In the four-terminal tandem configuration, top and 

bottom subcells are connected independently and hence avoids the need for current matching 



CHAPTER 3: SiC PASSIVATED REAR CONTACT SILICON SOLAR CELL IN TANDEM… 

 

RAHUL PANDEY                                                                                                                                                       67 

 

between upper and lower subcell, consequently, gives greater design flexibility. Thorough 

TCAD analysis has been performed to predict the behavior of the devices. The impact of 

perovskite layer thickness, monomolecular, bimolecular, and trimolecular recombination have 

also been obtained on the performance of top subcell. The presence of SiC significantly 

suppressed the interface recombination in bottom silicon subcell. The influence of silicon 

material quality on the performance of bottom silicon subcell has also been obtained. The 

simulation analysis displays, PCE of 27.6% and 22.4% with 300 µm and 10 µm thick rear 

contact Si bottom subcell, respectively. This is a substantial improvement compared to the 

transparent perovskite solar cell, and c-Si solar cell operated separately.  Moreover, despite 

the exciting results achieved in this chapter, conventional rear-contact solar cell shows low 

VOC and has high complexity in fabrication; while, IBC-SiHJ solar cells which use low-

temperature processes have excellent performance, i.e., high VOC, and better rear surface 

passivation due to deposited i-a-Si: H. Hence, next chapter deals with the analysis of SiC 

passivated IBC-SiHJ solar cell as a bottom subcell under perovskite solar cell to achieve 

further ultra-high efficiencies.  
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CHAPTER 4  

SiC PASSIVATED IBC-SiHJ SOLAR CELL IN TANDEM 

CONFIGURATION WITH PEROVSKITE TOP SUBCELL   

Although the objective of this chapter is identical to the previous Chapter, i.e., minimizing the 

thermalisation losses, the tandem architecture is slightly different, i.e., the bottom rear-contact 

solar cell has been replaced with IBC-SiHJ solar cell.  This is due to the fact that conventional 

rear-contact solar cell shows lower VOC and has high complexity in fabrication, whereas, IBC-

SiHJ solar cells use low-temperature processes and have excellent performance, i.e., high 

VOC, and better rear surface passivation due to deposited i-a-Si: H.  

 

 Perovskite/IBC-SiHJ based 4-terminal tandem cell has been proposed and simulated. 

 Fundamental recombination dynamics are obtained inside the device. 

 HTL analysis has been done for perovskite top subcell. 

 Passivation quality of SiC has been studied for IBC-SiHJ solar cells. 

 PCEs of 29.5% and 23.7% have been achieved with 250 µm/25 µm thick bottom subcells. 
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4.1: INTRODUCTION  

Heterojunction structures are the favorable contenders for higher conversion 

efficiencies in silicon PV technologies (Lu et al., 2007, Yang et al., 2015a). Crystalline and 

amorphous silicon constitutes the two different types of materials in heterojunction silicon 

solar cells. The combination of p-type and n-type materials forms a-Si/c-Si heterojunction 

solar cell similar to diode structure.  c-Si is a substrate on top of which a-Si layer is deposited. 

The research work on the analysis of a-Si/c-Si heterojunction began more than 46 years ago. 

The fabrication of a-Si/c-Si heterojunction was first reported by Grigorivici et al. (Grigorovici 

et al., 1968), who synthesized the heterojunction by evaporation of amorphous non 

hydrogenated silicon on top of p-type/ n-type c-Si substrate with different resistivities, and 

consequently annealing the sample at either 290
0
 C or 500

0 
C. The aim of their study focused 

on determining transport mechanism in a-Si layer but the presented fabrication method 

produced a highly defective a-Si layer. They concluded better rectification in a-Si/n-type c-Si 

heterojunction as compared to the a-Si/p-type c-Si heterojunction. Fuhs et al. (Fuhs et al., 

1974) showed first deposition of hydrogenated amorphous silicon (a-Si:H) on c-Si which 

resulted in lesser defect density. Few years later, large band gap of a-Si: H generated wide 

interest in use of a-Si: H/c-Si heterojunction in PV applications. With the first model of a-Si: 

H/c-Si heterojunction solar cells, an efficiency of over 15 % have been demonstrated 

(Schröder et al., 2001).   

In the beginning, it was found that VOC and FF of the a-Si/c-Si heterojunction based 

solar cells were lower than those of conventional diffused p-n junction based solar cells. It is 

the result of recombination process which occurs in the depletion region of the a-Si/c-Si 

heterojunction. Additionally, the doped a-Si layer contains significant amount of midgap 
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states which may eventually increase the leakage current by the tunneling process. A spacer 

with less density of trap levels can be inserted to suppress this tunneling process (Fahrner, 

2011). On considering this fact, Taguchi et al. (Taguchi et al., 2000) inserted a pristine a-Si 

layer between the n-type c-Si and p-type a-Si that leads to clampdown of the backward 

current density and thus progresses the Voc and solar cell performances. The structure is 

known as HIT that abbreviates as Heterojunction with an Intrinsic Thin-layer (Taguchi et al., 

2000) . A very thin intrinsic a-Si layer is inserted between p-type a-Si and n-type c-Si to form 

this structure.  At low temperature process, higher efficiencies with no complicated structures 

make HIT a favorable candidate for PV applications. Moreover, optical absorption loss occurs 

in conventional HIT structure due to absorption in a-Si: H emitter and intrinsic layers along 

with shading loss by metal grids. These issues can be resolved using IBC design that was 

proposed by Lammert et al. (Schwartz and Lammert, 1975, Lammert and Schwartz, 1977). 

This design contains contact as well as junction on its back side which provides independent 

control for better optical performance at illuminated side and enhanced low series resistance 

electrical performance on the back side as discussed in Section 1.6: of Chapter 1.   

Incorporation of HIT design to IBC cells result in interdigitated back contact silicon 

heterojunction, IBC-SiHJ solar cells.  Due to outstanding performance and simple low 

temperature process, the IBC-SiHJ solar cell consisting of thin layers of a-Si:H deposited 

made it most favorable technological solution in PV market (Taira et al., 2007). A record 25.6 

% conversion efficiency was achieved by Panasonic Corporation on an industrial sized (143.7 

cm
2
) solar cell based monocrystalline- ‗HIT‘ (Masuko et al., 2014). The main contributors to 

this increased efficiency were mitigation of optical loss, resistance loss and recombination 

loss. The advantages of IBC were incorporated into IBC-SiHJ solar cell having all the 
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contacts at back of the device, which led to higher JSC by eliminating contact shading and 

heterojunction silicon cell with high VOC due to the enhanced surface passivation of the 

deposited i-a-Si: H layer (Lammert and Schwartz, 1977, Smith et al., 2012, Cousins et al., 

2010).  

Moreover, perovskite/silicon tandem solar cell discussed in the previous chapter 

contains diffused p-n junction which shows lower VOC and has high complexity in fabrication, 

whereas high processing temperature (800ºC) is avoided in IBC-SiHJ solar cell which is 

essential to develop standard diffused homojunction cells and contact. Warping and cracking 

of thin wafers at high temperature processing can be eliminated in IBC-SiHJ structure as the 

processing steps are performed at 200ºC. It is easier to control the position of the p- and n-

type doped layers by using the process of deposition in place of diffusion, which lowers the 

probability of shunting between the emitter and base contacts (Lu et al., 2007). Henceforth, 

this chapter deals with design and simulations of mechanically stacked perovskite/ SiC-

passivated IBC-SiHJ tandem solar cell for ultra-high efficiencies under single AM1.5 

irradiance. Analysis of SiC-based front passivation has also been discussed for bottom IBC-

SiHJ solar cell and performance is compared with convention ARC based passivation scheme.  

Moreover, the analysis of perovskite top subcell reported in this chapter is the continuation of 

Chapter 3.  

4.2: DEVICE STRUCTURE, MODELS AND METHODS  

Figure 4.1(a-c) on page 75 represents the simulated device structures. Perovskite top 

subcell is identical to as discussed in Chapter 3 and shown in Figure 4.1(a), whereas bottom 

IBC-SiHJ subcell along with mechanically stacked 4-terminal tandem cell is shown in Figure 

4.1(b) and Figure 4.1(c), respectively. The device structure has been designed using the 
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ATHENA process simulator (Silvaco, 2015). The dimensions, and material parameters as 

reported in Table 4-1 on page 76 are obtained from already published simulation work 

reported by Belarbi et al. (Belarbi et al., 2016),  the doping density 2.14 × 10
16

 cm
-3

 and 4.8 × 

10
18

 cm
-3 

have been used for n-type c-Si and n-type a-Si:H, respectively. The width 180 µm 

and 950 μm have been used for n-type a-Si: H and n-type a-Si: H, respectively, and the width 

of the gap region is 50 μm. After successfully re-obtaining the results as reported by Belarbi 

et al. (Belarbi et al., 2016),  ARC is replaced with a 20-nm thick SiC layer along with 80-nm-

thick SiO2-based encapsulation. The modified device is shown in Figure 4.1(b) below.  

 

Figure 4.1: Device structures used in simulation: (a) perovskite top subcell with indium oxide (In2O3: H) 

as a transparent rear electrode, (b) SiC-based IBC-SiHJ bottom subcell and (c) mechanically stacked 

perovskite/ IBC-SiHJ tandem cell (Pandey and Chaujar, 2017) . 

 

Moreover, to obtain the J-V curve under AM1.5 illumination, the Poisson equation is 

solved along with the electron and hole continuity equations (see Appendix). The perovskite 

top subcell cell is simulated, based on the recombination dynamics in CH3NH3PbI3 with the 

help of SRH, Auger, and radiative recombination models to account for monomolecular, 
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bimolecular, and trimolecular recombinations as discussed in Chapter 3, whereas for the 

bottom IBC-SiHJ cell, Bohm quantum potential combined with drift-diffusion accounts for 

quantum correction and carriers distribution are solved by Fermi statistics (Atlas, 2017, 

Iannaccone et al., 2004). The concentration-dependent SRH, concentration-dependent 

mobility, and Auger recombination are activated for the bottom IBC-SiHJ solar cell. The 

radiative recombination model is omitted for the IBC-SiHJ cell since silicon is an indirect 

bandgap semiconductor and band to band recombination is insignificant.  

TABLE 4-1: MATERIAL PARAMETERS FOR IBC-SIHJ SOLAR CELL USED DURING SIMULATION (BELARBI ET 

AL., 2016, PANDEY AND CHAUJAR, 2017). 

 

Further, the description of the material parameters used in the simulation is shown in 

Table 4-1 above. The material and models parameters employed in simulations for the 

perovskite top subcell are identical as reported in Table 3-1 on page 54 of Chapter 3. The 

Material n  type a-

Si:H 

Buffer a-Si:H p type a-Si:H Interface 

defects 

Dielectric Constant 11.9 11.9 11.9  

Band Gap (eV) 1.70 1.70 1.70 1.17 

Electron Affinity (eV) 3.9 3.9 3.9  

Thickness (µm) 0.02 0.006 0.02 0.001 

Effective conduction band  (DOS) (cm
-3

) 2.5× 10
20

 2.5× 10
20

 2.5× 10
20

  

Effective valence band (DOS) 

(cm
-3

) 

2.5× 10
20

 2.5× 10
20

 2.5× 10
20

  

Conduction tail 

states 

N 
c-tail  

A (cm
-3

) 10
21

 10
18

 10
21

 0 

E
 c-tail   

A (eV) 0.12 0.09 0.07 0.07 

Valence tail 

states 

N 
v-tail  

D (cm
-3

) 10
21

 10
18

 10
21

 0 

E
 v-tail   

D (eV) 0.12 0.09 0.12 0.12 

 

Acceptor-like 

(A) dangling 

bond states 

N 
db  

A (cm
-3

) 10
19

 10
16

 10
19

 2.4× 10
16

 

E
 db   

A (eV) 0.7 1.1 1.3 0.5 

𝜎 
db 

 A (eV) 0.2 0.15 0.2 0.2 

 

Donor-like (D) 

dangling bond 

states 

N 
db  

D (cm
-3

) 10
19

 10
16

 10
19

 2.4× 10
16

 

E
 db   

D (eV) 0.45 0.9 1.1 0.5 

𝜎 
db 

 D (eV) 0.2 0.15 0.2 0.2 
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optical properties for CH3NH3PbI3, Spiro-MeOTAD, MoO3, In2O3∶H, TiO2, FTO, c-Si, SiC 

and, SiO2 are also identical to as reported in Figure 3.2 on page 55 of Chapter 3, whereas 

optical properties of a-Si: H, have been used from the SOPRA database of the Silvaco 

ATLAS library (Atlas, 2017).  

4.3: RESULTS  

Result section of the chapter is divided into three parts: Comprehensive analysis of 

fundamental recombination and carrier distribution inside perovskite layer together with the 

study of hole transport layer, HTL layer and counter electrode (CE) work function; Analysis 

and comparison of SiC- passivated IBC-SiHJ solar cell; and Investigates the efficiency 

potential of mechanically stacked 4-terminal perovskite/SiC-passivated IBC-SiHJ based 

tandem solar cell.  

4.3.1:  Comprehensive investigation of fundamental recombination and 

carrier distribution inside perovskite layer 

As discussed in the introduction section of the ongoing Chapter, the analysis of 

perovskite cell is the continuation of Chapter 3. This section  gives the detailed discussion of 

recombination dynamics along with carrier distribution inside the perovskite layer. For better 

understanding, contour representation of MRR in the CH3NH3PbI3 layer has been obtained for 

three carrier lifetimes and presented in Figure 4.2(a-c) on page 78, and data plot is shown in 

Figure 4.3(a) on page 78. The MRR for 10
-6

 s, 10
-7

 s and, 10
-8

 s lifetime based devices are 

reported in Figure 4.2(a), Figure 4.2(b) and, Figure 4.2(c), respectively.   The recombination 

parameter is obtained under short-circuit condition with illumination. Figure 4.2(a-c) and 

Figure 4.3(a) clearly shows that the higher recombination rate is observed when carrier 
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lifetime is equivalent to 10
-8 

s compared to 10
-7 

s
 
and 10

-6
 s lifetime based devices, which is 

attributed to small diffusion length, which also validates the results reported in Figure 3.5 on 

page 59 of Chapter 3.  

 

 
Figure 4.2: (a-c) Contour representation of monomolecular recombination rate inside the perovskite 

region with varying values of first order recombination lifetime, i.e. 10
-6 

s, 10
-7

 s, and 10
-8

 s, respectively 

(Pandey and Chaujar, 2017). 

 

 

 

Figure 4.3: (a) X-Y representation of monomolecular recombination rate, the position in perovskite region 

is shown on X-axis and recombination rate is shown on y-axis and (b) show the carrier concentration in 

perovskite top subcell device, lifetime 10
-6 

s has been used. All the date has been obtained under short 

circuit condition with illumination (on) (Pandey and Chaujar, 2017). 
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Moreover, the MRR is lower at the TiO2 (electron transport layer, ETL) / CH3NH3PbI3 

interface, increases in the bulk of the device and becomes maximum near the CH3NH3PbI3 / 

Spiro-MeOTAD (HTL) interface. The distribution is obtained under short-circuit condition 

with illumination. Therefore,  under short-circuit condition, the associated electric field of 

TiO2 (ETL)/ CH3NH3PbI3 interface collects the generated minority carrier electrons from the 

electron-hole (e-h) pair, and the collection is complete in near interface (ETL/perovskite). 

However, the region outside the (ETL/perovskite) interface is neutral, and the collection will 

be by diffusion towards the field area, where they will be separated and collected. Therefore, 

the areas closer to the (ETL/perovskite) interface will have lower recombination rate as shown 

in Figure 4.2(a-c) and Figure 4.3 (a) on page 78.  Furthermore, carrier concentration inside 

the device has also been obtained and presented in Figure 4.3 (b); the carrier lifetime 10
-6 

s 

has been used for further analysis. Near ETL/perovskite interface electron concentration is 

less compared to the bulk region and perovskite/HTL interface, since outside the interface, the 

collection will be by diffusion of electrons towards the field area where it will be collected. 

The electrons that are generated in a region greater than the diffusion length are balanced by 

recombination process.  Hence, there is a lateral concentration gradient for electrons, showing 

the lateral flow of electrons to the collecting junction. This also validates the higher MRR 

near perovskite/HTL interface as shown in Figure 4.2(a-c) and Figure 4.3 (a).  

Moreover, the contour representation of BRR and TRR has also been obtained in 

perovskite layer for three different devices viz. Device I, Device II and, Device III and 

presented in Figure 4.4 on page 80. Device I is based on TRR and BRR coefficients of 

3.4x10
-28 

cm
6
.s

-1
 and 1.5x10

-10 
cm

3
.s

-1  
(Yang et al., 2015a ), Device II is based on TRR and 

BRR coefficients 3.7x10
-29 

cm
6
.s

-1
 and 9.4 x10

-10 
cm

3
.s

-1
 (Wehrenfennig et al., 2014a), and 
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Device III is based on TRR and BRR recombination coefficients 3.7x10
-29 

cm
6
.s

-1
 and 1.5 

x10
-10 

cm
3
.s

-1
.  Figure 4.4I(a), Figure 4.4II(a) and, Figure 4.4III(a) represents the TRR inside 

the perovskite layer of the Device I, Device II and, Device III, respectively, whereas Figure 

4.4I(b), Figure 4.4II(b) , Figure 4.4II(b) shows BRR of the corresponding devices.  

 

Figure 4.4: The contour representation of TRR and BRR inside the perovskite layer. I(a), II(a) and, III(a) 

shows the TRR of the Device I, Device II and, Device III respectively, whereas I(b), II(b) and, III(b) 

represents the BRR of the Device I, Device II and, Device III respectively. Device I is based on 

recombination coefficients 3.4x10
-28 

cm
6
.s

-1
 and 1.5x10

-10 
cm

3
.s

-1
, Device II is based on recombination 

coefficients 3.7x10
-29 

cm
6
.s

-1
 and 9.4 x10

-10 
cm

3
.s

-1
, and Device III is based on recombination coefficients 

3.7x10
-29 

cm
6
.s

-1
 and 1.5 x10

-10 
cm

3
.s

-1
 (Yang et al., 2015a, Wehrenfennig et al., 2014a, Pandey and Chaujar, 

2017). 

 

Further, higher TRR and lower BRR is obtained in the Device I compared to Device 

II, since third order recombination rate is 9.2 times higher and second order recombination 

rate is 6.3 times lower compared to device II. Parameters suggested by Yang et al. (Yang et 

al., 2015b) has higher third order recombination coefficient and lower second order 

recombination coefficient compared to parameters reported by Wehrenfennig et al. 

(Wehrenfennig et al., 2014b).  Hence, perovskite device simulations on the basis of 
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parameters reported by Yang et al. (Yang et al., 2015a) shows superior photovoltaic 

performance as indicated in Figure 3.4 on page 58 and Table 3-2 on page 59 of Chapter 3.   

Results also demonstrate the magnitude of TRR is lower compared to BRR, as shown in in 

Figure 4.4 on page 80, which validates the data plot of recombination rates reported in 

Figure 3.6 on page 61 of Chapter 3.  Hence, the significant efficiency limiting factor for 

perovskite cell is radiative recombination, and the statement is well supported by 

experimental results (Xing et al., 2014). However, in defected perovskite layer having 10
-8

 s 

carrier lifetime, monomolecular recombination plays a significant role in performance 

degradation as discussed earlier.  

 

Figure 4.5: The J-V curves of the perovskite top cell (a) varying acceptor density in HTL layer with 

constant mobility of 10
-4 

cm
2
.V.s

-1
 and (b) varying hole mobility in HTL layer with constant acceptor 

density of  3 x 10
18 

cm
-3

 (Pandey and Chaujar, 2017). 

 

Additionally, the analysis of HTL and CE has also been done. The effect of doping 

and hole mobility in Spiro-MeOTAD (HTL) on device performance has been obtained and 

presented Figure 4.5(a-b) on page 81. The J-V curve improves by increasing the acceptor 

doping in HTL as shown in Figure 4.5(a), since for low acceptor concentration the series 

resistance of HTL is high. Further, the hole mobility of HTL has an appreciable effect on the 
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performance of the device. The basic role of this layer is to extract the holes from electron-

hole pair reaching the (perovskite/HTL) interface. Therefore, HTL must be a good hole 

conductor, to perform its hole collecting function well. Also, it must not allow the stack up of 

the holes in it near the interface. However, if this occurs because of low hole mobility, the 

free holes will recombine with free electrons on both sides of the interface and thus would 

lead to a decrease in collector current. Another effect also comes into the play, having low 

hole mobility results in increased resistance causing a larger voltage drop for the same cell 

current. Thus, the increased series resistance of the cell leads to decrease in FF of the device. 

So the effect of hole mobility is a twofold, i.e., decrease in both the collected current as well 

as FF of the device, as shown in Figure 4.5(b) on page 81.  

 Moreover, the effect of the counter electrode, CE work function has also been 

discussed. The performance of the device degrades with decreasing the work function. The 

distribution of electric field examined in HTL layer near the HTL/CE interface by 

exaggerating small region near HTL/CE interface as reported in Figure 4.6(a-h) on page 83. 

The contour representation of electric field with CE work function of 4.3eV, 4.9eV, 5.0eV, 

and 5.1eV is reported in Figure 4.6(a), Figure 4.6(b), Figure 4.6(c), and Figure 4.6(d), 

respectively, whereas corresponding data has also been reported in Figure 4.6(e), Figure 

4.6(f), Figure 4.6(g), and Figure 4.6(h), respectively.  Results reveal that direction of the 

field near HTM/CE interface becomes negative when the work function value is below 5.0 

eV, which means the electric field direction is directed from CE to HTL, rendering it 

energetically unfavorable for hole transport to the electrode and hence increase the series 

resistance. This attributed to the possible formation of the Schottky junction at the HTL/CE 

interface, which further results in decreased FF as reported in Figure 4.7 on page 83.  
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Figure 4.6: The contour representation of electric field near HTL/CE interface with different CE work 

functions (a) 4.3eV, (b) 4.9eV, (c) 5.0eV, and (d) 5.1eV respectively, and the corresponding data has also 

been presented in (e), (f), (g), and (h), respectively using cutline of contour representation as shown (a-d) 

(Pandey and Chaujar, 2017).  

 

 

 

 

Figure 4.7:  Impact of CE metal work function on FF of the perovskite device (Pandey and Chaujar, 2017). 
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The impact of acceptor density, hole mobility in HTL, and CE work function on the 

photovoltaic performance of perovskite top cell shows identical behavior as reported by Liu et 

al.  (Liu et al., 2014), using AMPS (analysis of microelectronic and photonic structures)-1D 

device simulator.   

4.3.2:  Analysis and comparisons of SiC passivated IBC-SiHJ bottom subcell 

In this section, the performance of SiC-based IBC-SiHJ has been compared with 

conventional ARC based IBC-SiHJ and the external quantum efficiency, EQE and J-V curves 

have been obtained for both the devices as reported in Figure 4.8(a-b) below. Figure 4.8(a) 

shows, EQE of the SiC passivated IBC-SiHJ device is higher as compared to ARC based 

device since the presence of SiC increases the optical coupling in the underlying substrate as 

discussed in Chapter 2, and supported by previous publications (Allen and Awad, 2009, 

Pandey and Chaujar, 2016).  

 

Figure 4.8: Comparison of the optical and electrical behavior of SiC and ARC based IBC-SiHJ subcell in 

the standalone configuration: (a) EQE and (b) J-V curve. Analysis has been done with surface 

recombination velocity, SRV (10 cm/s)  (Pandey and Chaujar, 2017). 
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Further, at wavelength equivalent of 300 nm, the EQE of the SiC-based device is 79% 

whereas in ARC based; it is 69%. This results in 14.5% higher EQE in the SiC passivated 

device. Also, EQE of the SiC-based device is greater than 79% in the spectrum range of (300-

1040) nm wavelength, as shown in Figure 4.8(a) on page 84. The higher optical performance 

leads to higher JSC; the JSC values of 38.46 mA.cm
-2 

and 39.77 mA.cm
2
 has been obtained in 

ARC and SiC-based devices, respectively, as shown in Figure 4.8(b). 24.1% PCE has been 

achieved in SiC passivated IBC-SiHJ solar cell compared to 23.2% in ARC based IBC-SiHJ 

solar cell.  The advantage of using the SiC-based IBC-SiHJ device is that it provides dual 

benefits in terms of increased optical behavior as well as enhanced front surface passivation 

quality as discussed in Chapter 2.  

4.3.3:  Examination of 4-terminal perovskite/SiC-passivated IBC-SiHJ tandem 

solar cell 

In this section, a 4-terminal perovskite/SiC-passivated IBC-SiHJ based mechanically 

stacked tandem device has been designed and analyzed using numerical simulation. The 

procedure of analysis is similar to the Chapter 3; tandem device simulated in this section is 

reported in Figure 4.1(c) on page 75, which comprises perovskite as top subcell and SiC 

passivated IBC-SiHJ solar cell bottom subcell. The performance of IBC-SiHJ bottom cell is 

directly measured by placing perovskite device as a filter under standard AM1.5 illumination, 

to simulate the condition when IBC-SiHJ is positioned as bottom subcell. For bottom subcell, 

two types of the IBC-SiHJ solar cell has been used, one with the thickness of 250µm and 

second with the thickness of 25µm. This results in two 4-terminal tandem devices. All the 

dimensions of 250 µm thick device have been reduced 10 times except the gap width, to 

obtain 25 µm thick IBC-SiHJ solar cell. The carrier lifetime of 10
-5 

s is used for 25 µm thick 
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device since lower diffusion length is required compared to 250-micron thick device. The 25 

µm thick device is thin compared to conventional 250 µm thick silicon solar cells, and hence, 

the device can be fabricated with inexpensive, less pure material. The performance of IBC-

SiHJ solar cells has been obtained for both standalone as well as bottom subcell conditions for 

the comparisons and presented in Figure 4.9 (a-c) below.   

 

Figure 4.9: (a) EQE of 250 µm and 25 µm thick SiC passivated IBC-SiHJ solar cell under standalone 

conditions. (b) EQE of perovskite top subcell and IBC-SiHJ bottom subcells in a tandem configuration. (c) 

The J-V curve of IBC-SiHJ cells in stand-alone and bottom subcell configuration along with J-V curve of 

perovskite top subcell (Pandey and Chaujar, 2017). 

 

Figure 4.9(a) above shows the spectral response of IBC-SiHJ solar cells in standalone 

condition. The result indicates that the optical performance of 25 µm thick device is inferior 
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compared 250 µm thick device.   The EQE starts to fall at a lower wavelength in the case of 

25 µm thick device. This shows that 25-micron thick subcell device is not capable of 

absorbing high energy photon compared to 250-micron thick device as shown in Figure 4.9 

(a-b) on page 86, since photon absorbance is directly related to the absorption coefficient and 

the thickness of the material used. This will lead to the superior photovoltaic performance of 

250-micron thick bottom subcell based tandem device.   Moreover, Figure 4.9(c) shows the 

performance of bottom subcell cell with and without perovskite filter. In stand-alone 

configuration, the JSC of 39.77mA.cm
-2 

and 30.45mA.cm
-2 

have been obtained in 250 micron 

and 25-micron thick bottom subcells, respectively as shown in Figure 4.9(c). After adding the 

perovskite top cell, the JSC of bottom subcell decreases to 14.74 mA.cm
-2 

and 5.42 mA.cm
-2 

for 

250 micron and 25 micron thick devices respectively, due to reduced light intensity. The 

decrease in VOC is only marginal, resulting in 8.6% and 2.8% efficient two bottom subcells. 

Therefore, together with the 20.9% efficiency of perovskite top subcell, this results in 29.5% 

and 23.7% efficient tandem device with 250-micron and 25-micron thick bottom subcells, 

respectively. This is a substantial improvement as compared to transparent perovskite solar 

cell and c-Si solar cell operated individually. The photovoltaic parameters of tandem devices 

are shown in Table 4-2 below. 

TABLE 4-2: PHOTOVOLTAIC PARAMETERS OF THE DEVICES IN STAND-ALONE AND TANDEM CONFIGURATIONS 

(PANDEY AND CHAUJAR, 2017). 

Solar cells JSC 

 (mA.cm
-2

) 

VOC  

(mV) 

FF 

(%) 

PCE 

(%) 

Perovskite top subcell 23.95 1121 77.8 20.9 

IBC-SiHJ bottom cell 25 micron (stand-alone) 30.45 667 82.3 16.7 

IBC-SiHJ bottom cell 25 micron (tandem) 5.42 632 81.6 2.8 

IBC-SiHJ bottom cell 250 micron (stand-alone) 39.77      725 83.6 24.1 

IBC-SiHJ bottom cell 250 micron (tandem) 14.74 704 82.7 8.6 

4-terminal using 10  micron thick Si bottom 

subcell 

   20.9+2.8=23.7 

4-terminal using 300 micron thick Si bottom 

subcell 

   20.9+8.6=29.5 
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Moreover, the impact of material quality has also been obtained on the performance of 

IBC-SiHJ solar cells. Therefore, the bottom subcell has been simulated with different carrier 

lifetimes to get the impact of material (c-Si) quality, and results are reported in Figure 4.10(a-

d) above. Impact of lifetime on photovoltaic parameters: JSC, VOC, FF, and PCE is reported in 

Figure 4.10(a), Figure 4.10(b), Figure 4.10(c), and Figure 4.10(d), respectively.  The charge 

carriers need to diffuse a shorter length in the thinner device. Therefore, the PV performance 

of smaller device shows the negligible impact of material quality, whereas significant 

degradation has been observed in the thicker device, as shown in Figure 4.10(a) - Figure 

4.10(d). Results show that for lower carrier lifetime (2 × 10
-5

 s), the performance of a 250-

 

Figure 4.10:  The impact of carrier lifetime on the performance of IBC-SiHJ bottom subcells in a tandem 

configuration: (a) JSC, (b) VOC, (c) FF, and (d) PCE (Pandey and Chaujar, 2017). 
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μm-thick device is lower compared to a 25-μm-thick device, due to higher bulk recombination 

of the carrier in the thicker device, since lifetime is small. The VOC values of the thinner 

device are higher compared to the thicker device as shown in Figure 4.10(a) on page 88. 

Since the 25-μm-thick device has 10 times smaller substrate, the charge-carrier concentration 

in the 25-μm-thick device is higher than the 250-μm-thick device, which led to higher VOC. 

The desired material quality and the device can be selected from Figure 4.10, depending upon 

the application. Total efficiency in a tandem configuration can be obtained by adding the 

efficiencies of the bottom subcell and perovskite top cell. 

4.4: SUMMARY  

This chapter presents TCAD design of a 29.5% efficient mechanically stacked 

perovskite / IBC-SiHJ tandem device. Results show, PCE of 29.5 % and 23.7% with 250 µm 

and 25 µm thick IBC-SiHJ bottom subcells, respectively. Semitransparent perovskite top 

subcell with the efficiency of 20.9% has been designed for perovskite-silicon tandem 

structure. Thorough TCAD analysis has been performed to predict the behavior of the devices. 

All the basic recombination rates along with carrier distribution are obtained and reported to 

understand the recombination processes inside the perovskite top subcell. The performance of 

top subcell has been obtained for different acceptor densities and hole motilities in HTL, 

along with the impact of counter electrode work function. Increasing the acceptor density and 

hole mobility in HTL beyond 
16103 cm

-3 
and 510 cm

2
.V

1
.s

-1
 shows significant 

improvement in the performance of perovskite top subcell. Electric field distribution near 

HTL/CE shows CE work function value > 4.9 eV is required for the efficient extraction of 

holes from HTL.  For bottom subcell, 24.1% efficient individually operated IBC-SiHJ solar 

cell is combined in mechanically stacked four terminal tandem configuration with 20.9% 
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efficient perovskite top subcell. SiC passivated IBC-SiHJ bottom subcell shows good 

photovoltaic parameters compared to ARC based IBC-SiHJ solar cell. The optical and 

electrical behavior of the devices has been obtained for both standalone as well as tandem 

configuration. Results reveal that discussed tandem device may open a new door for the cost-

effective and energy efficient applications.  

In the previous three chapters, SiC passivated rear contact silicon solar cells are 

designed for standalone as well as tandem configuration. However, the absorption coefficient 

of silicon is small at higher wavelengths; therefore thick silicon wafers are required to 

obtained greater efficiencies in both standalone as well as tandem configuration as discussed 

in current chapter and Chapter 3. However, thicker silicon wafer eventually increases the 

module cost. Hence, low bandgap (<1.1eV) materials are required to increase the absorption 

of sunlight at higher wavelengths while keeping the thickness low, and Si1-XGeX can be used 

for the same. Therefore, the next two chapters deals with design and simulations of SiC 

passivated rear contact SiGe solar cells for standalone and tandem configuration.     

4.5: REFERENCES  

ALLEN, S. & AWAD, Y. 2009. Silicon carbide-based antireflective coating. US Patent App. 

12/994,973. 

ATLAS 2017. ATLAS User ‘ s Manual. 567-1000. 

BELARBI, M., BEGHDAD, M. & MEKEMECHE, A. 2016. Simulation and optimization of n-type 

interdigitated back contact silicon heterojunction (IBC-SiHJ) solar cell structure using Silvaco 

Tcad Atlas. Solar Energy, 127, 206-215. 

COUSINS, P. J., SMITH, D. D., LUAN, H. C., MANNING, J., DENNIS, T. D., WALDHAUER, A., 

WILSON, K. E., HARLEY, G. & MULLIGAN, W. P. Generation 3: Improved performance 

at lower cost.  2010 35th IEEE Photovoltaic Specialists Conference, 20-25 June 2010 2010. 

000275-000278. 

FAHRNER, W. R. 2011. Amorphous Silicon / Crystalline Silicon Heterojunction Solar Cells, 

Springer. 



CHAPTER 4: SiC PASSIVATED IBC-SiHJ SOLAR CELL IN TANDEM... 

 

RAHUL PANDEY                                                                                                                                                       91 

 

FUHS, W., NIEMANN, K. & STUKE, J. 1974. Heterojunctions of amorphous silicon and silicon 

single crystals. Bull Am Phys Soc 19, 6. 

GRIGOROVICI, R., CROITORU, N., MARINA, M. & NASTASE, L. 1968. Heterojunctions between 

amorphous Si and Si single crystals. Rev Roum Phys, 13, 9. 

IANNACCONE, G., CURATOLA, G. & FIORI, G. Effective Bohm Quantum Potential for device 

simulators based on drift diffusion and energy transport.  Simulation of Semiconductor 

Processes and Devices, 2004. 275-278. 

LAMMERT, M. D. & SCHWARTZ, R. J. 1977. The interdigitated back contact solar cell: A silicon 

solar cell for use in concentrated sunlight. IEEE Transactions on Electron Devices, 24, 337-

342. 

LIU, F., ZHU, J., WEI, J., LI, Y., LV, M., YANG, S., ZHANG, B., YAO, J. & DAI, S. 2014. 

Numerical simulation: Toward the design of high-efficiency planar perovskite solar cells. 

Applied Physics Letters, 104, 253508. 

LU, M., BOWDEN, S., DAS, U. & BIRKMIRE, R. 2007. Interdigitated back contact silicon 

heterojunction solar cell and the effect of front surface passivation. Applied Physics Letters, 

91, 063507. 

MASUKO, K., SHIGEMATSU, M., HASHIGUCHI, T., FUJISHIMA, D., KAI, M., YOSHIMURA, 

N., YAMAGUCHI, T., ICHIHASHI, Y., MISHIMA, T., MATSUBARA, N., YAMANISHI, 

T., TAKAHAMA, T., TAGUCHI, M., MARUYAMA, E. & OKAMOTO, S. 2014. 

Achievement of More Than 25% Conversion Efficiency With Crystalline Silicon 

Heterojunction Solar Cell. IEEE Journal of Photovoltaics, 4, 1433-1435. 

PANDEY, R. & CHAUJAR, R. 2016. Rear contact SiGe solar cell with SiC passivated front surface 

for  >90-percent external quantum efficiency and improved power conversion efficiency. 

Solar Energy, 135, 242-252. 

PANDEY, R. & CHAUJAR, R. 2017. Technology computer aided design of 29.5% efficient 

perovskite/interdigitated back contact silicon heterojunction mechanically stacked tandem 

solar cell for energy-efficient applications. Journal of Photonics for Energy, 7, 022503-

022503. 

SCHRÖDER, B., WEBER, U., LEDERMANN, A., SEITZ, H., KUPICH, M. & MUKHERJEE, C. 

Progress in thin-film-silicon-based solar cells prepared by thermo-catalytic CVD.  Proceedings 

of the 17th European photovoltaic conference, , 2001 Muenchen, Germany pp. 2850. 

SCHWARTZ, R. J. & LAMMERT, M. D. Silicon solar cells for high concentration applications.  

1975 International Electron Devices Meeting, 1975 1975. 350-352. 

SILVACO 2015. ATHENA User’s Manual, 2D PROCESS SIMULATION SOFTWARE, Santa Clara, 

CA 95054 Silvaco. 

SMITH, D. D., COUSINS, P. J., MASAD, A., WALDHAUER, A., WESTERBERG, S., JOHNSON, 

M., TU, X., DENNIS, T., HARLEY, G., SOLOMON, G., RIM, S., SHEPHERD, M., 

HARRINGTON, S., DEFENSOR, M., LEYGO, A., TOMADA, P., WU, J., PASS, T., ANN, 

L., SMITH, L., BERGSTROM, N., NICDAO, C., TIPONES, P. & VICENTE, D. Generation 



CHAPTER 4: SiC PASSIVATED IBC-SiHJ SOLAR CELL IN TANDEM... 

 

RAHUL PANDEY                                                                                                                                                       92 

 

III high efficiency lower cost technology: Transition to full scale manufacturing.  2012 38th 

IEEE Photovoltaic Specialists Conference, 3-8 June 2012 2012. 001594-001597. 

TAGUCHI, M., KAWAMOTO, K., TSUGE, S., BABA, T., SAKATA, H., MORIZANE, M., 

UCHIHASHI, K., NAKAMURA, N., KIYAMA, S. & OOTA, O. 2000. HITTM cells—high-

efficiency crystalline Si cells with novel structure. Progress in Photovoltaics, 8, 503-514. 

TAIRA, S., YOSHIMINE, Y., BABA, T., TAGUCHI, M., KANNO, H., KINOSHITA, T., S., H., M. 

& E., T., M 2007. Our approaches for 

achieving HIT solar cells with more than 23% efficiencies. In: Proceedings of the 22nd EPVSEC. 

WEHRENFENNIG, C., EPERON, G. E., JOHNSTON, M. B., SNAITH, H. J. & HERZ, L. M. 2014a. 

High Charge Carrier Mobilities and Lifetimes in Organolead Trihalide Perovskites. Advanced 

Materials, 26, 1584-1589. 

WEHRENFENNIG, C., EPERON, G. E., JOHNSTON, M. B., SNAITH, H. J. & HERZ, L. M. 2014b. 

High Charge Carrier Mobilities and Lifetimes in Organolead Trihalide Perovskites. Advanced 

Materials, 26, 1584-1589. 

XING, G., MATHEWS, N., LIM, S. S., YANTARA, N., LIU, X., SABBA, D., GRÄTZEL, M., 

MHAISALKAR, S. & SUM, T. C. 2014. Low-temperature solution-processed wavelength-

tunable perovskites for lasing. Nature materials, 13, 476-80. 

YANG, Y., YANG, M., LI, Z., CRISP, R., ZHU, K. & BEARD, M. C. 2015a. Comparison of 

Recombination Dynamics in CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3 Perovskite Films: 

Influence of Exciton Binding Energy. The Journal of Physical Chemistry Letters, 6, 

acs.jpclett.5b02290-acs.jpclett.5b02290. 

YANG, Y., YANG, M., LI, Z., CRISP, R., ZHU, K. & BEARD, M. C. 2015b. Comparison of 

Recombination Dynamics in CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3 Perovskite Films: 

Influence of Exciton Binding Energy. The Journal of Physical Chemistry Letters, 6, 

acs.jpclett.5b02290.



 

 

CHAPTER 5  

REAR CONTACT SiGe SOLAR CELLS WITH SIC 

PASSIVATED FRONT SURFACE FOR IMPROVED 

CONVERSION EFFICIENCY 

Silicon shows lower photon absorption at higher wavelengths due to small absorption 

coefficient, and to increase the absorption of sunlight while keeping the thickness low, small 

bandgap (<1.1 eV) material is required. Hence, this chapter along with next chapter of the 

thesis investigates the efficiency potential of SiGe material in SiC-based rear-contact solar 

cell architectures for standalone as well as tandem applications.  

 

 

 

 

 

 Innovative SiC-based rear contact SiGe Solar cells have been designed and simulated. 

 EQE > 90% has been achieved in 400–650 nm wavelength spectrums. 

 PCE of 15.4% has been achieved in 10 μm thick rear contact SiGe solar cell. 

 Result reveals remarkably lower surface recombination and higher optical coupling. 

 The device has also been analyzed for concentrator photovoltaics, CPV applications 

. 
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5.1: INTRODUCTION  

Although, one of the most abundant element available on Earth‘s crust is silicon, 

fabrication of Si wafers are expensive, complex and time consuming (Fisher et al., 2012, 

Shimura, 2012). Miniaturization of active material used in solar PV devices is one of the 

crucial steps toward the reduction of cost, i.e., $/Watt (Garnett and Yang, 2010).  

Nevertheless, it is very difficult task to improve the efficiency of the cell while reducing its 

thickness, since photon absorption directly depends on the absorption coefficient and the 

thickness of the material. In c-Si PV technology, the solar cell is constructed using c-Si which 

has absolutely low absorption coefficient particularly at higher wavelengths (Green and 

Keevers, 1995), and hence the energy of the visible part of the spectrum utilized by the solar 

cell is less than 50%. High absorption material can be chosen to oppose a substantial 

reduction of efficiency in thickness of small layer (Das and Choudhary, 2013). Thin film solar 

cell made up of  III–V compound shows higher efficiency because of their enhanced 

absorption and thus made them a common choice (Conibeer, 2007). Unfortunately, this 

technology is not suitable for marketable applications because they are very expensive and the 

cost is a grave concern to use them for terrestrial use (Yamaguchi, 2003).  The magnitude of 

absorption in germanium, Ge is approximately 1 to 2 orders better than that of silicon, that is 

higher for 1.1 to 3.5 eV photon energy levels (Humlíček et al., 1989, Ahuja et al., 2003). 

Also, Ge offers outstanding absorption at 0.6 eV, i.e. low energy level (the long wavelengths) 

on the contrary to Si. However, Ge does not absorb wavelengths corresponding to less than 

0.6 eV and Si does not capture the long wavelength resulting in energy less than about 1.1 eV. 

Thus, wavelengths ranging from 0.6 to 1.1 eV can be absorbed by Ge which cannot be 

achieved by Si (Bulletin, 2003). Around the world, various academic and industrial research 



CHAPTER 5: REAR CONTACT SiGe SOLAR CELLS…. 

 

RAHUL PANDEY                                                                                                                                                       95 

 

groups are interested in reaping the benefits from the combination of both. PV cells can be 

manufactured at cheaper cost by enhancing the thin-film of c-Si via SiGe. The integration of 

SiGe alloy introduces enhancement in the near-infrared response via the reduced bandgap. 

PVs with superior adsorption characteristics and enhanced conversion efficiency can be 

achieved using SiGe, which makes it a promising candidate. However, SiGe solar cells are not 

used practically due to crystal quality deficiency and losses incurred in VOC. Presently, high-

frequency transistors are made up of SiGe and their potential is also being explored for solar 

cells (Ouellette, 2002, Kasap and Capper, 2007). Doping with Ge modifies the electrical 

properties of Si because number of electrons in Ge is higher than that of Si which results in 

higher conductivity at any given temperature. As both Ge and Si have similar physical and 

electrical properties, the fabrication of SiGe becomes easier in process. Illuminating the solar 

cell results in high intensity degradation which is suppressed by SiGe due to its greater 

mechanical strength (Yang et al., 2010).  However, Silicon wafer is much cheaper as 

compared to Ge doped wafer (Chen and Yangoran, 2010), but current research work 

demonstrate it to be a potential candidate for energy efficient applications. Overall $/Watt of 

the device may be reduced by development of new cost-solar effective energy effective 

method in future. 

Moreover, considering the fact discussed above, this chapter instigates the application 

of SiGe alloy in rear contact architecture based solar cell (Kerschaver and Beaucarne, 2006),  

to obtain the improved performances at higher wavelengths while avoiding complex texturing 

schemes. Initially, 10×10 µm thick SiGe wafer is designed with antireflective passivation 

layer (ARPL) followed by the representation of SiC-passivated rear contact SiGe solar cells to 

achieve higher efficiencies in sub 10 micron thick devices. Intrinsic and n-type wafer based 
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device has been discussed. The optimization has been done along with surface passivation and 

optical absorption analysis of SiC passivation scheme. On the other hand, the proposed device 

has also been analyzed for CPV applications.  

5.2: DEVICE STRUCTURE AND METHODS  

The architecture of the device is identical to as discussed in Chapter 2 of the thesis. 

However, Si has been replaced by SiGe and resulted devices are presented in Figure 5.1(a-b) 

below.  The Si0.9Ge0.1 was used, with a very small Ge content, since increasing the Ge 

content, decreases the band gap of SiGe, which further results in lower open circuit voltage. 

Two different types of SiGe based rear-contact solar cell device has been designed one with 

intrinsic (i)-SiGe wafer and another with n-type SiGe wafer as shown in Figure 5.1(a) and 

Figure 5.1(b), respectively. All the material parameters for SiGe used in the simulation is 

obtained from experimentally available data (NSM, 2016). 

 

 

Figure 5.1: Rear contact SiGe solar cell with a 70nm thick antireflection layer on top, oxide layer has been 

used for back surface passivation. The region denoted by black color shows the ohmic contact to n+ and 

p+ regions: (a) intrinsic wafer based and (b) n-type wafer based device (Pandey and Chaujar, 2016a, 

Pandey and Chaujar, 2016b). 
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Figure 5.2: Optical properties, i.e. wavelength dependent (a) real index, n for SiGe and Si3N4 and (b) 

absorption coefficients of SiGe (Pandey and Chaujar, 2016b). 

 

Further, the optical properties of Si3N4 and SiGe are reported in Figure 5.2 (a-b) 

above.   The   real   index values of Si3N4 and SiGe are indicated in Figure 5.2(a), whereas 

absorption coefficient of SiGe is shown in Figure 5.2(b). Moreover, optical properties of SiO2 

and SiC are identical as reported in Figure 3.2(f) on page 55 of Chapter 3. The analyses of i-

SiGe and n-type SiGe wafer-based devices are reported in Section 5.3.1: and Section 5.3.2: , 

respectively. In Section 5.3.1: initial study has been done on the rear side of the device, i.e., 

energy band diagram has been obtained from p+-i-n+ region to understand the movement of 

the carriers. Moreover, a new ARPL has also been designed for SiGe wafer using SiC, SiO2 

and Si3N4 layers; followed by its amalgamation to the SiGe based device. Added, impact 

carrier lifetime has also been obtained. Furthermore, Section 5.3.2:  reports the optical and 

electrical analysis of n-type SiGe wafer based rear contact device, along with optimization, 

and at the end of the section, CPV application has also been discussed at different operating 

temperatures.   
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5.3: RESULTS  

5.3.1:  Analysis of i-SiGe wafer based rear-contact solar cell 

This section includes the band diagram analysis along with designing of antireflective 

passivation layer with the help of SiC, Si3N4, and SiO2 layers.  Moreover, the impact of carrier 

lifetime has also been obtained. Initially, the energy band diagrams from p+ – i – n+ regions 

are examined under illuminated conditions, to analyze the motion of the carriers. Figure 5.3 

below shows if an electron (hole) is generated in the i region, it finds built-in potential at i/p+ 

(i/n+) interface and hence, will not travel towards p+ (n+) side. However as there is no 

barrier near i/n+ ( i/p+) interface, it can quickly move toward n+ (p+) region as depicted in 

Figure 5.3. Hence, the n+ (p+) regions act as back surface field, BSF for holes (electrons).   

 

Figure 5.3: Illuminated energy band diagram of rear contact i-SiGe solar cell, data is obtained from p+-i-

n+ region, i.e., at the rear side of the device (Pandey and Chaujar, 2016a). 

 

Moreover, after analyzing the energy band, an antireflective passivation layer has also 

been designed for SiGe wafer using carbide, oxide, and nitride layers; and its application is 
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discussed for rear contact SiGe solar cell, later in the section. Prior to the application of ARPL 

on the actual device, early analysis has been done on 10×10 µm thick intrinsic SiGe wafer, 

and spectrum response, i.e., reflectivity and available photocurrent are obtained in the 

wavelength spectrum and presented in Figure 5.4 (a-b) below with different ARPLs. 

Wavelength vs. Reflectivity and available photocurrent, IA of the wafer with different ARPL 

is reported in Figure 5.4 (a) and Figure 5.4 (b), respectively, whereas wavelength dependent 

source photocurrent IS is presented in Figure 5.4 (b) inset. 

 

Figure 5.4: Spectrum response of (10 × 10) μm thick i-SiGe wafer with different ARPLs. (a) Reflectivity 

w.r.t wavelengths and (b) Available photocurrent w.r.t wavelengths:  Inset shows source photocurrent 

w.r.t wavelengths (Pandey and Chaujar, 2016a). 

 

Results as reported in Figure 5.4 (a) above indicate a significant decrease in photo 

reflectivity in UV region due to the presence of SiC. However, results also indicate SiC is 

reflective in the visible region. Therefore, only SiC layered device shows lower IA in the 

visible spectrum shown in Figure 5.4 (b). Hence, to resolve the problem, oxide and nitride 

coated layers are placed on SiC, which results in better absorption as shown in Figure 5.4 (a). 

Nevertheless, results indicate SiO2 coated SiC provide better absorption compared to Si3N4 
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coated SiC. Moreover, SiGe wafer without any coating layer is highly reflective as depicted in 

Figure 5.4 (a) on page 99, whereas, the highest optical coupling is observed in 

SiC/Si3N4/SiO2 coated SiGe wafer compared to other layers and, hence IA is close to IS as 

reported in Figure 5.4 (b) including inset. Likewise, results also indicate that SiC/SiO2 coated 

SiGe wafer shows approximately same response as SiC/Si3N4/SiO2 coated SiGe. This 

indicates SiC/SiO2 coated SiGe can be used instead of SiC/Si3N4/SiO2 coated SiGe in order to 

avoid complexity.   

 

Figure 5.5: (a) Rear contact i-SiGe solar cell with SiC/Si3N4/SiO2 based ARPL and (b) illuminated J-V 

curve of rear contact i-SiGe device with two different ARPLs (Pandey et al., 2016). 

 

TABLE 5-1: COMPARISONS OF PHOTOVOLTAIC PARAMETERS OF 10μm THICK REAR CONTACT-i-SiGe SOLAR 

CELL WITH TWO DIFFERENT ARPLS (PANDEY AND CHAUJAR, 2016B) 

Device  JSC 

 (mA.cm
-2

) 

VOC  

(mV) 

FF 

(%) 

PCE 

(%) 

SiC/Si3N4/SiO2 based ARPL  28.9 585 79.1 13.4 

SiC/SiO2 based ARPL 27.7 575 78.8 12.5 

 

Further, the designed ARPLs are introduced to the device and analysis has been done 

with two different front surfaces one with SiC/Si3N4/SiO2 based front surface as depicted in 

Figure 5.5(a) above and another with SiC/SiO2. The J-V curves of the devices are reported in 
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Figure 5.5(a) on page 100, and photovoltaic parameters are summarized in Table 5-1 on page 

100. Results validate superior performance in SiC/Si3N4/SiO2 based ARPL, which led to 

13.4% PCE, whereas 12.5% has been observed in SiC/SiO2 based ARPL.  These results 

indicated that efficiencies > 13% can be achieved in sub 10 microns thick regime without the 

need of complex texturing, which is required for thin silicon solar cells.  

 

Figure 5.6: Impact of minority carrier lifetime on device photovoltaic parameters: (a) JSC, (b) VOC, (c) FF, 

and (d) PCE (Pandey et al., 2016). 

 

Nevertheless, the impact of material quality has also been obtained, and performances 

of the devices are reported in Figure 5.6(a-d) above. The PV parameters: JSC, VOC, FF, and 

PCE are reported in Figure 5.6(a), Figure 5.6 (b), Figure 5.6 (c), and Figure 5.6(d), 

respectively. Result reveals that the parameters are less impacted by τ variations, as τ changes 
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from 10
-2

 s to 10
-5

 s, change in JSC, VOC, FF and PCE are 0.4%, 0.5%, 2.2% and 3.2%, 

respectively.  Concluding the present section reflects 13.4%, 12.5% efficient 10µm thick i-

SiGe wafer based rear-contact solar cells. However, results reported in Figure 5.5(b) and 

Table 5-1 on page 100 shows that the VOC values are < 600 mV and this is attributed to lower 

built-in potential at the collecting junction due to intrinsic wafer, since VOC of the device 

directly depends on the built-in potential at the collecting junction. On considering this fact, 

intrinsic wafer can be replaced by n-type or p-type wafer to improve the VOC. In a standard 

solar cell, p-type wafer has been preferred, and hence the diffusion length of minority carrier 

(electrons) in p-type wafer is higher than the diffusion length of minority carrier (holes) in n-

type wafer. However, in large-scale production, it is difficult to avoid chemical and 

mechanical imperfection to the wafer. Here, lies the big advantage of n-type wafer solar cells. 

The performance of n-type cell is less vulnerable to chemical and mechanical imperfections. 

The n-type cell has several advantages over p-type cells. They are less affected by light-

induced degradation (Glunz et al., 1999, Tjahjono and Cotter, 2005), and hence, next section 

is dedicated to study of the n-type wafer based rear contact SiGe solar cell, to obtain higher 

VOC. 

5.3.2:  Study of n- SiGe wafer based rear-contact solar cell 

The simulated device structure used in this section is represented in Figure 5.1(b) on 

page 96, n-type SiGe wafer has been used with a doping density of 3×10
15

 cm
-3

, doping 

density is identical to the doping of n-Si wafer which is used in Chapter 2. The un-optimized 

diffusion depth of 3µm and 2.5µm has been used for initial analysis, which will be optimized 

further. At first, analysis of the device has been done with Si3N4 based ARC layer and 

external quantum efficiency, EQE is reported in Figure 5.7 on page 103. The device shows 
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superior EQE, and remarkably it achieved EQE>76% in the spectrum range of 400-700 nm 

wavelength, shown in Figure 5.7 below. At wavelength equivalent to 400 nm, proposed 

device shows EQE of the order of 78% that is at least 12% higher than other Si nanostructured 

solar cells (Oh et al., 2012) and 18% greater than that of planar 10 µm thick Si cell with anti-

reflection coating (Jeong et al., 2013). Nevertheless, results reflect > 20% EQE at a 

wavelength equivalent to 1000 nm and more than 10% EQE at a wavelength of 1200 nm, 

which clearly indicates superior optical performance compared to Si-based device, whose 

EQE falls below 5% for the wavelengths greater than 1000 nm as reported in Figure 2.5 on 

page 32 of Chapter 2. Improved performance is attributed to the higher absorption coefficient 

in SiGe compared to Si at higher wavelengths.  

 

Figure 5.7: EQE of rear contact n-type SiGe solar cell with 70 nm thick Si3N4 based ARC layer.   
 

 

Moreover, to understand the movement and recombination process of minority carriers 

(holes) inside the device, contour representation of recombination rate is obtained as reported 

in Figure 5.8(a-b) on page 104 along with energy band diagram and hole concentration as 

depicted in Figure 5.9 (a-c) on page 105.  At the interface, the holes that are generated at 

point 1 need to travel the shorter diffusion length, to arrive at collecting junction (n/p+ 
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interface) compared to holes that are created at point 2 shown in Figure 5.1(b) on page 96. 

These results in decreased collection probability in region II, therefore, higher recombination 

rate is observed in region II compared to the region I, as shown in Figure 5.8 (a-b) below. 

Region, I and region II, is defined in the n-type region only; they do not include the p+ and 

n+ type regions.  

 

Figure 5.8: Recombination rate contour (cm
-3

.s
-1

) of illuminated Si3N4 ARC based rear contact SiGe solar 

cell under short circuit condition: (a) linear scale, and (b) log scale (Pandey and Chaujar, 2016b). 

 

Moreover, the energy band diagram which of consists valance band (EV), conduction 

band (EC), electron quasi-Fermi (EQF), and hole quasi-Fermi (HQF) level examined at the 

rear side under dark and illuminated conditions, respectively are reported in Figure 5.9(a-b) 

on page 105.  It is clearly observed that due to heavily doped p+/n+ regions, EQF (HQF) lies 

within the EC (EV) in n+ (p+) region as shown in Figure 5.9(a), and upon illumination, their 

position remains unchanged. However, the HQF (EQF) moves closer to the EV (EC) in n+ 

(p+) region as shown in Figure 5.9(b). The shift in the Fermi levels is attributed to the 

generation of electron-hole pair throughout the device, upon illumination. Moreover, hole 

concentration is reported in Figure 5.9(c), to understand the recombination dynamics and 

carrier movement. The formation of space charge region with the associated electric field at 
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n/p+ interface collects and separates electron-hole pairs within the vicinity of the interface; 

however, outside the interface the substrate is neutral, and the collection will be by diffusion. 

The carriers that are generated far away from the interface are not able to arrive at the 

collecting junction. Hence, recombination process will balance out as already explained in    

Section 2.3.3: of Chapter 2. Near p+/n interface, hole concentration is less compared to the 

bulk of n-type region and n/n+ interface; since outside the collecting interface, the collection 

will be by diffusion of electrons towards the field area where it will be collected as discussed 

above. The holes that are generated in a region greater than the diffusion length are balanced 

by recombination process.  Hence, there is a lateral concentration gradient for holes, showing 

the lateral flow of holes to the collecting (n/p+) junction. Moreover, this also validates higher 

recombination rate in II region of the device as shown in Figure 5.8(a-b) on page 104. 

 

 

Figure 5.9: Energy band diagram of rear contact n type SiGe solar cell, data is obtained at the rear side of 

the device under (a) dark and (b) illuminated conditions, respectively. Moreover hole concentration is 

reported in (c). 
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Figure 5.10: Hole concentration and recombination rate (inset) near the interface of SiC, Si3N4 and SiO2 

passivated devices.  Data has been obtained from location (0, 0.2) to (100, 0.2) under illumination with 

short circuit condition (Pandey and Chaujar, 2016b). 

 

Additionally, different front surface passivation schemes have been discussed and 

compared. The front surface investigation has been done for three interfaces viz. SiC/n-SiGe, 

SiO2/n-SiGe, and Si3N4/n-SiGe, and relevant parameters are obtained as reported in Figure 

5.10 above and Figure 5.11 on page 107. Recalling the concept discussed in the Chapter 2, 

efficient surface passivation can be achieved by (1) minimizing the density of surface states 

and (2) reducing the surface concentration of the carriers (electrons or holes), and thus, 

minority carrier (hole) concentration near the interfaces are obtained and reported in Figure 

5.10. Result shows, minority carrier concentration are drastically reduced at the SiC/n-SiGe 

interface compared to SiO2 and Si3N4 based passivation layers, which displays that SiC 

prevents the minority carriers (holes) to reach the SiC/n-SiGe interface, and hence lower 

surface recombination rate is observed at interface as depicted in Figure 5.10 (inset). This is 

due to the positive electric field at the interface as reported in Figure 5.11 on page 107. The 
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electric field direction is directed from SiC to SiGe, rendering it energetically unfavorable for 

hole transport to SiC/n-SiGe interface, resulting in a low concentration of holes at the front 

surface.  

 

Figure 5.11: Distribution of electric field near the (SiC/n-SiGe) interface. Inset shows the contour 

representation of electric field. Data is obtained under illumination with zero-bias voltage (Pandey and 

Chaujar, 2016b). 

 

Nevertheless, contour representation of recombination rate is also reported in Figure 

5.12 on page 108. Figure 5.12(a), Figure 5.12(b), and Figure 5.12(c) displays the 

recombination rate for SiO2 passivated, Si3N4 passivated, and SiC passivated devices, 

respectively. Also magnified view of the interface is also reported in Figure 5.12(d), in case 

of SiC passivated device. Sinking the hole concentration at the interface will produce higher 

concentration difference between electrons and holes, and thus results in lower surface 

recombination rate, which also validated the data reported in Figure 5.10 (inset) on page 106. 

Results shows, the concentration difference between electron and hole is larger in SiC 
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passivated device compared to SiO2 and Si3N4 based devices; thus, results in lower surface 

recombination rate, as shown in the Figure 5.12(c-d) below. In SiC layered device, 

approximately ten times lower hole concentration is obtained near the interface (SiC/n-SiGe), 

compared to the bulk (n-SiGe) region of the device. This shows that the presence of SiC 

reduces the concentration of minority carriers only at the interface. Lower recombination at 

the interface ensures that generated carrier will contribute more external current and 

recombination current density will be suppressed. Moreover, higher recombination rate is 

observed in II region compared to I region. This is attributed to diffusion of holes towards the 

collecting junction (p+/n). Lateral hole concentration gradient as reported in Figure 5.10 on 

page 106 shows lateral hole flow to the junction.  

 

Figure 5.12: Contour plot of recombination rate (cm
-3

.s
-1

) in the log scale, (a) SiO2 passivated rear contact 

SiGe solar cell, (b) Si3N4 passivated rear contact SiGe solar cell, (c) SiC passivated rear contact SiGe solar 

cell and (d) Magnified view of (SiC/ n-SiGe) interface in case of SiC passivated device.  Data has been 

obtained under illumination with zero-bias voltage (Pandey and Chaujar, 2016b). 
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Figure 5.13: EQEs of SiC, Si3N4, and SiO2 passivated rear contact SiGe solar cells (Pandey and Chaujar, 

2016b). 

 

Moreover, the spectrum response has been obtained for SiO2, Si3N4, and SiC 

passivated devices and EQE with different front surface passivation layers are shown in 

Figure 5.13 above. Result shows, significant improvement in blue response, as well as 

midway response, in SiC layered device compared to other devices.  EQE>80% is achieved in 

the wavelength range of 300-720 nm. At wavelength equivalent to 550 nm, the device 

exhibits EQE of the order of 95% which is 25.5% and 10.2 % higher than SiO2 and Si3N4 

layered devices, respectively. Moreover, at the smaller wavelength (300 nm), 35%, and 70% 

higher EQE has been obtained compared to respective devices shown in Figure 5.13.  

In addition, the performance of a solar cell is directly related to the amount of light 

entering the cell, however, wavelength dependent extinction coefficient as reported in Figure 

2.6 on page 34 of Chapter 2 shows that SiC has higher absorption coefficient at lower 

wavelengths, whereas it is desired that SiC should be transparent in the simulated spectrum. 

The absorbance of a material is directly related to the absorption coefficient and thickness of 
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the material used. This suggests that to minimize the absorption and increase the transparency, 

thinner SiC layer should be employed. This phenomenon sets the limit on the thickness of 

SiC. The SiC layer utilized in the simulation is only 20 nm thick whose absorbance is 

negligible. However, consequences of using thicker SiC layer have also been discussed. Four 

SiC-based n-type SiGe wafer has been designed with a different thickness of SiC, i.e., 20 nm, 

40 nm, 80 nm, and 160 nm, and photon absorption rate has been obtained in underlying SiGe 

wafer as shown in Figure 5.14 (a), Figure 5.14 (b), Figure 5.14 (c), and Figure 5.14 (d) 

below, respectively. The contour representation indicates that the photon coupling in 

underlying SiGe is higher for 20 nm thick SiC layered wafer, however, increasing the 

thickness results in absorbance in SiC and hence, lower optical coupling in underlying SiGe. 

The 160 nm thick SiC layered wafer shows worst optical behavior compared to other wafers 

as shown in Figure 5.14 (a-d).  

 
Figure 5.14: The contour representation of photon absorption rate (cm

-3
.s

-1
) in underlying SiGe with 

different SiC thicknesses: (a) 20 nm, (b) 40 nm, (c) 80nm, and (d) 160 nm (Pandey and Chaujar, 2016b). 
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Figure 5.15: The contour representation of photon absorption rate (cm
-3

.s
-1

) in rear contact SiGe solar 

cell: (a) magnified view near the (SiO2/n-SiGe) interface in SiO2 passivated device, (b) magnified view near 

the (Si3N4 /n-SiGe) interface in Si3N4 passivated device, (c) magnified view near the (SiC /n-SiGe) interface 

in SiC passivated device, and Fig. 5.15 d,e, and f show the SiO2, Si3N4, and SiC passivated device on full 

scale. Data has been obtained under illumination with zero-bias voltage (Pandey and Chaujar, 2016b). 

 

Meanwhile, the photon absorption contour is also obtained for all the devices, and 

same has been presented in Figure 5.15(a-f) above. Figure 5.15(a), Figure 5.15(b), and 

Figure 5.15(c) shows the exaggerated view of photon absorption rate at the interface of SiO2, 

Si3N4, and SiC passivated devices as reported in Figure 5.15(d), Figure 5.15(e), and Figure 

5.15(f), respectively. Results reveal that higher photon absorption rate is achieved in SiC 

layered device. The device shows, 12.5% and 5% higher photon absorption rate compared to 

SiO2 and Si3N4 layered devices, respectively as shown in Figure 5.15 (d-f). Moreover, Figure 

5.15(a) shows higher absorption at the front surface. This validates the higher optical coupling 

of photons with lower wavelengths. In addition, Figure 5.16 on page 112 shows the source 

photocurrent of the AM1.5 spectrum, along with the ratio of IA to IS. The improved optical 
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behavior of the device results in higher available photocurrent, which further increases the 

IA/IS ratio. Result shows, > 80% ratio with a maximum value of 95.7% in the spectrum range 

of 289-735 nm wavelengths, thus, reflecting an excellent spectrum response of SiC passivated 

device.  

 

Figure 5.16: Comparison of spectrum response under AM1.5 illumination for rear contact SiGe solar   cell 

with SiC, Si3N4, and SiO2 passivation layers. The inset shows the IA/IS ratio for all the three devices 

(Pandey and Chaujar, 2016b). 

 

      
Figure 5.17: Illuminated J-V and PO-V curve of rear contact SiGe solar cell with SiC, Si3N4, and SiO2 

passivation layers (Pandey and Chaujar, 2016b). 
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 The most important part of the solar cell design is its J–V characteristics. Any design 

must have a higher JSC and a higher VOC. The J-V characteristic of the device is simulated 

under AM1.5 illumination with optical power 0.1W/cm
2
 and presented in Figure 5.17 on 

page 112. The JSC and VOC in SiC layered device is 28 mAcm
-2

 and 668 mV, whereas JSC , 

VOC in SiO2 and Si3N4 layered devices are 22.6 mAcm
-2

 , 662 mV, and  25.8mAcm
-2

 , 667mV 

respectively. Thus, SiC layered device shows 24% and 8% higher JSC compared to respective 

devices. A detailed comparison of electrical parameters is provided in Table 5-2 below.  

TABLE 5-2: COMPARISONS OF PHOTOVOLTAIC PARAMETERS OF 10μm THICK REAR CONTACT SiGe SOLAR 

CELL WITH SiO2, Si3N4 AND SiC BASED PASSIVATION LAYERS (PANDEY AND CHAUJAR, 2016B) 

Device  JSC 

 (mA.cm
-2

) 

VOC  

(mV) 

FF 

(%) 

PCE 

(%) 

SiO2 layered 22.6 662 78.2 11.7 

Si3N4 layered 25.8 667 78.0 13.5 

SiC layered  28.0 668 78.6 14.7 

 

 

Figure 5.18: Impact of surface recombination velocity on rear contact SiGe solar cell with different 

passivation layers. JSC and PCE are presented on primary and secondary axis, respectively. 
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Additionally, the impact of surface recombination velocity (SRV) on JSC and PCE has 

been obtained which is presented Figure 5.18 on page 113. At SRV equivalent to 10
2
 cm.s

-1
, 

the difference between available photocurrent and short circuit current is 2.2 mA.cm
-2

 in SiC 

layered device whereas the difference of ~ 7 mA.cm
-2

 has been observed in SiO2 and Si3N4 

layered devices. This shows that recombination and the parasitic absorption losses are higher 

in respective devices, compared to SiC layered device. Also, when SRV changes from 10
1
 

cm.s
-1

 to 10
7
 cm.s

-1
, the PCE and JSC went down to 12.1% and 23.2 mA.cm

-2
, respectively in 

SiC layered device, whereas these values are 1.33% and 3.97 mA.cm
-2

 and 1.5% and 4.49 

mA.cm
-2

 in SiO2 and Si3N4 layered devices, respectively. Results reveal that characteristics of 

the device are less affected by SRV. Also, result shows that new surface passivation scheme is 

useful when the surface to volume ratio of the device is large, i.e., for a thin device; since thin 

devices suffer from higher surface recombination.  Furthermore, the effect of diffusion depth 

has also been investigated. The best device i.e., SiC passivated device has been selected for 

analysis. Recombination rate with different p+/n+ diffusion depth viz. 3µm/2.5µm, 

1.5µm/1.25µm, 0.75µm/0.63µm, 0.38µm/0.32µm, and 0.19µm/0.16µm are reported in Figure 

5.19(a), Figure 5.19(b), Figure 5.19(c), Figure 5.19(d), and Figure 5.19(e), respectively on 

page 115. The recombination rate in p+ and the n+ region is higher because of the heavily 

doped region (~10
20

 cm
-3

) and larger diffusion depth in Y- direction. Therefore, the diffusion 

depth of p+ and n+ region has been minimized to reduce the recombination rate in these 

areas. The PCE of 15.4 %, i.e., 4.7% higher than initial value (14.7%) is obtained by reducing 

the diffusion depth of the regions. Figure 5.19 (a-e) shows carrier recombination is reduced 

by reducing the diffusion depth of p+ and n+ regions. The impact of diffusion depth on 

device photovoltaic parameters is presented in Table 5-3 on page 116. 
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Figure 5.19: Recombination rate (cm
-3

 s
-1

) contour of SiC passivated rear contact SiGe solar cell with 

different diffusion depth of p+ and n+ regions: (a) p+/n+ is 3µm/2.5µm, (b) p+/n+ is 1.5µm/1.25µm, (c) 

p+/n+ is 0.75µm/0.63µm, (d) p+/n+ is 0.38µm/0.32µm, and (e) p+/n+ is 0.19µm/0.16µm.  Data has been 

obtained under illumination with zero-bias voltage (Pandey and Chaujar, 2016b). 
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TABLE 5-3: IMPACT OF n+ AND p+ REGIONS DIFFUSION DEPTH ON PHOTOVOLTAIC PARAMETERS OF 

SiC PASSIVATED 10μm THICK REAR CONTACT SiGe SOLAR CELL (PANDEY AND CHAUJAR, 2016B) 

S. No. Regions Thickness 

    (µm)  

      JSC  

(mA.cm
-2

) 

 VOC 

(mV) 

 FF 

(%) 

PCE  

(%) 

1      p+        3.0      28.0  668 78.6 14.70 

    n+        2.5 

2     p+        1.5      28.9  666 78.6 15.13 

    n+        1.25 

3     p+        0.75      29.3  666 78.3 15.30 

    n+        0.63 

4     p+        0.38      29.5  666 78.3 15.37 

    n+        0.32 

5     p+        0.19      29.6  667 78.2 15.41 

    n+        0.16 

 

In the last exercise of the Chapter, the application of SiC passivated rear contact SiGe 

solar cell for CPV use has been discussed. Altering the irradiance on a solar cell varies all 

solar cell parameters, including JSC, VOC, FF, PCE, series and shunt resistances. The light 

intensity on a solar cell is called the number of suns, where one- sun corresponds to standard 

illumination at AM1.5, or 100mW/cm
2
. The PV module intended to work under one- sun is 

called a "flat plate" while those using more than one- sun or concentrated sunlight are called 

"concentrator.‖ Further, concentrators have some advantages in terms of higher efficiency 

than a one-sun solar cell and the lower cost. The JSC of a solar cell depends linearly on 

irradiance. This indicates, device operating under 10 suns would have 10 times the JSC  as the 

same device under one sun operation. However, this will not result in increased PCE, since 

the incident power also increases linearly. The efficiency benefits arise from the open-circuit 

voltage, as VOC increases logarithmically with light intensity (Würfel, 2008). Therefore, the 

impact of irradiance and temperature on the devices is obtained, and the results are presented 

in Figure 5.20(a-c) on page 117. The device is simulated up to 20-suns (2 W/cm
2
) condition 

at room temperature (300K). Nevertheless, temperature also increases as a function of input 
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optical power per unit area. Hence, cell operating at higher concentration levels require 

complex cooling system, and overall cost of the PV module will be increased. In literature, 

the silicon-based concentrator solar cell with the efficiencies range of (15-27.5) % has been 

reported for the concentration level of (20-150) suns (Sinton et al., 1986, Cuevas et al., 1990, 

Lammert and Schwartz, 1977, Wenham and Green, 1995, Zhao et al., 1990), whereas 

simulation analysis reported in this chapter achieves VOCs of 766 mV, 800 mV and PCEs of 

18.37%, 19.32% at 10-sun and 20-sun conditions, respectively as shown in Figure 5.20 (a) 

below.  

 

Figure 5.20: Impact of irradiance and temperature on SiC passivated rear contact SiGe solar cell: (a) 

effect of irradiance on VOC and PCE, (b) effect of temperature on VOC for 1 sun, 10 suns and 20 suns 

conditon,  respectively (c) effect of temperature on PCE for 1 sun, 10 suns and 20 suns condition, 

respectively (Pandey and Chaujar, 2016b). 
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Further, results show 10.2% and 13.7% higher PCE at the concentration levels of 4, 6 

suns compared to the 1-sun condition. Moreover, the desired concentration level can be 

selected from the Figure 5.20(a) on page 117 depending upon applications. Besides, the 

impact of temperature on device parameters: VOC, PCE, and FF for three different conditions 

(1-sun, 10-suns, and 20-suns) have also been analyzed. Since, under concentrated light device 

temperature increases, although, it can be avoided by using a suitable cooling system (Royne 

et al., 2005). The device performance degrades as the temperature increases as shown in 

Figure 5.20 (b-c), since intrinsic carrier concentration increase at higher temperatures. 

Therefore, bandgap decreases, which further results in decrease in VOC, as shown in Figure 

5.20(b). The VOC values of 804 mV, 778 mV, 680 mV and PCE values of 19.75%, 18.67%, 

15.77 % is obtained at 20°C for 20-sun, 10-sun and 1-sun conditions respectively, whereas 

760 mV, 735 mV, 623 mV and 18.2%, 17%, 13.9% is obtained at 50
0
C. Results show, as the 

temperature increases from 20
0
C - 45

0
C, 10.2% decrease in PCE is obtained for flat plate cell, 

whereas 7.8% and 6.7% decrease in PCE is obtained for the same cell operating at 10-suns 

and 20-suns, as shown in Figure 5.20(c). Further, all the results of this section conclude that 

PCE of 19.3% is obtained at 20-suns in the sub 10µm thick device, which suggests that the 

proposed device can be a good candidate for the flat plate as well as low concentrator 

applications. 

5.4: SUMMARY  

In this Chapter, 10 µm thick rear contact SiGe based solar cell devices have been 

discussed with SiC-based front surface passivation for the suppression of interface 

recombination as well as improvement of JSC and VOC. The design principle presented here 

balance the electronic and photonic effects together and is a significant step to develop highly 
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efficient thin solar cells. Initially, intrinsic wafer based rear contact SiGe solar cell has been 

designed with SiC, SiO2, and Si3N4 based ARPLs. Photo reflectance is significantly reduced 

in the UV/visible spectral region due to the presence of SiC. Energy band analysis has been 

done to understand the movement of carriers.  Moreover, the impact of material quality has 

also been discussed. In second approach, intrinsic wafer has been replaced with n-type SiGe, 

to obtain further high VOC. Detailed analysis such as energy band, hole concentration, electric 

field, and recombination rates are achieved inside the device to understand the behavior of the 

device. Spectrum analysis resulted in EQE> 90% in the range of 400–650 nm wavelength. 

Also, at wavelengths equivalent to 300 nm, SiC passivated device shows EQE of 85%. The 

presence of SiC as a surface passivation layer shows enhanced surface characteristics in terms 

of reduced surface recombination and higher photon absorption rate. Moreover, optimization 

of diffusion depth of the device resulted in 15.4% PCE under standard AM1.5 illumination. 

Nevertheless, the proposed device has also been analyzed for CPV applications, resulting in 

18.4% and 19.3% efficiencies at 1 W/cm
2
 (10 suns, 27

O
C) and 2 W/cm

2
 (20 suns, 27

O
C) 

respectively.  

The improved performance of the device in sub 10 µm thick regime is attributed to the 

superior absorption coefficient of SiGe compared to Si. Absorption at the higher wavelength 

is obtained without the need of thick wafer and complex texturing scheme. Now, evoking the 

concept of perovskite-based tandem devices, the perovskite top cell utilizes the lower 

wavelength photons, and to absorb the higher wavelength photons, thicker silicon cells are 

required. These issues can be resolved by using SiGe which is capable of absorbing higher 

wavelength photons in compact architecture. Therefore, in order to explore this, next chapter 

proposes IBC-SiGeHJ bottom subcell based 4-terminal perovskite/SiGe tandem solar cell, to 

boost the efficiencies of tandem solar cell.   
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CHAPTER 6  

SIC PASSIVATED IBC-SiGeHJ SOLAR CELL IN 

TANDEM CONFIGURATION WITH PEROVSKITE TOP 

SUBCELL   

In perovskite/silicon tandem solar cell, to absorb the photons of higher wavelength, i.e. >800 

in bottom subcell, thickness more than 250 µm is required since the absorption coefficient of 

silicon is small at a higher wavelength. This eventually increases the module cost. These 

issues can be fixed by using a different material which has higher optical absorption 

compared to silicon at higher wavelengths. The use of SiGe cell as a bottom cell is a possible 

solution to enhance the absorption and boost the efficiencies. 

 Innovative Si0.75Ge0.25 based IBC-HJ solar cell been proposed and simulated. 

 Optimization has been done for 10 μm thick IBC-SiGeHJ. 

 In combination with perovskite top subcell, further 25.7% PCE demonstrated. 

 Results shows, proposed design can be a good candidate to obtained ultra-high 

efficiencies. 
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6.1: INTRODUCTION  

In the PV technologies, thickness of the active material plays a crucial role in 

determining the efficiency (Pandey and Chaujar, 2017b, Pandey and Chaujar, 2016b, Pandey 

and Chaujar, 2016a, Garnett and Yang, 2010). Increasing the thickness of active material 

significantly improves the optical performance of the device; however requirement of large 

and high quality material increase the module cost also as well (Branham et al., 2015, Jeong et 

al., 2013). Silicon is the most commonly used material in PV technologies (ITRPV, 2016), 

and after 61 years of research, the PCEs of Si solar cell is slowly approaching the Auger-

recombination-constrained Shockley−Queisser limit of 29.8% (Polman et al., 2016, Tiedje et 

al., 1984). To further increase the efficiencies while simultaneously reducing the cost per 

kWh, new strategies such as tandem configurations (Bailie and McGehee, 2015, Tiedje et al., 

1984) have to be applied as discussed in Chapter 3 and Chapter 4. In c-Si based tandem 

approaches, a low cost wide-bandgap (1.6-1.9 eV) absorber material based top subcell is 

required (Werner et al., 2015), and perovskite based solar cells are the potential candidates to 

fulfill the requirement (Park, 2014). Previous research work shows significant improvement in 

the overall PCEs of perovskite/silicon based tandem devices, under single AM1.5 irradiance 

(Mailoa et al., 2015, Werner et al., 2015, Sheng et al., 2015).  

Moreover, in perovskite/silicon tandem solar cell, the perovskite top cell utilize the 

lower wavelength photons. Whereas, to absorb the photons of higher wavelength, i.e. > 800 , 

thickness more than 250 µm is required since the absorption coefficients of silicon is small at 

a higher wavelength (Green and Keevers, 1995, Green, 2008).  Work reported in Chapter 3 

shows 29.5% and 23.7% conversion efficiencies in 250 µm and 25 µm thick IBC-SiHJ 

bottom subcell based tandem devices, respectively (Pandey and Chaujar, 2017b). 
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Approximately 20% decrease in PCE has been observed, which clearly indicates decreasing 

the thickness of bottom subcell surely saves the material cost, but consequently affects the 

overall conversion efficiencies also. Hence, further refinements are required in 

perovskite/silicon based tandem device to improve the efficiencies while keeping the 

thickness of bottom subcell low. These issues can be fixed by using a different material which 

has higher optical absorption compared to silicon at higher wavelengths (Bulletin, 2003). 

Results reported in Chapter 5 shows that the use of SiGe cell as a bottom cell is a possible 

solution to enhance the absorption at a higher wavelength while keeping the thickness low 

(Pandey and Chaujar, 2016c). The experimentally available data shows, the absorption 

coefficients of SiGe is greater than Si in the higher wavelength region. Hence, SiGe can 

efficiently absorb the photon of wavelengths > 800 nm (non-utilized photons by top subcell) 

compared to Si.  

Further, work reported in this chapter presents IBC-SiGeHJ solar cell for standalone 

and mechanically stacked tandem applications, to make a SiGe based bottom subcell, a novel 

device has been designed, where SiGe material is introduced to IBC-HJ architecture (Taguchi 

et al., 2000, Schwartz and Lammert, 1975, Lammert and Schwartz, 1977), and resulted device 

is named as IBC-SiGeHJ solar cell (Pandey and Chaujar, 2017a). 10µm thick SiGe solar cell 

has been used as bottom subcell, which is ~ (25-30)  times thinner than conventional Si solar 

cell which is used as bottom subcell in perovskite/silicon tandem solar cell. This indicates that 

the proposed device significantly saves the material required for the fabrication. However, the 

cost of germanium doped wafer is higher compared to a silicon wafer, though present work 

shows a tandem device made using SiGe cell can be a good candidate for energy efficient 

applications, and  future development of cost effective energy efficient methods may decrease 
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the overall dollar per watt ($/W) of the device. Detailed analysis has been done for SiGe cell, 

before placing it as bottom subcell in tandem device. Optimization has been done for both 

standalone and tandem conditions where thickness of i-a-SiGe: H, width of n-type (back 

surface field), width of p-type (emitter), gap width, and composition fraction have been 

optimized for improved conversion efficiency. Further, to prevent the front surface 

recombination, SiC-based front surface passivation has been used for bottom subcell (Pandey 

and Chaujar, 2016a, Pandey and Chaujar, 2016c). 

6.2: DEVICE STRUCTURE, MODELS AND METHODS  

The simulated device structures are reported in Figure 6.1(a-c) below, perovskite top 

subcell, IBC-SiGeHJ bottom subcell, and 4-terminal tandem cell have been shown in Fig. 

Figure 6.1(a), Figure 6.1(b), and Figure 6.1(c), respectively. The top subcell is identical as 

used in Chapter 3 and Chapter 4.  

 
Figure 6.1: Device structures used in simulations (a) semitransparent perovskite top subcell, with FTO 

and ln2O2: H based front and rear contact (b) IBC-SiGeHJ bottom subcell, and (c) 4-terminal 

mechanically stacked tandem solar cell (Pandey and Chaujar, 2017a). 
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ATHENA process simulator has been used to design the devices (Silvaco, 2015). The 

doping of n-type SiGe and n-type a-SiGe:H is 2.14×10
16

 cm
-3

  and 4.8×10
18

 cm
-3

, respectively 

and that of p-type a-SiGe:H is 2×10
19 

cm
-3

. The gap width is 50 µm and width of p-type a-

SiGe: H, n-type a-SiGe: H is 100 µm and 25µm respectively. Models for bottom subcell are 

identical as used for IBC-SiHJ solar cell in Chapter 4; however material parameters for SiGe 

is reported in Table 6-1 below, whereas models and material parameters for top subcell are 

identical as used in Chapter 3. 

TABLE 6-1: MATERIAL PARAMETERS USED DURING SIMULATION (PANDEY AND CHAUJAR, 2017A, ATLAS, 

2017). 

Material A B C D E 

Dielectric Constant 12.9 11.9 11.9 11.9  

Band Gap (eV) 0.94 1.60 1.60 1.60 0.99 

Electron Affinity (eV) 4.17 4.0 4.0 4.0  

Thickness (µm) 10 0.02 0.006 0.02 0.001 

Electron, Hole mobility (cm
2
/V·s) 1430, 480 20, 2 

 

20, 2 

 

20, 2 

 

n/a 

 

Effective conduction band  (DOS) (cm
-3

) 

 

2.36× 10
19

 2.5× 10
20

 2.5× 10
20

 2.5× 10
20

 n/a 

Effective valence band (DOS)  (cm
-3

) 

 

9.30× 10
18

 2.5× 10
20

 2.5× 10
20

 2.5× 10
20

 n/a 

Conduction tail states N 
c-tail  

A (cm
-3

) n/a 10
21

 10
18

 10
21

 0 

E
 c-tail   

A (eV) n/a 0.07 0.09 0.07 0.07 

Valence tail states N 
v-tail  

D (cm
-3

) n/a 10
21

 10
18

 10
21

 0 

E
 v-tail   

D (eV) n/a 0.12 0.09 0.12 0.12 

 

Acceptor-like (A) 

dangling bond states 

N 
db  

A (cm
-3

) n/a 10
19

 10
16

 10
19

 2.4× 10
16

 

E
 db   

A (eV) n/a 0.7 1.1 1.3 0.5 

𝜎 
db 

 A (eV) n/a 0.2 0.15 0.2 0.2 

 

Donor-like (D) 

dangling bond states 

N 
db  

D (cm
-3

) n/a 10
19

 10
16

 10
19

 2.4× 10
16

 

E
 db   

D (eV) n/a 0.45 0.9 1.1 0.5 

𝜎 
db 

 D (eV) n/a 0.2 0.15 0.2 0.2 

 

A=Si0.85Ge0.15,  B= n- type a- Si0.85Ge0.15:H,  C= Buffer a- Si0.85Ge0.15:H,  D= p- type a- Si0.85Ge0.15:H, 

E=Interface defects 
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In this chapter, the optimization has been performed for IBC-SiGeHJ solar cell 

initially, where thickness of i-a-SiGe: H, width of n-type (back surface field), width of p-type 

(emitter), gap width, and composition fraction have been optimized for improved conversion 

efficiency. Further, IBC-SiGeHJ cell is placed under top subcell and a fresh optimization has 

been done again under reduced light intensity, followed by the final design of 4- terminal 

mechanically stacked perovskite/IBC-SiGeHJ tandem solar cell.  

6.3: RESULTS  

Result section of the chapter is divided into two parts: Comprehensive analysis and 

optimization of 10 µm thick IBC-SiGeHJ solar cell is reported in Section 6.3.1: and 

examination of perovskite/IBC-SiGeHJ mechanically stacked tandem solar cell is presented in 

Section 6.3.2:  

6.3.1:  Comprehensive study and optimization of 10 µm thick IBC-SiGeHJ 

bottom subcell. 

This section of the chapter deals with the optimization of IBC-SiGeHJ bottom subcell, 

i.e., the thickness of i-a-SiGe: H, width of back surface field (BSF), width of emitter, gap 

width, and composition fraction have been optimized for improved efficiency. The simulation 

analysis of the IBC-SiGeHJ solar cell has been performed and the J-V curve with different i-a-

SiGe: H thicknesses have been reported in Figure 6.2 on page 128. The basic role of i-a-SiGe: 

H layer is to minimize the recombination at the a-SiGe/SiGe region, however it also reduces 

the conduction of light generated carriers and hence leads to increase series resistance. Result 

displays, increasing the thickness of a-SiGe: H layer leads to decrease in FF as depicted in 

Figure 6.2, which is attributed to increased series resistance.  Nevertheless, at a thickness 
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equivalent to 20 nm, ―S‖ shaped J-V curve with low FF has been observed, which is 

confirmed by the already available results of 200-micron thick silicon-based device with the 

same architecture as reported by Meijun et al. (Meijun Lu, 2007).  

 
Figure 6.2: Impact of i-a-SiGe: H thickness on the current density (J) - voltage (V) curve of IBC-SiGeHJ 

solar cell (Pandey and Chaujar, 2017a). 

 

Figure 6.3:  Impact of i-a-SiGe: H thickness on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. 

Results are obtained under standalone conditions (Pandey and Chaujar, 2017a). 
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Moreover, the influence of i-a-SiGe: H thickness on the photovoltaic parameters: JSC, 

VOC, FF, and PCE are shown in Figure 6.3(a), Figure 6.3(b), Figure 6.3(c), and Figure 

6.3(d), respectively on page 128. Very minute impact has been observed on JSC, whereas 

result shows a slight improvement in VOC on increasing the thickness of i-a SiGe: H as 

depicted in Figure 6.3(a) and Figure 6.3(b), respectively, which is due to enhanced 

passivation quality and also supported by already published results (Thibaut et al., 2011). 

However, an increase in VOC is not sufficient to mitigate the decrease in FF as reported in 

Figure 6.3(c) and hence, the overall PCE reduces by increasing the thickness of i-a-SiGe: H, 

as shown in Figure 6.3(d). 

 

Figure 6.4: Impact of n strip width on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. Results are 

obtained under standalone condition (Pandey and Chaujar, 2017a). 

Moreover, the width of n-strip, p- strip, and the gap has also optimized, and the results 

are shown in Figure 6.4 above –  Figure 6.7 on page 132. The JSC data w.r.t n-strip width is 
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reported in Figure 6.4 (a) on page 129. Increasing n-strip width considerably reduces JSC and 

to understand the effect of n- strip width, contour representation of recombination rate; and 

the vector representation of conduction current have also been obtained and shown in Figure 

6.5(a-c) below. To obtain the results, a very small region near the back side of the device is 

exaggerated as shown in Figure 6.5(a-c). Recombination rate with 25 micron, 75 micron, and 

125 micron n strip width is reported in Figure 6.5(a), Figure 6.5(b), and Figure 6.5(c), 

respectively. 

 

Figure 6.5: Contour representation of recombination rate with different n-strip widths (a) 25 micron, (b) 

75 micron, and (d) 125 micron (Pandey and Chaujar, 2017a). 
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Increasing n- strip width will decrease the carrier collection probability of p-strip 

region, since the minority carriers that are generated near or at  n-strip region requires to travel 

not only vertical to the rear junction but also laterally to arrive at the collecting junction, i.e. 

p-strip. Increasing n-width results in longer traveling distance for minority carrier, and hence 

the probability of carrier recombination is higher, as shown in Figure 6.5(a-c) on page 130. 

Higher the recombination rate, lower will be the conduction current density, and the direction 

of the conduction current density is shown in Figure 6.5(a-c). The FF and VOC remain almost 

unaffected due to good surface passivation quality as depicted in Figure 6.4 (b) &(c) on page 

129, and thus the overall PCE decreases by increasing the n strip width as reported in Figure 

6.4(d).  

 

Figure 6.6: Impact of gap width on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. Results are 

obtained under standalone condition (Pandey and Chaujar, 2017a). 
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Further, the impact of gap width is studied in Figure 6.6(a-d) on page 131. Increasing 

the gap width will increase the lateral distance and series resistance for minority carrier that is 

generated at or near the BSF region. Therefore, increasing the gap width will decrease JSC and 

FF as reported in Figure 6.6(a) and Figure 6.6(c), respectively. Slight improvement in VOC is 

also observed as depicted in Figure 6.6(b). The overall impact of gap is reported in Figure 

6.6(d), and results show PCE decrease as gap width increases.   

 

Figure 6.7: Impact of p strip width on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. Results are 

obtained under standalone condition (Pandey and Chaujar, 2017a). 

 

Moreover, at the end of the optimization process, the impact of p-strip width has also 

been obtained, and results show that the 100 micron thick p-strip is optimum to give a good 

performance, as reflected in JSC, VOC, FF, and PCE reported in Figure 6.7(a), Figure 6.7(b), 

Figure 6.7(c), and Figure 6.7(d) above, respectively. Concluding the section gives the 
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optimized dimensions for 10 microns thick IBC-SiGeHJ solar cell, i.e. width of BSF, gap, and 

emitter regions are 25 micron, 50 microns, and 100 microns respectively. 

6.3.2:  Examination of semitransparent Perovskite/IBC-SiGeHJ mechanically 

stacked tandem solar cell 

In this section, a novel semi-transparent perovskite/IBC-SiGeHJ mechanically stacked 

tandem solar cell device has been simulated for ultra-high conversion efficiencies. A 20.9% 

efficient organic-inorganic halide semitransparent perovskite solar cell has been used as top 

subcell as reported by Pandey et al. (Pandey and Chaujar, 2016b), whereas 10 micron thick 

IBC-SiGeHJ solar cell has been used as bottom subcell. Four-terminal device simulated in this 

section is already reported in Figure 6.1(c) on page 125. The technique of simulation for 

tandem architecture is identical to Chapter 3 and Chapter 4, where, top subcell is simulated 

individually, whereas bottom subcell has been simulated by placing perovskite as a filter.  The 

addition of the PCE of perovskite top subcell and IBC-SiGeHJ bottom subcell in tandem 

configuration gives the overall PCE of the tandem device.  

In the previous section, the optimization of IBC-SiGeHJ solar cell for standalone 

applications has been done under the full AM1.5 spectrum. Moreover, in this section, fresh 

optimization for IBC-SiGeHJ has been done under filtered spectrum by top subcell, and 

results are reported in Figure 6.8(a-d) on page 134 - Figure 6.11(a-d) on page 135. 

Parameters such as JSC, VOC, FF, and PCE are reported in part (a), (b), (c), and (d) of the 

Figures. Results show that the behavior of bottom subcell device is identical as obtained in 

standalone condition. However, the magnitude of PV parameters is lower, particularly JSC as 

shown in Figure 6.8(a), Figure 6.9(a), Figure 6.10(a), and Figure 6.11(a).The decrease in JSC 

is attributed to reduced light intensity in the presence of perovskite top subcell.  
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Figure 6.8: Impact of i-a-SiGe: H thickness on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. 

Results are obtained under tandem conditions (Pandey and Chaujar, 2017a). 

 

Figure 6.9: Impact of n strip width on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. Results are 

obtained under tandem condition (Pandey and Chaujar, 2017a). 
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Figure 6.10: Impact of gap width on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. Results are 

obtained under standalone condition (Pandey and Chaujar, 2017a). 

 

Figure 6.11: Impact of p strip width on PV parameters: (a) JSC, (b) VOC, (c) FF, and (d) PCE. Results are 

obtained under standalone condition (Pandey and Chaujar, 2017a). 
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Results reported in Figure 6.8(a-d) on page 134 - Figure 6.11(a-d) on page 135 shows 

that optimized dimensions under filtered spectrum are same as obtained for the stand-alone 

case. This validates that optimized dimensions, i.e. the width of BSF, gap, and emitter regions 

25 microns, 50 microns, and 100 microns respectively, hold good for both standalone as well 

as bottom subcell conditions. 

Further, the impact of composition fraction (x) on the performance of bottom IBC-Si1-

xGexHJ solar cell has been studied for both standalone as well as tandem configuration. The 

performance of bottom subcell device has been obtained with three different composition 

fractions, i.e. x=0, 0.15, and 0.25. The optical properties, i.e. complex reflective indices used 

in the simulation have been obtained from SOPRA database of ATLAS library (Atlas, 2017), 

and reported in Figure 6.12 below. The wavelength dependent real and imaginary index as a 

function of composition fraction is reported in Figure 6.12 and Figure 6.12(inset), 

respectively.  

 

Figure 6.12: Optical properties i.e. real and imaginary indices (inset) of Si1-xGex as a function composition 

fraction (Pandey and Chaujar, 2017a). 
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Furthermore, the J-V for bottom subcell under standalone and tandem configuration 

with different composition fraction is shown in Figure 6.13 above and Figure 6.13(inset), 

respectively. Increasing the composition fraction results in higher optical absorption, and 

hence results in higher JSC; however, bandgap also reduces which further results in lower VOC. 

This has been verified in the J-V curve reported in Figure 6.13 including inset. Bottom 

subcell in standalone condition shows the JSC (VOC) values 26.4 mA.cm
-2

 (674mV), 34.9 

mA.cm
-2

 (573mV), and 38.2 mA.cm
-2

 (524mV) with x=0, 0.15, and 0.25 composition 

fractions, respectively; as shown in Figure 6.13, and hence resulted in 14.4%, 15.5%, and 

14.9% PCE for composition values of 0, 0.15, and 0.25, respectively. This concludes that 

under the standalone condition the optimum performance has been obtained for the 

composition fraction of 0.15. However, under tandem configuration with x=0, 0.15, and 0.25, 

the bottom subcell shows JSC (VOC) values of 1.4 mA.cm
-2

 (640 mV), 10.1 mA.cm
-2

 (544mV), 

and 13.2 mA.cm
-2 

(498 mV), respectively as depicted in Figure 6.13(inset), which resulted in 

 
Figure 6.13: J-V curve of Si1-xGex based bottom subcell device with different composition fraction, under 

standalone condition. Inset shows the J-V curve under tandem configuration (Pandey and Chaujar, 

2017a). 
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0.7%, 4.2%, and 4.8% PCE. Photovoltaic parameters of bottom subcell in standalone and 

bottom subcell operating conditions with different x values are reported in Table 6-2 below.  

 

Table 6-2: PHOTOVOLTAIC PARAMETERS OF IBC-SiGe BOTTOM SUBCELL WITH DIFFERENT 

COMPOSITION FRACTION (PANDEY AND CHAUJAR 2017A) 

IBC-Si1-xGexHJ  JSC (mA.cm
-2

) VOC (mV) FF (%) PCE (%) 

x=0  standalone 26.4 674 81.1 14.4 

under tandem  1.4 640 79.6 0.7 

x=0.15 standalone 34.9 573 77.4 15.5 

under tandem  10.1 544 76.9 4.2 

x=0.25 standalone 38.2 524 74.5 14.9 

under tandem  13.2 498 73.2 4.8 

Perovskite top subcell 23.9 1121 77.8 20.9 

Mechanically stacked perovskite/IBC-Si1-xGexHJ tandem solar cell 20.9+4.8=25.7 

 

 

Figure 6.14: Photon absorption rate (cm
-3

.s
-1

) in bottom subcell under filtered spectrum by perovskite top 

subcell, with different x values. (a) x=0, (b) x=0.15, and (c) x=0.25. Regions above 10 µm in Y-locations 

represents perovskite top filter, and below 10 µm represents bottom IBC-SiGeHJ solar cell (Pandey and 

Chaujar, 2017a). 

 

Result shows, under tandem configuration, optimum performance is obtained for 

x=0.25, due to improved optical absorption at a higher wavelength in Si0.75Ge0.25 and hence 

leads to higher JSC under bottom subcell. In order to verify this, contour representation of 

photon absorption rate has been obtained in the bottom subcell device under tandem 

configuration and reported in Figure 6.14 (a-b) above. The result shows higher photon 
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coupling in bottom subcell for x value of 0.25, due to superior optical absorption in Si0.75Ge0.25 

compared to other two composition fraction values. Simulation results show that IBC-

Si0.85Ge0.15HJ solar cell shows optimum performance in standalone condition, whereas IBC-

Si0.75Ge0.25HJ solar cell superior performance under tandem configuration.  

 

Figure 6.15: (a) Spectrum response, i.e. EQE of perovskite top subcell and IBC-Si0.75Ge0.25HJ bottom 

subcell in tandem and standalone configuration. (b) The J-V curve of top subcell and bottom subcell under 

illumination (Pandey and Chaujar, 2017a). 

 

Further, simulation results are obtained for the final tandem device and reported in 

Figure 6.15(a-b) above. The spectrum response, i.e. external quantum efficiency, EQE of the 

perovskite top subcell, IBC-Si0.75Ge0.25HJ standalone, and IBC-Si0.75Ge0.25HJ as a bottom 

subcell in the tandem configuration are shown in Figure 6.15(a). The perovskite top subcell 

shows the EQE up to 800 nm, which are in good agreement with already published 

experimental results (Yin et al., 2016, Lin et al., 2015, Yang et al., 2015). Bottom subcell 

operated standalone shows EQE in the lower wavelength as well as higher wavelength region. 
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However, when operated in tandem configuration as a bottom subcell, the EQE at lower 

wavelengths disappears, due to the presence of perovskite top subcell. Since, up to 800 nm, 

top subcell absorbs the solar spectrum. However, a wavelength greater than 800 nm will be 

available for bottom subcell, as shown in Figure 6.15(a) on page 139.  J-V curve of the final 

tandem device is shown in Figure 6.15(b) and corresponding photovoltaic parameters are 

shown in Table 6-2 on page 138. 

6.4: SUMMARY  

In this Chapter, a novel 10 micron thick IBC-Si1-xGexHJ solar cell device has been 

designed and simulated for standalone and four-terminal mechanically stacked tandem 

applications. Optimization of i-a-SiGe: H thickness, width of n-a-SiGe: H region, p-a-SiGe: H 

region and gap along with composition fraction led to 15.5% PCE in a stand-alone 

configuration, whereas in combination with perovskite top subcell, further 25.7% PCE is 

demonstrated in four-terminal tandem configuration.  In perovskite-based tandem devices, the 

spectrum till 800 nm wavelength will be absorbed by perovskite top subcell whereas 

wavelength greater than 800 nm will be available for bottom subcell. Therefore the use of 

SiGe ensures higher absorption compared to Si-based IBC solar cell since the presence of Ge 

increases the optical absorption at higher wavelengths, which results in higher JSC. The 

spectrum, as well as the electrical behavior of the devices, has been obtained to understand the 

device operation in both tandem as well as standalone conditions. Under tandem 

configuration, 4.8% PCE has been simulated in bottom subcell, which combines with 20.9% 

PCE of perovskite top subcell to give overall conversion efficiency of 25.7% (20.9% top 

subcell + 4.8% bottom subcell). 10µm thick IBC-Si0.75Ge0.25HJ solar cell has been used as 

bottom subcell in perovskite/SiGe tandem solar cell which is ~ (25-30)  times thinner than 
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conventional Si solar cell and is used as a bottom subcell in perovskite/silicon tandem solar 

cell, and hence, significantly saves the material. The results reveal that the proposed 4-

terminal mechanically stacked perovskite/IBC-SiGeHJ tandem device may open new doors 

for the energy efficient applications. 

Moreover, next chapter concludes all the work done in the thesis and gives future 

prospective of discussed solutions.  
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CHAPTER 7  

SUMMARY AND OUTLOOK   
 

This chapter gives complete summary and outlook of the research work reported in the thesis. 

 

 

 Research work is briefly summarized 

 Possible future work is projected 
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7.1: SUMMARY  

In this thesis, several approaches for improving solar efficiency with careful design 

have been proposed. These approaches attempt to improve the solar cell current, solar cell 

voltage, light absorption, surface recombination, and UV stability. Finally, the mechanically 

stacked tandem architecture addresses thermalization and lack of absorption losses for 

improved efficiency. In this chapter, each approach is briefly reviewed, and opportunities for 

future work in each area are also identified.  

We first considered resolving the issues associated with thin devices such as low 

absorption and high surface recombination. These issues have been resolved in Chapter 2 

with the help of novel front surface design where  ZrO2 based texturing has been used along 

with SiC-based front surface passivation for the suppression of interface recombination and 

improvement of VOC. The device under investigation shows VOC of 662 mV in the sub-10 µm-

thick rear contact silicon solar cell. Presence of ZrO2 and SiC significantly improves the 

optical as well as the electrical behavior of the device. Photon absorption ~ 87% is obtained at 

short wavelengths (300 nm). A device containing thin SiC at the interface (ZrO2/ n-Si) shows 

significant improvement throughout the wavelength spectrum 300-1000 nm, i.e. (UV-Visible-

Infrared) and leads to EQE > 81% in the spectrum range of 320-720 nm wavelength 

spectrums with a maximum of 95.6% at wavelength 560 nm. UV stability has also been 

obtained under high surface recombination velocity conditions.  These improvements lead to 

15.7% efficient rear contact silicon solar cell, in the sub-10 µm-thick regime. Moreover, 

Chapter 2 includes 21.6% efficient 300 µm thick device by introducing the same front 

surface design to a 300 µm thick device.  Furthermore, application of SiC passivated rear 

contact solar cell in tandem configuration with perovskite top subcell has been discussed in 

Chapter 3 where the focus is to minimize the thermalisation losses. The tandem structure of 
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perovskite-silicon solar cells is a promising method to achieve efficient solar energy 

conversion at low cost. In the four-terminal tandem configuration, the cells are connected 

independently and hence avoids the need for current matching between top and bottom 

subcell, thus giving greater design flexibility.  A novel four-terminal perovskite/SiC-based 

rear contact silicon tandem solar cell device has been proposed and simulated to achieve 

higher conversion efficiencies under single AM1.5 illumination. Initially, 20.9% efficient 

semitransparent perovskite top subcell has been designed for top subcell followed by the 

analysis of perovskite/silicon tandem architecture. The simulation analysis shows, PCEs of 

27.6% and 22.4% with 300 µm and 10 µm thick rear contact Si bottom subcell, respectively. 

This is a substantial improvement compared to transparent perovskite solar cell and c-Si solar 

cell operated individually. The impact of perovskite layer thickness, monomolecular, 

bimolecular, and trimolecular recombination have also been obtained on the performance of 

perovskite top subcell.  

 

Moreover, despite the exciting results achieved in Chapter 3, conventional rear-

contact solar cell shows low VOC and has high complexity in fabrication. IBC-SiHJ solar cells 

which use low-temperature processes have excellent performance, i.e., high VOC, and better 

rear surface passivation due to deposited i-a-Si: H. Hence, analysis of SiC passivated IBC-

SiHJ solar cell as a bottom subcell under perovskite solar cell has been done in Chapter 4 to 

achieve further ultra-high efficiencies, wherein, the analysis of perovskite top subcell is the 

continuation of Chapter 3. All the basic recombination rates along with carrier distribution 

are obtained and reported to understand the recombination processes inside the perovskite top 

subcell. The performance of top subcell has been obtained for different acceptor densities and 

hole mobility in HTL, along with the impact of counter electrode work function. Increasing 
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the acceptor density and hole mobility in HTL beyond 
16103 cm

-3 
and 510 cm

2
.V

1
.s

-1
 

shows significant improvement in the performance of perovskite top subcell. Electric field 

distribution near HTL/CE showing counter electrode work function value > 4.9 eV is required 

for the efficient extraction of holes from HTL.  For bottom subcell, 24.1% efficient 

individually operated IBC-SiHJ solar cell is combined in mechanically stacked four terminal 

tandem configuration with 20.9% efficient perovskite top subcell. Passivation quality has 

been studied and SiC passivated IBC-SiHJ bottom subcell shows good photovoltaic 

parameters compared to ARC based IBC-SiHJ solar cell. The optical and electrical behavior 

of the devices has been obtained for both standalone as well as tandem configuration. The 

efforts resulted in PCEs of 29.5 % and 23.7% with 250 µm and 25 µm thick IBC-SiHJ bottom 

subcells, respectively. Moreover, rear contact devices reported in Chapter 2, Chapter 3, and 

Chapter 4 contains Si as an active material, whose  absorption coefficient is small at higher 

wavelengths; therefore, thick silicon wafers are required to obtained greater efficiencies in 

both standalone as well as tandem configuration as discussed in current Chapter 3 and 

Chapter 4.  

However, thicker silicon wafer eventually increases the module cost. Hence, 

modification in the bandgap (Eg< 1.1 eV) of the Si is required to increase the absorption of 

sunlight at higher wavelengths while keeping the thickness low, and Si1-XGeX alloy can be 

used for the same. Hence, Chapter 5 and Chapter 6 has been dedicated to the analysis of 

rear contact SiGe solar cells for standalone and tandem configuration.  In Chapter 5, initially, 

intrinsic wafer based rear contact SiGe solar cell has been designed with SiC, SiO2, and Si3N4 

based ARPLs. Photo reflectance is significantly reduced in the UV/visible spectral region due 

to the presence of SiC. Energy band analysis has been done to understand the movement of 
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carriers.  Moreover, the impact of material quality has also been discussed. In second 

approach, intrinsic wafer has been replaced with n-type SiGe, to obtain further high VOC. 

Detailed analysis such as energy band, hole concentration, electric field, and recombination 

rates are achieved inside the device to understand the behavior of the device. Spectrum 

analysis resulted in EQE> 90% in the range of 400–650 nm wavelength. Also, at wavelengths 

equivalent to 300 nm, SiC passivated device shows EQE of 85%. The presence of SiC as a 

surface passivation layer shows enhanced surface characteristics in terms of reduced surface 

recombination and higher photon absorption rate. Moreover, optimization of diffusion depth 

of the device resulted in 15.4% PCE under standard AM1.5 illumination. Nevertheless, the 

proposed device has also been analyzed for CPV applications, resulting in 18.4% and 19.3% 

efficiencies at 1 W/cm
2
 (10 suns, 27

O
C) and 2 W/cm

2
 (20 suns, 27

O
C) respectively.  The 

improved performance of the device in sub 10 µm thick regime is attributed to the superior 

absorption coefficient of SiGe compared to Si. Absorption at the higher wavelength is 

obtained without the need of thick wafer and complex texturing scheme.  Evoking the concept 

of perovskite-based tandem devices, the perovskite top cell utilizes the lower wavelength 

photons, and to absorb the higher wavelength photons, thicker silicon cells are required. 

These issues have been resolved by using SiGe which is capable of absorbing higher 

wavelength photons in compact architecture. Therefore considering the discussed concept, 

Chapter 6 proposes IBC-SiGeHJ bottom subcell based 4 terminal perovskite/SiGe tandem 

solar cells, to boost the efficiencies of tandem solar cell.   

In Chapter 6, a novel 10 micron thick IBC-Si1-xGexHJ solar cell device has been 

designed and simulated for standalone and four-terminal mechanically stacked tandem 

applications. Optimization of i-a-SiGe: H thickness, width of n-a-SiGe: H region, width of p-

a-SiGe: H region and pitch gap along with composition fraction led to 15.5% PCE in a stand-
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alone configuration, whereas, in combination with perovskite top subcell, further 25.7% PCE 

is demonstrated in four-terminal tandem configuration.  In perovskite-based tandem devices, 

the spectrum till 800 nm wavelength will be absorbed by perovskite top subcell whereas 

wavelength greater than 800 nm will be available for bottom subcell. Therefore, the use of 

SiGe ensures higher absorption compared to Si-based IBC solar cell since the presence of Ge 

increases the optical absorption at higher wavelengths, which resulted in higher JSC. The 

spectrum, as well as the electrical behavior of the devices, has been obtained to understand the 

device operation in both tandem as well as standalone conditions. Under tandem 

configuration, 4.8% PCE has been simulated in bottom subcell, which combines with 20.9% 

PCE of perovskite top subcell to give overall conversion efficiency of 25.7% (20.9% top 

subcell + 4.8% bottom subcell). 10µm thick IBC-Si0.75Ge0.25HJ solar cell has been used as 

bottom subcell in perovskite/SiGe tandem solar cell which is ~ 25-30 times thinner than 

conventional Si solar cell which is used as bottom subcell in perovskite/silicon tandem solar 

cell, and hence, significantly saves the material. The design principles reported in this  thesis 

may open new doors for the energy efficient applications. 

7.2: OUTLOOK  

In the present thesis, several schemes are projected to enhance the performance of 

rear-contact solar cells and significant improvements have been obtained in both standalone 

and tandem applications. Remarkably low surface recombination and higher absorption is 

achieved in 10 micron thick device, along with UV stability. Efficient wavelength utilization 

has been obtained by using SiGe alloy. Additionally to minimize thermalization losses, 

mechanically stacked tandem devices have also been designed and simulated which requires 
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only two transparent contacts. All the objectives are majorly accomplished with the help of 

simulation analysis and additional outlook of the work is reported as follows:  

 

 Concentrator photovoltaic analysis of ZrO2 textured SiC passivated device can be done 

with the help of temperature and irradiance variation.  

 Analysis of SiC-based surface passivation quality can also be performed for p-type wafer 

based cells.  Impact of doped SiC layer can also be obtained. 

 Application of SiC layer at the metalized surface can also be analyzed to prevent the 

surface recombination at the back side of the device. 

 Solar cells with textured SiC can be designed in future and angular analysis can be done 

for optimum angular efficiency.  

 Experimental deposition of SiC is needed with the help of�microwave and radio 

frequency plasma-enhanced chemical vapor deposition reactor and characterization of the 

SiC layer can be examined with quasi-steady-state photoconductance, microwave-detected 

photoconductance, and carrier density imaging techniques. 

 Some of the experimental research work shows SiC is a good candidate for surface 

passivation, whereas some other researchers observed that addition of SiC reduces the 

lifetime of the carriers, which means SiC surface passivation is needed to be further 

researched, developed and improved. 

 The tunnel junction can be formed for good device performance independent of the 

counter electrode work function. 

 Perfect transparent electrode does not exist in reality and hence some other transparent 

contact can be used by comparing their transmittance of necessary photons.  
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 SiGe based devices simulated in this work does not exist practically; hence proper 

fabrication is required to verify the results obtained in the study. 

 Comparisons with multiple layers antireflective coating, ARC can be performed in future 

work. Multi-stack ARC enables refection control over a broad range of wavelengths or 

near the infra-red range in the case of bottom cell in tandem.  

 Cost of SiGe wafer is high compared to Si, and hence proper cost efficiency analysis is 

needed. 

 



 

 

APPENDIX   

SEMICONDUCTOR EQUATIONS AND MODELS USED 

DURING SIMULATIONS 
 

This section of the thesis provides the semiconductor equations and models used during 

simulation. A detailed description of models and parameters are given in this section, which 

includes the following:  

 

 The Poisson equation, along with electron and hole continuity equations.  

 SRH, Auger, Radiative, concentration dependent SRH, and surface recombination 

model.  
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A.1:    The Poisson equation (1) and electron and hole continuity equations (2) and (3)  
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The q is electron charge, D the diffusion coefficient; ε is the permittivity and G the 

generation rate. The sts pnn ,, and tp  are the free electron, trapped electron, free hole, and 

trapped hole, respectively. ψ is the electrostatic potential. Na
-
 the ionized acceptor-like doping 

concentration and Nd
+
 are the ionized donor-like doping concentration. ξ is the electric field 

and pn  ,  are the carrier lifetimes. The last term in equations (2) and (3) known as 

recombination term Rn, Rp. Further, when models are enabled, the SRH, auger, and radiative 

recombination rate are included in the recombination terms in the carrier continuity equations.  

 

A.2: Recombination models 

 

1. SRH 

 

The basic SRH model is modeled as:  
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The nie is the effective intrinsic carrier concentration and its value for perovskite, 

silicon and SiGe is 371097.1  cm , 391021.5  cm 3101051.4  cm , respectively. Kb is 

Boltzmann‘s constant and Ei and Et are the intrinsic Fermi level and trap energy level, 

respectively. T is the lattice temperature in degree Kelvin. n and p are the electron and hole 

concentrations. Basic for the SRH model are the assumptions of one trap level in the 
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forbidden band i.e. Et = Ei and corresponds to the most efficient recombination center. 0n  

and 0p are the electron and hole bulk lifetimes, N is the doping concentration.  Also, the 

constant carrier lifetimes that are used in the SRH recombination model above can be made a 

function of doping concentration and results in concentration dependent SRH (CONSRH) 

model where 0n  and 0p  will be replaced by n  and p  (Law et al., 1991, Atlas, 2017). 
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N is the doping concentration NSRHN = NSRHP = 316105  cm . 

 

2. AUGER  

 

Capturing or emission of mobile charge carriers through three particle transition 

processes leads to Auger recombination, the underlying physics of such processes is still 

unclear, and normally qualitative understanding is sufficient as suggested by Selberherr et al.  

(Selberherr, 1984). Auger recombination has been modeled using the following expression: 
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The auger coefficients, Cp = 9.9x10
-32 

cm
6
.s

-1
 and Cn =2.8x10

-31
 cm

6
.s

-1
 have been used 

for p-type and n-type Si (Dziewior and Schmid, 1977), whereas for SiGe these coefficient are 

Cp = 8.3x10
-32 

cm
6
.s

-1
 and Cn =1.8x10

-31
 cm

6
.s

-1
, respectively. Moreover,  auger coefficient for 

the perovskite film has been obtained from experimental data (Yang et al., 2015, 

Wehrenfennig et al., 2014) and reported in thesis chapters. no, po  is the concentration of 

electron and holes at equilibrium, respectively. 

 

3. RADIATIVE  

 

In radiative recombination, an electron loses energy on order of the band gap and 

moves from the conduction band to the valence band. This effect is necessary for narrow gap 
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semiconductors and semiconductors whose specific band structure allows direct transitions. 

By assuming a capture rate OPT
cC the partially involved process can be written as: 

 

OPT
c

OPT
np CR  np ,     

 

These rates must be equal in thermal equilibrium so that 
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The total band to band recombination is the difference of the partial rates i.e. 
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The radiative rate coefficient for perovskite film has been obtained from experimental 

data (Yang et al., 2015, Wehrenfennig et al., 2014) and reported in thesis chapters. 

 

 

4. SURFACE RECOMBINATION  

 

The standard method is to model interface recombination in a similar manner as the 

bulk generation-recombination rate. The recombination rate is an extension of the SRH model 

by introducing the surface recombination velocities for electrons and holes ( 0pS and 0nS ). 
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Where, iA and id are the area and the length of the interface node i and i
n  is the bulk 

lifetime calculated at a node i along the interface. 0pS , 0nS , p  and n  are the surface 

recombination velocities (SRVs) parameters and capture cross-section for holes and electrons 

respectively. st is the surface states per unit area and th is the thermal velocity of the 

charge carrier (~ 10
7
 cm.s

-1
). The surface recombination effect incorporated in the cell using 

interface statement in ATLAS software using surface recombination velocity parameters 

0pS and 0nS . 

 

Note: for further details about models that are not covered in Appendix, please refer ATLAS 

user manual (Atlas, 2017) . 
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A B S T R A C T

In this study, a novel 10 mm thick interdigitated back contact silicon-germanium heterojunction (IBC-Si1-
xGexHJ) solar cell device has been designed and simulated for standalone and four-terminal mechanically
stacked tandem applications. Optimization of i-a-SiGe: H thickness, the width of n-a-SiGe: H region, p-a-
SiGe: H region and gap along with composition fraction (x) lead to 15.5% power conversion efficiency
(PCE) in a stand-alone configuration. Whereas in combination with perovskite top subcell we further
demonstrate 25.7% PCE in four-terminal tandem configuration. In mechanical stacking, top and bottom
subcells are fabricated individually and then assembled in a module, which avoids the need for current
matching between subcells, thereby giving greater process and design flexibility. The proposed IBC-
SiGeHJ solar cell is � (25–30) times thinner than conventional Si solar cells which are used as bottom
subcell in perovskite/silicon tandem solar cell. The results reveal that the proposed 4-terminal
mechanically stacked perovskite/IBC-SiGeHJ tandem device may open new doors for the energy efficient
applications. All the simulations have been done using Silvaco technology computer aided design (TCAD)
simulator.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Sunlight is the major source of renewable energy, about
4.3 �1020 J/h [1], is radiated because of a nuclear fusion reaction in
the sun. Therefore, solar energy is one of the good renewable
sources of energy substituting fossil fuels [2,3]. Photovoltaic (PV)
devices are used for direct conversion of sunlight energy into
electrical energy. The crystalline silicon (c-Si) solar cells have been
dominating the PV market for several decades, with a current
market share of 90% [4]. The efficiency of the crystalline silicon
solar cell has only marginally improved during the last 15 years.
The wafer size efficiency as high as 25.6% was obtained with
amorphous silicon (a-Si)/c-Si heterojunction technology [5], and
recently record of 26.3% has been achieved on 180 cm2 crystalline
silicon solar cell [6] which is close to the theoretical maximum
efficiency of 29.4% [7].The increase in the PV market needs the new
development and design to compete with conventional sources of
energy fully. Hence, energy efficient modules are required. Further,
to make PV system feasible at large scale, module cost should be
<$0.5/W [8]. Therefore, to obtain high efficiency at a lower cost,
tandem approaches have been proposed, which combines small
* Corresponding author.
E-mail address: Rishu.phy@dce.edu (R. Chaujar).

http://dx.doi.org/10.1016/j.materresbull.2017.05.006
0025-5408/© 2017 Elsevier Ltd. All rights reserved.
band-gap and large band-gap solar technologies. In tandem
approach, to utilize the solar spectrum, the large bandgap solar
cell has been used as top subcell, and small bandgap solar cells are
used as bottom subcell, respectively. One of the most exciting top
subcell candidates is perovskite solar cell. In a liquid based dye-
sensitized solar cell (DSSC), optical absorption of methylammo-
nium-lead-halide on nanocrystalline TiO2 surface produces the
PCE of 3–4%, as first discovered in 2009 [9]. The methylammo-
nium-lead-halide, CH3NH3PbX3 (X = Br, I) perovskite has a tunable
bandgap, ranging from (1.6–2.3) eV depending on halide composi-
tion. In recent years, to obtain the higher efficiency at lower cost
perovskite/silicon-based tandem approaches have been proposed,
which combine a silicon cell with a low-cost cell with wide-
bandgap (1.6–1.9 eV) absorber material to form a tandem cell
[10,11]. Moreover, in perovskite/silicon tandem solar cell, the
perovskite top cell utilize the lower wavelength photons. Whereas,
to absorb the photons of higher wavelength i.e. >800, thickness
more than 250 mm is required since the absorption coefficient (a)
of silicon is small at a higher wavelength [12,13]. The requirement
of large volume and high-quality silicon in tandem solar cell
significantly increases the module cost. These issues can be fixed
by using a different material which has higher optical absorption
compared to silicon at higher wavelengths. The use of SiGe cell as a
bottom cell is a possible solution to enhance the absorption at a



Fig.1. Device structures used in simulations (a) semitransparent perovskite top subcell, with FTO and ln2O2: H based front and rear contact (b) IBC-SiGeHJ bottom subcell, and
(c) 4-terminal mechanically stacked tandem solar cell.
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higher wavelength. The experimentally available data shows, the
absorption coefficient (a) of SiGe is greater than Si in the higher
wavelength region [14]. SiGe processing is simple since physical
and electrical properties of silicon and germanium are similar [15].
The band gap of SiGe can be modified by changing the Ge content,
and hence, the optical absorption [16,17]. Moreover, recent
simulation work shows that the SiGe-based solar cell could be a
good candidate to obtain higher PCE [18–20].

This work presents, a novel 4- terminal perovskite/SiGe-based
tandem solar cell where the use of SiGe instead of Si is a possible
solution to minimize the absorption loss at higher wavelengths.
10 mm thick SiGe solar cell has been used as bottom subcell, which
is � (25–30) times thinner than conventional Si solar cell which is
used as bottom subcell in perovskite/silicon tandem solar cell. This
Table 1
Equations and models used in simulations [23].

The Poisson equation,
electron and hole
continuity equation.

d
dx �eðxÞdCdx
� � ¼ �q nðxÞ � pðxÞ þ N�

a ðxÞ � Nþ
d ðxÞþ

ntðxÞ � ptðxÞ
� �

dnp
dt ¼ Dn

d2np

dx2 þ npmn
dj
dx þ mnj

dnp

dx þ Gn � np�np0
tn

dpn
dt ¼ Dp

d2pn
dx2 � pnmp

dj
dx � mpj

dpn
dx þ Gp � pn�pn0

tp

Auger recombination RAUGER ¼ Cn pn2 � n0n2
ie

� �þ Cp np2 � p0n
2
ie

� �

Shockley-Read-Hall (SRH)
recombination.

RSRH ¼ pn � n2
ie

tn0 p þ nieexpðEi�Et
kbT

Þ
h i

þ tp0 n þ nieexpðEt�Ei
kbT

Þ
h i

Radiative recombination ROPT
np ¼ COPT

c ðnp � n2
ieÞ

Surface recombination
Rsurf ace ¼

pn � n2
ie

tef fn p þ nieexpðEi�Et
kbT

Þ
h i

þ tef f
p n þ nieexpðEt�Ei

kbT
Þ

h i

1
tef f
n

¼ 1
tin
þ di

Ai
Sn0and 1

tef f
p

¼ 1
tip
þ di

Ai
Sp0

With Sp0= spnthNst and Sn0= snnthNst
indicates that the proposed device significantly saves the material
required for the fabrication. However, the cost of germanium
doped wafer is higher compared to a silicon wafer, though present
work shows a tandem device made using SiGe cell can be a good
candidate for energy efficient applications. Moreover, future
development of cost effective energy efficient methods may
decrease the overall dollar per watt ($/W) of the device. The
tandem architectures of perovskite are mainly divided into three
categories: monolithically integrated, mechanically stacked, and
spectrally split [21]. Mechanical stacking results in a 4-terminal
tandem solar cell which mean that the top subcell and bottom
subcell is fabricated independently, and then combined in the
module. The 4-terminal perovskite/SiGe device simulated in this
work is the mechanically stacked type. The overall work reported
Where q the electron charge, D the diffusion coefficient, e is the permittivity and
G the generation rate. The ns, nt, ps and pt are the free electron, trapped electron,
free hole, and trapped hole, respectively. c is the electrostatic potential. Na

� the
ionized acceptor-like doping concentration and Nd

+ are the ionized donor-like
doping concentration. j is the electric field and tn, tp are the carrier lifetimes.

The auger coefficients, Cp= 8.3 � 10�32 cm6 s�1 and Cn = 1.8 � 10�31 cm6 s�1 have
been used for p-type and n-type SiGe, respectively, at 300 K temperature.
Whereas, auger coefficient for the perovskite film has been obtained from
experimental data [25]. no, po are the concentration of electron and holes at
equilibrium.
The nie is the effective intrinsic carrier concentration and its value for perovskite
and silicon are 1.97 � 107 cm�3an 4.51 �1010cm�3, respectively. Kb is Boltzmann’s
constant and Ei and Et are the intrinsic fermi level and trap energy level,
respectively. T is the lattice temperature in degree Kalvin. n and p are the electron
and hole concentrations. Basic for the SRH model are the assumptions of one trap
level in the forbidden band i.e. Et= Ei and corresponds to the most efficient
recombination center. tn0 and tp0 are the electron and hole bulk lifetimes,
2 � 10�5 has been used for SiGe. N is the doping concentration of SiGe
The radiative rate coefficient for perovskite film has been obtained from
experimental data [25].
Where, Ai and di are the area and the length of the interface node i and tin is the
bulk lifetime calculated at a node i along the interface. Sp0, Sn0, sp and sn are the
surface recombination velocities parameters and capture cross section for holes
and electrons respectively. Nst is the surface states per unit area and nth is the
thermal velocity of the charge carrier (�107 cm s�1). The surface recombination
effect incorporated in the bottom silicon solar cell using interface statement in
ATLAS software and Sp0= Sn0= 100 cm s�1 have been used.



Table 2
Materials parameters used in the simulation [26,27].

Material A B C D E F G H I

Dielectric Constant 100 30 3 12.9 11.9 11.9 11.9 9.72
Band Gap (eV) 3.2 1.5 2.91 0.94 1.60 1.60 1.60 2.2 0.99
Electron Affinity (eV) 4 3.93 2.2 4.17 4.0 4.0 4.0 4.2
Thickness (mm) 0.09 0.5 0.4 10 0.02 0.006 0.02 0.02 0.001
Electron, Hole mobility (cm2/V s) 0.006, 0.006 50, 50 0.0001, 0.0001 1430, 480 20, 2 20, 2 20, 2 100, 50
Effective conduction band (DOS) (cm�3) 1 �

1021
2.5 �1020 2.5 �1020 2.36 � 1019 2.5 �1020 2.5 �1020 2.5 �1020 6.4 �

1018

Effective valence band (DOS)
(cm�3)

2 �
1020

2.5 �1020 2.5 �1020 9.30 � 1018 2.5 �1020 2.5 �1020 2.5 �1020 1.6 �
1018

Conduction tail states N c�tail A (cm�3) 1014 1014 1014 n/a 1021 1018 1021 n/a 0
E c�tail A (eV) 0.01 0.015 0.01 n/a 0.07 0.09 0.07 n/a 0.07

Valence tail states N v�tail D (cm�3) 1014 1014 1014 n/a 1021 1018 1021 n/a 0
E v�tail D (eV) 0.01 0.015 0.01 n/a 0.12 0.09 0.12 n/a 0.12

Acceptor-like (A) dangling bond states N db A (cm�3) 1017 1014 1016 n/a 1019 1016 1019 n/a 2.4 �1016

E db A (eV) 1.1 1.2 1.1 n/a 0.7 1.1 1.3 n/a 0.5
s db A (eV) 0.1 0.1 0.1 n/a 0.2 0.15 0.2 n/a 0.2

Donor-like (D) dangling bond states N db D (cm�3) 1017 1014 1016 n/a 1019 1016 1019 n/a 2.4 �1016

E db D (eV) 1.1 1.2 1.1 n/a 0.45 0.9 1.1 n/a 0.5
s db D (eV) 0.1 0.1 0.1 n/a 0.2 0.15 0.2 n/a 0.2

A = Compact TiO2, B = CH3NH3PbI3, C = Spiro-MeOTAD, D = Si0.85Ge0.15, E = n- type a- Si0.85Ge0.15:H, F = Buffer a- Si0.85Ge0.15:H, G = p- type a- Si0.85Ge0.15:H, H = SiC, I = Interface
defects.
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in this work has been divided into two parts: first, designing and
optimization of the 10 mm thick IBC-SiGeHJ standalone solar cell,
and second, analyses of 4-terminal perovskite/IBC-SiGeHJ tandem
solar cell. The IBC-SiGeHJ solar cell combines the advantages of the
back contact that eliminates contact shading, leading to a higher
short-circuit current (JSC) and SiGe heterojunction solar cells with
high open circuit voltage (VOC) due to the better surface passivation
with the help of the deposited i-a-SiGe: H layer. Further, to prevent
the front surface recombination, SiC-based front surface passiv-
ation has been used as discussed in [22].

2. Device structures, models, and methods

The device simulation has been done using Silvaco ATLAS
device simulator. The perovskite top subcell, IBC-SiGeHJ bottom
subcell, and 4-terminal tandem cell have been shown in Fig.1(a–c).
The devices have been designed using ATHENA process simulator.
The doping of n-type SiGe and n-type a-SiGe:H is 2.14 �1016 cm�3

and 4.8 � 1018 cm�3, respectively and that of p-type a-SiGe:H is
2 � 1019 cm�3. The gap width is 50 mm and width of p-type a-SiGe:
H, n-type a-SiGe: H are 100 mm and 25 mm respectively. Moreover,
Fig. 2. Impact of i-a-SiGe: H thickness on the current density (J) � voltage (V) curve
of IBC-SiGeHJ solar cell.
for top subcell, fluorine-doped tin oxide (FTO) has been used as a
top contact for perovskite solar cell. The Spiro-MeOTAD and
CH3NH3PbI3 are p-type with a doping density of 3 � 1018 cm�3 and
2.14 �1017 cm�3 respectively, whereas compact TiO2 is n-type, with
a doping density of 5 �1019 cm�3. In the mechanically stacked
tandem configuration, the top subcell requires two transparent
contacts. Hence, indium oxide (In2O3: H) based transparent rear
electrode has been used for perovskite top subcell as reported in
[23]. The electron-hole continuity equation is solved along with
Poisson equation to obtain the current density (J) � voltage (V)
curve under AM1.5 illumination. Top subcell has been simulated
based on the recombination dynamics in CH3NH3PbI3 with the
help of SRH, Auger, and radiative recombination models to account
for the monomolecular, bimolecular and trimolecular recombina-
tions in the perovskite top subcell [24]. The second and third order
charge carrier decay constant 1.5 �10�10 cm3 s�1 and 3.4 �10�28

cm6 s�1 have been used for perovskite cell as suggested in [25]. In
the bottom IBC-SiGeHJ cell, Fermi statistics is used for carriers and
drift-diffusion combined with Bohm Quantum Potential to account
for quantum correction. The concentration dependent SRH
(CONSRH), concentration dependent mobility (CONMOB) and
Auger recombinations are activated for bottom IBC-SiGeHJ solar
cell [26]. The band to band recombination in SiGe is negligible
since it is an indirect bandgap semiconductor and hence, radiative
recombination model has been ignored for bottom subcell. The
description of semiconductor equations and models has been
shown in Table 1 whereas material parameters used in the
simulation is shown in Table 2. The material parameters for
perovskite cell have been obtained from [27].

3. Results

3.1. Optimization of 10 mm thick IBC-SiGeHJ bottom subcell

This section deals with the optimization of IBC-SiGeHJ bottom
subcell i.e. the thickness of i-a-SiGe: H, the width of n-type (BSF),
the width of p-type (emitter), gap width, and composition fraction
have been optimized for improved efficiency. The simulation of the
IBC-SiGeHJ solar cell has been performed, and the current density-
voltage (J-V) curve with different i-a-SiGe: H thicknesses has been
reported in Fig. 2. Result shows, increasing the thickness of a-SiGe:
H layer leads to decrease in the fill factor (FF). Intrinsic a-SiGe: H
prevents the recombination at the a-SiGe/SiGe region. However, it
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also reduces the conduction of generated carriers and hence leads
to low FF. This has been verified in Fig. 2 that increasing the
thickness of i-a-SiGe: H leads to decrease in the FF. Results also
show that at a thickness of 20 nm, “S” shaped J-V curve with low FF
has been obtained, which is confirmed by the already available
results of 200-mm thick silicon-based device with the same
architecture as reported in [28]. The impact of i-a-SiGe: H
thickness on the photovoltaic parameters are shown in Fig. 3a
(i–iv).

Moreover, Fig. 3a (ii) shows a slight improvement in VOC on
increasing the thickness of i-a-SiGe: H, which is supported by
comparing with the already published results [29]. However, an
increase in VOC is not sufficient to compensate the decrease in FF,
and hence the overall PCE reduces by increasing the thickness of i-
a-SiGe: H, as shown in Fig. 3a (iv). Moreover, the width of BSF (n-
strip), the emitter (p-strip), and the gap was also optimized, and
the results are shown in Fig. 3(b–d). The JSC vs. n-strip width is
reported in Fig. 3b (i), increasing n-strip width considerably
reduces JSC, to understand the effect of n- strip width, contour
representation of recombination rate; and the vector
Fig. 3. Optimization of IBC-SiGeHJ solar cell (a) thickness of i-a-SiGe: H layer, (b) width
representation of conduction current have also been obtained
and shown in Fig. 4. To obtain the results, a very small region near
the back side of the device is exaggerated as shown in Fig. 4(a–c).
Increasing n-strip width will decrease the carrier collection
probability of p-strip region. Since the minority carriers that are
generated near or at n-strip region requires to travel not only
vertical to the rear junction but also laterally to arrive at the
collecting junction i.e. p-strip. Increasing n-width results in longer
traveling distance for minority carrier, and hence the probability of
carrier recombination is higher, as shown in Fig. 4(a–c). Higher the
recombination rate, lower will be the conduction current density,
and the direction of the conduction current density is shown in
Fig. 4(a–c). The FF and VOC remain almost unaffected due to good
surface passivation quality. Further, the impact of gap width is
studied in Fig. 3c. Increasing the gap width will increase the lateral
distance and series resistance for minority carrier that is generated
at or near the BSF region. Therefore, increasing the gap width will
decrease JSC and FF. Furthermore, at the end of the optimization
process, the impact of p-strip width has also been obtained, and
results show that the 100-mm thick p-strip is optimum to give a
 of n- type region (BSF), (c) Gap width, and (d) width of p- type region (emitter).



Fig. 4. Contour representation of recombination rate with different N-strip widths (a) 25 mm, (b) 75 mm, and (d) 125 mm.

286 R. Pandey, R. Chaujar / Materials Research Bulletin 93 (2017) 282–289
good performance, as shown in Fig. 3d (iv). Concluding the section
gives the optimized dimensions for 10 mm thick IBC-SiGeHJ solar
cell i.e. width of BSF, gap, and emitter regions are 25 mm, 50 mm,
and 100 mm respectively.

3.2. Analysis of semitransparent perovskite/IBC-SiGeHJ mechanically
stacked tandem solar cell

In this section, the potential of semi-transparent perovskite/
IBC-SiGeHJ mechanically stacked tandem solar cell, a novel
photovoltaic device for ultra-high conversion efficiency has been
simulated. The organic-inorganic halide semitransparent perov-
skite solar cells are potential candidates to be used as top subcell,
due to its suitable bandgap. A 20.9% efficient perovskite top subcell
as reported in [30] has been used as top subcell. Whereas 10-micon
thick IBC-SiGeHJ solar cell has been used as bottom subcell. The
optical properties of perovskite solar cell used in simulations are
identical to the properties reported in [30]. Four-terminal device
simulated in this work is shown in Fig. 1c. In mechanical stacking,
the top and bottom subcell are fabricated independently and then
organized in the module. Hence, top subcell has been simulated
individually, whereas bottom subcell has been simulated by
placing perovskite as a filter. All the materials used in perovskite
solar cell has been placed as a filter over IBC-SiGeHJ solar cell when
simulating IBC-SiGeHJ solar cell as bottom subcell. The addition of
the PCE of perovskite top subcell and IBC-SiGeHJ bottom subcell in
tandem configuration gives the overall PCE of the tandem device.
In the previous section, the optimization of IBC-SiGeHJ solar cell for
a standalone application, i.e. optimization has been done under the
full AM1.5 spectrum. Moreover, in this section fresh optimization
for IBC-SiGeHJ has been done under filtered spectrum by top
subcell, and results are reported in Fig. 5 (a–d). Results show that
the behavior of bottom subcell device is identical as obtained in
standalone condition. However, the magnitude of photovoltaic
parameters is lower, particularly JSC as shown in Fig. 5a (i). This is
due to reduced light intensity in the presence of perovskite top
subcell. Results reported in Fig. 5 shows that optimized dimensions
under filtered spectrum are same as obtained for the stand-alone
case. This validates that optimized dimensions i.e. the width of BSF,
gap, and emitter regions 25 mm, 50 mm, and 100 mm respectively,
hold good for both standalone as well as bottom subcell conditions.

Further, the impact of composition fraction (x) on the
performance of bottom IBC-Si1-xGexHJ solar cell has been studied
for both standalone as well as tandem configuration. The
performance of bottom subcell device has been obtained with
three different composition fractions i.e. x = 0, 0.15, and 0.25. The
optical properties i.e. complex reflective indices used in the
simulation have been obtained from sopra database of ATLAS
library [26] and reported in Fig. 6a. The J-V curves for different
composition fraction are shown in Fig. 6b. Increasing the
composition fraction results in higher optical absorption, and
hence results in higher JSC .However, bandgap also reduces which
further results in lower VOC. This has been verified in the J-V curve
reported in Fig. 6b. Bottom subcell in standalone condition shows
the JSC values 26.4 mA cm�2, 34.9 mA cm�2, and 38.2 mA cm�2 with
x = 0, 0.15, and 0.25 composition fractions, respectively. Whereas,
the VOC values 674 mV, 573 mV, and 524 mV, respectively has been
obtained. This results in 14.4%, 15.5%, and 14.9% PCEs for
composition values of 0, 0.15, and 0.25, respectively, in standalone
configuration. This concludes that under the standalone condition



Fig. 5. Optimization of IBC-SiGeHJ solar cell under filtered spectrum (a) thickness of i-a-SiGe: H layer, (b) width of n- type region (BSF), (c) Gap width, and (d) width of p- type
region (emitter).

Fig. 6. (a) Optical properties i.e. real and imaginary indices of Si1-xGex as a function composition fraction and (b) The standalone J-V curve under AM1.5 illumination: Insect
shows the J-V curve under filtered spectrum by top sub cell.
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Table 3
Photovoltaic parameters of IBC-SiGe bottom subcell with different composition
fraction.

IBC-Si1-xGexHJ JSC (mA cm�2) VOC (mV) FF (%) PCE (%)

x = 0 standalone 26.4 674 81.1 14.4
under tandem 1.4 640 79.6 0.7

x = 0.15 standalone 34.9 573 77.4 15.5
under tandem 10.1 544 76.9 4.2

x = 0.25 standalone 38.2 524 74.5 14.9
under tandem 13.2 498 73.2 4.8

Pervoskite top subcell 23.9 1121 77.8 20.9
Mechanically stacked perovskite/IBC-Si1-xGexHJ tandem solar
cell

20.9 + 4.8 = 25.7
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the optimum performance has been obtained for the composition
fraction of 0.15. Moreover, under tandem configuration with x = 0,
0.15, and 0.25 the bottom subcell shows JSC values of 1.4 mA cm�2,
10.1 mA cm�2, and 13.2 mA cm�2 and VOC values of 640 mV,
544 mV, and 498 mV, respectively. Photovoltaic parameters of
bottom subcell in standalone and bottom subcell operating
conditions with different x values are reported in Table 3. Improved
optical absorption at a higher wavelength in Si0.75Ge0.25 leads to
higher JSC under bottom subcell. In order to verify this contour
representation of photon absorption rate has been obtained in the
bottom subcell device under tandem configuration and reported in
Fig. 7(a–b). Fig. 7(a–c) shows higher photon coupling in bottom
Fig. 7. Photon absorption rate (cm�3 s�1) in bottom subcell under filtered spectrum by 

Regions above 10 mm in Y-locations represents perovskite top filter, and below 10 mm 

Fig. 8. (a) Spectrum response i.e. EQE of perovskite top subcell and IBC-Si0.75Ge0.25HJ bot
and bottom subcell under illumination.
subcell for x value of 0.25, due to superior optical absorption in
Si0.75Ge0.25 compared to other two composition fraction values.

Simulation results show that IBC-Si0.85Ge0.15HJ solar cell shows
optimum performance in standalone condition, whereas IBC-
Si0.75Ge0.25HJ solar cell superior performance under tandem
configuration. Further, simulation results are obtained for the
final tandem device and reported in Fig. 8(a–b). The spectrum
response i.e. EQE of the perovskite top subcell, IBC-Si0.75Ge0.25HJ
standalone, and IBC-Si0.75Ge0.25HJ as a bottom subcell in the
tandem configuration are shown in Fig. 8a. The perovskite top
subcell shows the EQE up to 800 nm, which is in good agreement
with already published experimental results [31–33]. Bottom
subcell operated standalone shows EQE in the lower wavelength as
well as higher wavelength region. However, when operated in
tandem configuration as a bottom subcell, the EQE at lower
wavelengths disappears, due to the presence of perovskite top
subcell. Since, up to 800 nm, top subcell absorbs the solar
spectrum. However, a wavelength greater than 800 nm will be
available for bottom subcell, as shown in Fig. 6a. J-V curve of the
final tandem device is shown in Fig. 8b and corresponding
photovoltaic parameters are shown in Table 3.

4. Conclusion

This work investigates the efficiency potential of a novel
semitransparent perovskite/IBC-SiGeHJ mechanically stacked tan-
perovskite top subcell, with different x values. (a) x = 0, (b) x = 0.15, and (c) x = 0.25.
represents bottom IBC-SiGeHJ solar cell.

tom subcell in tandem and standalone configuration. (b) The J-V curve of top subcell



R. Pandey, R. Chaujar / Materials Research Bulletin 93 (2017) 282–289 289
dem solar cell through numerical simulations. The first, optimiza-
tion of IBC-SiGe solar cell has been performed for both standalone
as well as bottom subcell operating conditions. Under tandem
configuration, 4.8% PCE has been simulated in bottom subcell,
which combines with 20.9% PCE of perovskite top subcell to gives
overall conversion efficiency of 25.7% (20.9% top subcell + 4.8%
bottom subcell). 10 mm thick SiGe solar cell has been used as
bottom subcell in perovskite/SiGe tandem solar cell which is �
(25–30) times thinner than conventional Si solar cell which is used
as bottom subcell in perovskite/silicon tandem solar cell. This
indicates that proposed design can significantly save the material
requirements. Mechanical stacking discussed in this work avoids
the need for current matching between the top and bottom subcell.
In perovskite-based tandem devices, the spectrum till 800 nm
wavelength will be absorbed by perovskite top subcell whereas
wavelength greater than 800 nm will be available for bottom
subcell. Therefore the use of SiGe ensures higher absorption
compared to Si-based IBC solar cell since the presence of Ge
increases the optical absorption at higher wavelengths, which
results in higher JSC. The spectrum, as well as the electrical
behavior of the devices, has been obtained to understand the
device operation in both tandem as well as standalone conditions.
Results reveal that proposed design will be a good candidate for
energy efficient application.
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Abstract. A 29.5% efficient perovskite/SiC passivated interdigitated back contact silicon
heterojunction (IBC-SiHJ) mechanically stacked tandem solar cell device has been designed
and simulated. This is a substantial improvement of 40% and 15%, respectively, compared to
the transparent perovskite solar cell (21.1%) and Si solar cell (25.6%) operated individually. The
perovskite solar cell has been used as a top subcell, whereas 250- and 25-μm-thick IBC-SiHJ
solar cells have been used as bottom subcells. The realistic technology computer aided design
analysis has been performed to understand the physical processes in the device and to make
reliable predictions of the behavior. The performance of the top subcell has been obtained
for different acceptor densities and hole mobility in Spiro-MeOTAD along with the impact
of counter electrode work function. To incorporate the effect of material quality, the influence
of carrier lifetimes has also been studied for perovskite top and IBC-SiHJ bottom subcells. The
optical and electrical behavior of the devices has been obtained for both standalone as well
as tandem configuration. Results reported in this study reveal that the proposed four-terminal
tandem device may open a new door for cost-effective and energy-efficient applications. © 2017
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.7.022503]

Keywords: perovskite; interdigitated back contact silicon heterojunction; tandem; recombina-
tion; solar cell; SiC; atlas software.
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1 Introduction

Crystalline silicon (c-Si) solar cells have been dominating the photovoltaics (PVs) market for
several decades, with a current market share of 90%.1 The efficiency of the c-Si solar cell has
only marginally improved during the last 15 years; the wafer size efficiency as high as 25.6% was
obtained with amorphous silicon (a-Si)/c-Si heterojunction technology2 which is close to the
theoretical maximum efficiency of 29.4%.3 Despite this, for a PV system fully competitive
with the conventional energy source, a cost-effective energy-efficient module is required.
Therefore, to obtain the ultrahigh conversion efficiency, i.e., efficiencies beyond the practical
limit, Si-based tandem approaches have been projected, which combine a silicon cell with a
low-cost cell with wide-bandgap (1.6 to 1.9 eV) absorber material to form a tandem cell.
Commonly, III–V semiconductors have been used on top of silicon to make a tandem cell. How-
ever, their large area production is costly and difficult.4 The emergence of an organic–inorganic
halide perovskite solar cell drastically changes the situation. Perovskite is termed after the
Russian mineralogist L. A. Perovski. The solar cell based on organometal halides represents
an emerging PV technology. The methylammonium–lead–halide, CH3NH3PbX3 (X ¼ Br, I)
perovskite solar cells are particularly interesting as the top cell in Si-based tandem device due
to their suitable bandgap of 1.55 eV, a high absorption coefficient,5 and sharp absorption edge
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with little subbandgap absorption,6 thus, making it an attractive candidate for high-efficiency
tandem solar cells. Furthermore, the outstanding improvement in power conversion efficiency
(PCE) of perovskite cells in the past few years suggests that it is a capable candidate for the next
generation PV technology.7 In 2015, the certified efficiency reached 20.1%.8 Recently, record
PCEs of 20.8% and 21.1% have been achieved in perovskite solar cells.9,10 Moreover, 13.8% and
16.0% PCEs have been achieved using perovskite–perovskite-based two-terminal and four-
terminal devices, respectively.11 Despite the improvement in efficiency, perovskite-based devices
suffer from thermal and environmental stability; however, these issues have been resolved by
replacing the volatile methyl ammonium cation with cesium, reported by Bush et al.,12 and using
a solution-processed nanoparticle buffer layer along with a sputtered indium tin oxide (ITO)
electrode, reported by Beal et al.13 The IBC-SiHJ solar cell has been used as a bottom subcell,
in IBC-SiHJ technology, a thin layer of a-Si: H deposited on c-Si at a low temperature. These
cells combine the advantages of IBC which has Si heterojunction with higher open circuit volt-
age (VOC) and higher short-circuit current density (JSC), due to all the contacts being on the back
side, thus eliminating the contact shading.14 Moreover, in the perovskite/silicon tandem-based
approach, tandem efficiencies greater than 30%, 35% are possible with a top subcell bandgap of
Eg ¼ 1.55 eV and Eg ¼ 1.7 eV, respectively, with careful light management as suggested in
Ref. 15. A 13.7% efficient two-terminal perovskite/silicon multijunction solar cell enabled
by a silicon tunnel junction has been reported,16 and an 18% efficient monolithic tandem
cell formed by a silicon heterojunction bottom- and a perovskite top-cell has also been reported
by Ref. 17. Moreover, 21.2% and 19.2% efficient monolithic perovskite/silicon tandem solar
cells with a cell of 0.17 and 1.22 cm2, respectively, have been proposed in the literature.18

Recent work shows that conversion efficiency up to 31.8% is achievable for a perovskite/silicon
two-terminal monolithic configuration using ITO as a transparent conductive electrode.19 Also,
one of the previous works shows numerical analysis of a four-terminal perovskite/SiC-based rear
contact silicon solar cell to achieve 27.6% PCE under single AM1.5 illumination.20,21 Previous
research work shows a perovskite-based cell is a good candidate to be used in tandem configu-
ration with a silicon cell to produce an efficient cell under illumination.

This work presents a design of a 29.5% efficient four-terminal mechanically stacked perov-
skite/SiC passivated IBC-SiHJ tandem device using numerical simulations. The four-terminal
mechanically stacked devices are less complex compared to two-terminal tandem solar cells. In
the four-terminal mechanically stacked tandem solar cells, top and bottom subcells are fabricated
individually and then assembled in a module, which avoids the need for current matching
between subcells, thereby giving greater process and design flexibility as reported by Bailie and
McGehee.4 The motivation to design a SiC-based IBC-SiHJ bottom subcell is to suppress the
interface recombination and improve the thermal stability.22,23

2 Device Structure and Models

Physically based device simulation is very important. It predicts the electro-optical behavior of
specified solar cell device structures and provides insight into the internal physical mechanisms
associated with device operation that is difficult to measure. The carrier dynamics in a perovskite
device can be quantitatively described by the following equation according to different recom-
bination mechanisms:

EQ-TARGET;temp:intralink-;sec2;116;201

dnðtÞ
dt

¼ −Cn3 − Bn2 − An;

where nðtÞ is the charge-carrier density and A, B, and C denote the monomolecular, bimolecular
recombination rate (BRR), and trimolecular recombination rate (TRR) constants. Literature
reports, monomolecular, bimolecular, and TRR constants as SRH recombination, radiative
recombination, and auger recombination coefficients, respectively.24 In this work, a Silvaco
ATLAS technology computer aided design (TCAD) device simulator has been used to study the
performance of perovskite top subcells. The parameters for each model have been calibrated
according to experimentally available data.24,25 Figures 1(a)–1(c) show the simulated device
structure. Fluorine-doped tin oxide has been used as a front contact for the perovskite solar
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cell. The P-type doping density of 2.14 × 1017 cm−3 and 3 × 1018 cm−3 has been used for
perovskite and Spiro-MeOTAD, whereas compact TiO2 is N-type with a doping density of
5 × 1019 cm−3. In a four-terminal configuration, the perovskite top subcell requires two trans-
parent contacts. Therefore, an indium oxide (In2O3: H)-based transparent rear electrode has been
used for the perovskite top subcell as reported in Ref. 26. Moreover, for the bottom IBC-SiHJ
subcell, the device structure has been designed using the ATHENA process simulator. The
dimensions, doping, and material parameters are used as suggested by Ref. 27; the doping of
N-type c-Si and N-type a-Si:H are 2.14 × 1016 cm−3 and 4.8 × 1018 cm−3, respectively, and
P-type a-Si:H is 2 × 1019 cm−3. The width of N-type a-Si:H and P-type a-Si:H is 180 and
950 μm, respectively. The width of the gap region is 50 μm. After successfully reobtaining
the results as reported by Ref. 27, the antireflective coating (ARC) is replaced with a 20-nm-
thick SiC layer along with 80-nm-thick SiO2-based encapsulation. The modified device is
shown in Fig. 1(b). Furthermore, the Poisson equation is solved along with the electron and
hole continuity equation to obtain the current density–voltage (J − V) curve under AM1.5 illu-
mination. The perovskite cell is simulated, based on the recombination dynamics in CH3NH3PbI3
with the help of SRH, Auger, and radiative recombination models to account for monomolecular,
bimolecular, and trimolecular recombinations in the perovskite top subcell, whereas for the bottom
IBC-SiHJ cell, Fermi statistics are used for carriers and drift-diffusion combined with Bohm quan-
tum potential to account for quantum correction. The concentration-dependent SRH, concentra-
tion-dependent mobility, and Auger recombinations are activated for the bottom IBC-SiHJ solar
cell.28 The radiative recombination model is omitted for the IBC-SiHJ cell since silicon is an indi-
rect bandgap semiconductor and band to band recombination is insignificant. The description of
the material parameters used in the simulation is shown in Table 1. The material parameters for
the perovskite cell have been obtained from Ref. 29, whereas model parameters are obtained from
Refs. 24 and 25. The optical properties for a-Si: H, c-Si, SiC, SiO2, TiO2, and fullerene doped tin
oxide have been used from the sopra database of the Silvaco ATLAS library, whereas the optical
properties for CH3NH3PbI3, Spiro-MeOTAD, MoO3, and In2O3∶H have been obtained from
Refs. 30–33, respectively, and are identical to those reported in Ref. 21.

3 Results

3.1 Analysis of Perovskite Top Subcell

The perovskite cell as shown in Fig. 1(a) is simulated, and the J − V curves are presented
in Fig. 2. The circle and square symbol-based J − V curves are obtained with the help of the

Fig. 1 Device structures used in simulation: (a) perovskite top subcell with indium oxide (In2O3: H)
as a transparent rear electrode, (b) SiC-based IBC-SiHJ bottom subcell, and (c) mechanically
stacked perovskite/IBC-SiHJ tandem cell.
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bimolecular and TRR coefficients reported by Refs. 24 and 25, respectively. Monomolecular
recombination lifetime 10−6 s has been used for the SRH recombination model. An additional
J − V curve, i.e., triangular symbol-based, is also obtained for optimum performance as shown
in Fig. 2. The PCEs of 19.7%, 20.9%, and 21.0% have been obtained as shown in Fig. 2. The
variation in the J − V curve clearly shows that the impact of trimolecular recombination is lower
as compared to bimolecular recombination since perovskite material has a direct bandgap.
Therefore, Auger recombination is sufficiently suppressed, and this has been verified by exper-
imental results.34 The effect of trimolecular recombination, however, is not ignorable at high
charge-carrier density.

Furthermore, the impact of material quality has also been obtained with the help of the SRH
model. SRH recombination is defect-limited and proportional to the defect density. Literature
reports a first-order recombination lifetime (τ) range from 10 to 103 ns.35–37 Therefore, the per-
ovskite cell has been simulated with three different carrier lifetimes i.e., (10−6 to 10−8) s, and
corresponding PV parameters are presented in Table 2. The result shows as the carrier lifetime
changes from 10−6 to 10−7 s, the change in JSC, VOC, FF, and PCE are 23.95 to 23.67 mA cm−2,
1121 to 1106 mV, 77.9% to 76.0%, and 20.95% to 19.91%, respectively. This results in 1.1%,
1.3%, 2.4%, and 4.9% decrease in JSC, VOC, FF, and PCE, respectively. However, as the lifetime
of the carriers changes from 10−7 to 10−8 s, the decrease in JSC, VOC, FF, and PCE is 6.4%,
6.0%, 6.1%, and 17.4%, respectively, as shown in Table 2. This concludes that till 10−7 s, the PV
parameters are less affected. However, as lifetime changes to 10−8 s, significant degradation has
been obtained in PV parameters of the perovskite top subcell, due to the inadequate diffusion
length of carriers.

The PV parameters of the 10−6 s lifetime-based perovskite device simulated in this work are
almost equivalent to high-performance mixed cation perovskite solar cells with record power

Table 2 PV parameters of perovskite top subcell with different monomolecular recombination
lifetimes.

τ (s) JSC (mAcm−2) VOC (mV) FF (%) PCE (%)

10−6 23.95 1121 77.98 20.95

10−7 23.67 1106 76.03 19.91

10−8 22.15 1039 71.38 16.44

Fig. 2 J − V curve of the perovskite top cell with different bimolecular and trimolecular carrier
recombination coefficients as reported by Refs. 24 and 25, respectively. Monomolecular lifetime
10−6 s has been used.
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conversion efficiencies of 20.8% and 21.1% reported in Refs. 9 and 10. However, the perfor-
mance of the low carrier lifetime-based perovskite device is also in close approximation with the
experimentally available data.38 Furthermore, for better understanding, contour representation of
the monomolecular recombination rate in the CH3NH3PbI3 layer has been obtained for three
carrier lifetimes and presented in Figs. 3(a)–3(c), and the data plot is presented in Fig. 3(d).
The recombination parameter is obtained under short-circuit (SC) condition with illumination.
Figures 3(a)–3(d) clearly show that the higher recombination rate is observed when τ is equiv-
alent to 10−8 s compared to 10−7 and 10−6 s lifetime-based devices. The monomolecular recom-
bination is lower at the TiO2 ðETLÞ∕CH3NH3PbI3 interface, increases in the bulk of the device
and becomes maximum near the CH3NH3PbI3∕Spiro-MeOTAD (HTL) interface. The distribu-
tion is obtained under SC condition with illumination on. Therefore, under the SC condition,
the associated electric field of the TiO2 ðETLÞ∕CH3NH3PbI3 interface collects the generated
minority carrier electrons from the electron–hole (e–h) pair, and the collection is complete in
near interface (ETL/perovskite). However, the region outside the (ETL/perovskite) interface is
neutral, and the collection will be by diffusion toward the field region, where they will be sep-
arated and collected. Therefore, the regions closer to the (ETL/perovskite) interface will have a
lower recombination rate as shown in Figs. 3(a)–3(d). Furthermore, carrier concentration inside
the device has been obtained and presented in Fig. 3(e); the carrier lifetime 10−6 has been used
for further analysis in this paper. Near the ETL/perovskite interface electron concentration is less
compared to the bulk region and perovskite/HTL interface, since outside the interface, the
collection will be by diffusion of electrons toward the field region where it will be collected.
The electrons that are generated in a region greater than the diffusion length are balanced by the
recombination process. Hence, there is a lateral concentration gradient for electrons, showing the
lateral flow of electrons to the collecting junction. This also validates the higher monomolecular
recombination rate near the perovskite/HTL interface as shown in Figs. 3(a)–3(d). Moreover, the
other two recombination dynamics, i.e., BRR and TRR have also been obtained in the perovskite
layer and presented in Figs. 4(a)–4(d). Parameters obtained from Ref. 24 have a higher third-
order recombination coefficient and lower second-order recombination coefficient compared to
parameters reported in Ref. 25. Results show that the magnitude of TRR is lower compared to

Fig. 3 (a)–(c) Contour representation of monomolecular recombination rate inside the perovskite
region with varying values of first-order recombination lifetime, i.e., 10−6, 10−7, and 10−8 s, respec-
tively, (d) X − Y representation of monomolecular recombination rate, as shown in (a)–(c), the
position in perovskite region is shown on X -axis and recombination rate is shown on Y -axis,
and (e) the carrier concentration in perovskite top subcell device, lifetime 10−6 s has been
used. All the data have been obtained under SC condition with illumination (on).
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BRR. This also validates the J − V curves presented in Fig. 2. Here, we conclude that the major
efficiency limiting factor is radiative recombination in the perovskite layer, and the statement is
well supported by experimental results.34 However, in the defected perovskite layer having a
10−8 s carrier lifetime, monomolecular recombination plays a significant role in the performance
degradation as discussed earlier.

3.1.1 Impact of acceptor density, hole mobility in Spiro-MeOTAD, and counter
electrode work function on the perovskite top subcell device performance

Here, through numerical simulations, the effect of doping and hole mobility in Spiro-MeOTAD
(HTM) on device performance has been obtained and presented in Figs. 5(a) and 5(b). J − V
curve improves by improving the acceptor doping in HTM as shown in Fig. 5(a), since for low
acceptor concentration the series resistance of HTM is high. Furthermore, the hole mobility of
HTM has an appreciable effect on the performance of the device. The basic role of this layer is to
extract the holes from the electron–hole pair reaching the (perovskite/HTM) interface. Therefore,
HTM must be a good hole conductor, to perform its hole collecting function well. Also, it must
not allow the stack up of the holes in it near the interface. However, if this occurs because of low
hole mobility, the free holes will recombine with free electrons on both sides of the interface and
thus lead to a decrease in collected current. Another effect also comes into the play. Having low

Fig. 4 The contour representation of trimolecular and BRR inside the perovskite layer. Device I is
based on recombination coefficients 3.4 × 10−28 cm6 s−1 and 1.5 × 10−10 cm3 s−1, Device II is
based on recombination coefficients 3.7 × 10−29 cm6 s−1 and 9.4 × 10−10 cm3 s−1, and Device C
is based on recombination coefficients 3.7 × 10−29 cm6 s−1 and 1.5 × 10−10 cm3 s−1. TRR is
higher in the device I compared to device II, since third-order recombination rate is 9.2 times
higher, whereas BRR is lower compared to device II since second-order recombination rate is
6.3 times lower compared to device II.

Fig. 5 The J − V curves of the perovskite top cell (a) varying acceptor density in HTL layer with
constant mobility of 10−4 cm2 Vs−1, (b) varying hole mobility in HTL layer with constant acceptor
density of 3 × 1018 cm−3.
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hole mobility results in increased resistance causing a larger voltage drop for the same cell cur-
rent. Thus, increased series resistance of the cell leads to a decrease in the fill factor of the device.
So the effect of hole mobility is twofold, i.e., decrease in both the collected current as well as FF
of the device, as shown in Figs. 5(a) and 5(b). The effect of the CE work function has also been
discussed. The performance of the device degrades by decreasing the work function. The dis-
tribution of the electric field examined in the HTL layer near the counter electrode (CE)/HTL
interface is reported in Figs. 6(a)–6(h). Results reveal that direction of the field near HTM/CE
interface becomes negative when the work function value is below 5.0 eV, which means the
electric field direction is directed from CE to HTM, rendering it energetically unfavorable for
hole transport to the electrode and hence increases the series resistance near the HTM/CE inter-
face, which further results in decreased FF as shown in Fig. 6(i). The impact of acceptor density,
hole mobility in HTM, and CE work function on the PV performance of the perovskite top cell
shows identical behavior as reported in Ref. 29 using analysis of microelectronic and photonic
structures (AMPS)-1-D device simulator.

3.2 Analysis of SiC Passivated Interdigitated Back Contact Silicon
Heterojunction Bottom Subcell

In this section, initially, the performance of SiC-based IBC-SiHJ has been compared with con-
ventional ARC-based IBC-SiHJ. The external quantum efficiency (EQE) and J − V curves have
been obtained for both the devices along with the effect of surface recombination velocity (SRV)
on the performance of the devices. Figure 7(a) shows that EQE of the SiC passivated IBC-SiHJ
device is higher as compared to the ARC-based device since the presence of SiC increases the
optical coupling in the underlying substrate.22,39 At a wavelength equivalent to 300 nm, the EQE
of the SiC-based device is 79%, whereas in ARC-based, it is 69%. This results in 14.5% higher
EQE in the SiC passivated device. Also, EQE of the SiC-based device is greater than 79% in the
spectrum range of the (300 to 1040) nm wavelength, as shown in Fig. 7(a). The higher optical
performance leads to higher JSC; the JSC values of 38.46 and 39.77 mA cm2 have been obtained
in ARC and SiC-based devices, respectively, as shown in Fig. 7(b). The advantage of using the
SiC-based IBC-SiHJ device is that it provides dual benefits in terms of increased optical behavior
as well as enhanced front surface passivation quality. The presence of SiC at the front surface
makes the interface insensitive to surface recombination by creating an electric field at the inter-
face, hence preventing the minority carrier hole transport to the SiC∕n-type c-Si interface.22,40

In the surface recombination process, an electron recombines with a hole via defect level inside
the bandgap. Therefore, decreasing the concentration of one type of carrier, i.e., electrons or
holes, drastically reduces the recombination rate.41

Fig. 6 The contour representation of electric field near HTL/CE interface with different CE work
functions 4.3, 4.9, 5.0, and 5.1 eV, respectively, shown in (a)–(d), and the corresponding data have
also been presented in (e)–(h), along with the cut line as shown in (a)–(d). The impact of CE metal
work function on FF of the perovskite device has been shown in (i).
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3.3 Four-Terminal Perovskite/Interdigitated Back Contact Silicon Heterojunction
Tandem Solar Cell

In this section, a four-terminal perovskite/IBC-SiHJ-based mechanically stacked tandem device
has been designed and analyzed using numerical simulation. Tandem devices reported in this
work are based on perovskite as the top subcell, and SiC-based IBC-SiHJ as the bottom subcell,
as shown in Fig. 1(c). In experimental approaches, both top and bottom subcells are separately
handled and then assembled together to form a four-terminal mechanically stacked tandem
device. Hence, both subcells are electrically independent. In this study, the performance of the
IBC-SiHJ bottom cell is directly measured by placing the perovskite device as a filter under
standard AM1.5 illumination, to simulate the condition when IBC-SiHJ is placed as the bottom
subcell. For the bottom subcell, two types of the IBC-SiHJ solar cell have been used, one with the
thickness of 250 μm and the second with the thickness of 25 μm. This results in two four-ter-
minal tandem devices. All the dimensions of the 250-μm-thick device have been reduced 10
times except the gap width, to obtain a 25-μm-thick IBC-SiHJ solar cell. The carrier lifetime
of 10−5 s is used for the 25-μm-thick device since lower diffusion length is required compared to
a 250-μm-thick device. The 25-μm-thick device is thin compared to conventional 250-μm-thick
silicon solar cells, and hence, the device can be fabricated with inexpensive, less pure material.
The performance of IBC-SiHJ solar cells has been obtained for both standalone as well as bottom
subcell conditions for the comparisons and presented in Figs. 8(a)–8(c).

Figure 8(a) shows the spectrum response of IBC-SiHJ solar cells. The result shows that the
optical performance of the 25-μm-thick device is less compared to the 250-μm-thick device. The
EQE starts to fall at a lower wavelength in the case of the 25-μm-thick device. This shows that
the 25-μm-thick subcell device is not capable of absorbing high-energy photons compared to the
250-μm-thick device as shown in Figs. 8(a) and 8(b), since photon absorbance is directly related
to the absorption coefficient and the thickness of the material used. This will lead to the superior
PV performance of the 250-μm-thick bottom subcell-based tandem device. Moreover, Fig. 8(c)
shows the performance of the bottom subcell with and without a perovskite filter. In a stand-
alone configuration, the JSC of 39.77 and 30.45 mA cm−2 have been obtained in 250- and
25-μm-thick bottom subcells, respectively, as shown in Fig. 8(c). After adding the perovskite
top cell, the JSC of the bottom subcells decreases to 14.74 and 5.42 mA cm−2 for 250- and
25-μm-thick devices, respectively, due to reduced light intensity. The decrease in VOC is only
marginal, resulting in 8.6% and 2.8% efficient bottom two subcells. Therefore, together with the
20.9% efficiency of the perovskite top subcell, this results in a 29.5% and 23.7% efficient tandem
device with 250- and 25-μm-thick bottom subcells, respectively. This is a substantial improve-
ment compared to a transparent perovskite solar cell and c-Si solar cell operated individually.
The PV parameters of tandem devices are shown in Table 3.

Moreover, the impact of material quality has also been obtained on the performance of IBC-
SiHJ solar cells. Therefore, the bottom subcell has been simulated with different carrier lifetimes

Fig. 7 Comparison of the optical and electrical behavior of SiC- and ARC-based IBC-SiHJ subcell
in the standalone configuration: (a) EQE and (b) J − V curve.

Pandey and Chaujar: Technology computer aided design of 29.5% efficient. . .

Journal of Photonics for Energy 022503-9 Apr–Jun 2017 • Vol. 7(2)

Downloaded From: http://photonicsforenergy.spiedigitallibrary.org/pdfaccess.ashx?url=/data/journals/photoe/936171/ on 04/11/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



to obtain the impact of material (c-Si) quality. The charge carriers need to diffuse a shorter length
in the thinner device. Therefore, the PV performance of a thinner device shows the negligible
impact of material quality, whereas significant degradation has been observed in the thicker
device. Results show that for lower carrier lifetime (2 × 10−5 s) the performance of a
250-μm-thick device is lower compared to a 25-μm-thick device, due to higher bulk recombi-
nation of the carrier in the thicker device, since lifetime is small. The VOC values of the thinner
device are higher compared to the thicker device as shown in Fig. 9(b). Since, the 25-μm-thick
device has 10 times thinner substrate, the charge-carrier concentration in the 25-μm-thick device
is higher than the 250-μm-thick device, which led to higher VOC. The desired material quality
and the device can be selected from Fig. 9, depending upon the application. Total efficiency in
a tandem configuration can be obtained by adding the efficiencies of the bottom subcell and
perovskite top cell.

Fig. 8 (a) EQE of 250-and 25-μm-thick SiC passivated IBC-SiHJ solar cell under standalone con-
ditions. (b) EQE of perovskite top subcell and IBC-SiHJ bottom subcell in a tandem configuration.
(c) The J − V curve of IBC-SiHJ cells in stand-alone and bottom subcell configuration.

Table 3 PV parameters of perovskite top subcell, IBC-SiHJ bottom subcell, and four-terminal
tandem solar cell.

Solar cells JSC (mAcm−2) VOC (mV) FF (%) PCE (%)

Perovskite top subcell 23.95 1121 77.8 20.9

IBC-SiHJ cell 25 μm in stand-alone, subcell 30.45, 5.42 667, 632 82.3, 81.6 16.7, 2.8

IBC-SiHJ cell 250 μm in stand-alone, subcell 39.77, 14.74 725, 704 83.6, 82.7 24.1, 8.6

Four-terminal using 25-μm-thick
bottom subcell

20.9þ 2.8 ¼ 23.7

Four-terminal using 250-μm-thick
bottom subcell

20.9þ 8.6 ¼ 29.5
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4 Conclusions

This work presents TCAD design of a 29.5% efficient mechanically stacked perovskite/IBC-
SiHJ tandem device. Results show PCE of 29.5% and 23.7% with 250- and 25-μm-thick IBC-
SiHJ bottom subcells, respectively. The performance of the top subcell has been obtained for
different acceptor densities and hole mobility in HTM, along with the impact of the CE work
function. Increasing the acceptor density and hole mobility in HTM beyond 3 × 1016 cm−3 and
10−5 cm2 V1 s−1 shows significant improvement in the performance of the perovskite top sub-
cell. Electric field distribution near HTM/CE shows that a CE work function value >4.9 eV is
required for the efficient extraction of holes from HTM. For the bottom subcell, a 24.1% efficient
individually operated IBC-SiHJ solar cell is combined in a mechanically stacked four-terminal
tandem configuration with a 20.9% efficient perovskite top subcell. The SiC passivated IBC-
SiHJ bottom subcell shows less degradation on increasing the SRV, due to good surface passi-
vation quality. The optical and electrical behavior of the devices has been obtained for both
a standalone as well as tandem configuration. Results reveal that the discussed tandem device
may open a new door for cost-effective and energy-efficient applications.
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In this effort, 10 lm thick rear contact (RC) silicon–germanium (SiGe) based solar cell device has been
discussed with SiC (20 nm)-based front surface passivation for the suppression of interface recombina-
tion as well as improvement of short circuit current density (JSC) and open-circuit voltage (VOC). The
design principles presented here balance the electronic and photonic effects together and is a significant
step to design highly efficient thin solar cells. Photo reflectance is significantly reduced in the UV/visible
spectral region due to the presence of SiC. This results in external quantum efficiency (EQE) >90% in the
spectrum range of 400–650 nm wavelength. Also, at wavelengths equivalent to 300 nm, SiC passivated
device shows record EQE of 85%. The presence of SiC as a surface passivating layer shows enhanced sur-
face characteristics in terms of reduced surface recombination and higher photon absorption rate. This
results in 15.4% power conversion efficiency (PCE) under standard air mass 1.5 illuminations. Further,
the proposed device has also been analyzed for concentrator photovoltaics (CPV) applications, resulting
in 18.4% and 19.3% efficiencies at 1 W/cm2 (10 suns, 27 �C) and 2W/cm2 (20 suns, 27 �C) respectively. Till
date, the proposed design proves to be highly efficient in the sub 10 lm regime. All the simulations have
been done using DEVEDIT and ATLAS device simulator

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Environment-friendly energy source has emerged as a great
alternative for the grievous conventional energy source. Solar
energy has been discovered to be the most eye-catching energy
source because of its environment-friendly nature. In order to
use this energy, it must be converted into the desired form of
energy. Solar photovoltaic (PV) system is used to convert solar
energy into electricity. The growing research topic in the field of
PV is the development of low-cost and high-efficiency silicon solar
cell. To maximize solar cell efficiency, it is necessary to optimize
both the electrical characteristics and the optical absorption of
the device (Green, 2003).

Systems based on silicon wafers are currently the dominant
technology in PV market. Silicon is widely used material for PV
due to its reliability, abundance, and mature fabrication process.
In Silicon PV technology, to absorb the solar spectrum the thick-
ness of conventional silicon cell typically more than 100 lm is
required (Deinega et al., 2013). Since the absorption coefficient of
silicon is small. The requirement of large volume and high-
quality silicon significantly increases the module cost. Further, to
make PV system feasible at large scale, it should be cost effective,
with module cost to be <$0.5/W.

One promising high-efficiency solar cell concept is the back-
contact back-junction (BC-BJ) solar cell, having both, junction and
the electrodes are at the back side of the device. Now, since the
junction and contacts are on the back side, front surface can be
designed for optimum optical performance (Kerschaver and
Beaucarne, 2006; Diouf et al., 2009). It has the advantages, such
as prevention of optical shading losses at the front side and higher
absorption and current density. The first 17% efficient under 50 sun
condition BC-BJ solar cell was presented by Schwartz and Lammert
(1975). It was designed as a cell for concentrator applications. The
back diffusion, contact opening, and contacts were implemented
using photolithography, about six lithography steps is required to
produce the cell. This fabrication technique is not compatible with
the cost-effective production of the solar cell. Further, a simplified
processing of BC-BJ solar cell was introduced (Sinton and Swanson,
1990; Sinton et al., 1998). This was a major step toward the cost-
effective BC-BJ solar cell and commercialized with Sunpower Cor-
poration (Sinton et al., 1993). Today, Sunpower is the world leading
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manufacturer of BC-BJ solar cell. Sunpower Corp. showed in 2007
that it is possible to achieve an average cell efficiency of 22% in
the mass production of BC-BJ silicon solar cell (Ceuster et al.,
2007). In year 2014, independently confirmed conversion effi-
ciency of 23.0% for N-type RC cells has also been reported, at the
end of the year, the interdigitated back contact (IBC) solar cells
developed which resulted in an independently confirmed
designated-area efficiency of 24.4%. The cell was fabricated on a
230 lm thick 1.5X cm N-type CZ wafer (Feldmann et al., 2014;
Franklin et al., 2014). The conventional RC solar cell has a large area
which results in the higher material cost.

Further, nanostructuring has been projected as an appropriate
method to make thin silicon an efficient absorber. However, these
cells are not efficient due to Auger and surface recombination as
the surface to volume ratio of the cells is large. However, a recent
method to minimize the surface recombination for nanostructured
based �300 lm thick devices has been presented which results in
20% and 22% efficient cells (Ingenito et al., 2015; Savin et al., 2015).
These cells have higher thickness, require high-quality materials,
to have higher minority carrier lifetime: order of magnitude
10 ms. This kind of c-Si is very expensive, resulting in increased
module cost. Conventional Si-based devices have 30 times higher
thickness compared to the (15.4% efficient RC-SiGe) device pro-
posed in this work. Some of the thin c-Si silicon-based solar cells
are also available in the literature such as microsystem enabled
14 lm thick, 250 lm wide solar cell, with 14.9% efficiency is
reported, and effort shows that the ultrathin wafer handling prob-
lem can be avoided by using low-cost microsystem techniques
(Cruz-Campa et al., 2011). In the year 2013, an all-back-contact
ultra-thin i.e. 10 lm thick silicon nanocone solar cell with 13.7%
power conversion efficiency is reported (Jeong et al., 2013).
A Si/Organic hybrid heterojunction solar cell has also been
reported with PCE of 13.6% (He et al., 2015).

In our previous work, thin defect free SiC-based anti-reflection
passivation layer has been designed for N-type wafer based RC Si
and intrinsic wafer based SiGe solar cells (Pandey and Chaujar,
2015a,b). The SiC-based coaxial silicon nanowire solar cell has also
been designed for optimal photovoltaic performance (Pandey and
Chaujar, 2015c). Here, 10 lm thick SiC passivated N-type wafer
based RC SiGe solar cell device has been designed and simulated
which overcomes the critical problems associated with thin
devices such as Auger, surface recombination and lower absorption
at a higher wavelength. Present work shows superior EQE com-
pared to Si cell, at higher wavelengths, since absorption coefficient
of SiGe is higher as compared to Si in the higher wavelength
regime. SiGe is used because the energy of the visible part of the
spectrum used by the solar cell is less than 50% and to increase
the absorption of sunlight, the low bandgap (<1.1 eV) material is
required. Using low bandgap material in the solar cell makes the
conversion efficiency of the cell effective. Nowadays, SiGe is used
for high-frequency transistors as well as potential has been
explored for solar cells also. In SiGe technology, the electrical prop-
erties of silicon are modified with germanium the number of free
electrons in germanium is higher than silicon at a given tempera-
ture, which results in higher conductivity of Ge. SiGe processing is
simple, the physical and electrical properties of silicon and germa-
nium are similar (Ouellette, 2002; Kasap and Capper, 2007). Also,
SiGe possesses higher mechanical strength and suppresses the
high-intensity degradation of the solar cell under illumination
(Yang et al., 2010). The band gap of SiGe can be modified by chang-
ing the Ge content, alternatively the optical absorption (Povolny
et al., 2011; Wang et al., 2012). However, the cost of germanium
doped wafer is higher compared to a silicon wafer, though present
work shows it can be a good candidate for energy efficient applica-
tions. In future, development of novel cost effective energy effi-
cient methode may reduce the overall dollar per watt ($/W) of
the device. The discussed device shows superior EQE compared
to silicon cell. Also, previous work shows that the photovoltaic
parameters of 5 lm thick SiGe cell and 10 lm thick silicon cell
are approximately same (Pandey and Chaujar, 2015d). This indi-
cates that the proposed device significantly saves the material. In
our previous work calibrated software program has been written
in Silvaco ATLAS device simulator for 10 lm thick RC contact sili-
con cell (Pandey and Chaujar, 2015e). Therefore, 10 lm thick RC
SiGe device has been simulated with the help of calibrated soft-
ware program by changing the material parameters, since experi-
mental results are not available for 10 lm thick RC SiGe solar cell.
2. Device structure and model description

Silvaco ATLAS has been used to simulate the device optoelec-
tronic characteristics. In the simulation, we assume a two-
dimensional structure i.e. RC SiGe solar cell as shown in Fig. 1(a).
Also, the width is set so that the cell has an area of 1 cm2. The
Si0.9 Ge0.1 was used, with a very small Ge content. Since increasing
the Ge content, decreases the band gap of SiGe, which further
results in lower open circuit voltage. The bandgap 1.08 eV is used
for SiGe. All the material parameters for SiGe including band gap
have been obtained from experimentally available data (NSM
Archive, 2016a), and the same has been used in the simulation.
The substrate was N-type, with a doping density of
3 � 1015 cm�3, whereas N+/P+ region has the doping density of
4 � 1020 cm�3. The depth of P+ and N+ region was 3 lm and
2.5 lm, respectively, whereas the width was 45 lm and 30 lm,
respectively and centre-to-centre distance (pitch) between the N
+ and P+ regions is 52 lm. In a standard solar cell, P-type wafer
has been preferred, so hence the diffusion length of minority car-
rier (electrons) in P-type wafer is higher than the diffusion length
of minority carrier (holes) in N-type wafer. However, in large-scale
production, it is difficult to avoid chemical and mechanical imper-
fection to the wafer. Here, lies the big advantage of N-type wafer
solar cells. The performance of N-type cell is less vulnerable by
chemical and mechanical imperfections. The N-type cell have
several advantages over P-type cells. They are not prone to
light-induced degradation due to the splitting of boron-oxygen
complexes (Glunz et al., 1999; Tjahjono and Cotter, 2005). Further,
70 nm thick Nitride (Si3N4) is used as anti-reflecting front surface
passivation, and modeled as an optical layer. The oxide (SiO2) is
used for back surface passivation with a thickness of 50 nm. Also,
as the contact interface between metal and semiconductor is
highly doped both for the emitter and back surface field (BSF) i.e.
�1020 cm�3, we have defined our contacts as ohmic. This is done
to avoid Schottky barriers, and thus unnecessarily higher computa-
tion time. The contact width of 6 lm has been used for both P+ and
N+ regions with the thickness of 700 nm as shown in Fig. 1(a).

Further, in the presence of heavy doping, (>1018 cm�3), experi-
mental work has shown that the PN product turns out to be doping
dependent (Slotboom, 1977). As the doping level rises, a decrease
in the bandgap occurs, where the valence band raises by an
approximately same amount as the conduction band is lowered.
Discussed structure has heavily doped P and N regions, and so
bandgap narrowing effects are enabled. These effects can be
described by an analytic expression relating the variation in the
bandgap, DEg to the doping concentration, n (Slotboom and de
Graaff, 1977). Furthermore, the solar cell is carrier recombination
affected device. Therefore, Auger and Shockley–Read–Hall (SRH)
recombination models are selected during the simulation. Phonon
transitions occur in the presence of trap or defect within the for-
bidden gap of the semiconductor (Shockley and Read, 1952; Hall,
1952), and Auger recombination occurs through a three particle
transition whereby a mobile carrier is either captured or emitted.



Fig. 1. (a) 10 lm RC-SiGe solar cell with 70 nm thick antireflection (AR) layer on top, 50 nm thick oxide layer has been used for back surface passivation. The region denoted
by black color shows the ohmic contact to N+ and P+ regions. Pitch of the device is 52 lm, and (b) EQE of the device as shown in figure (a).
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The underlying physics of such processes is unclear, and normally a
more qualitative understanding is sufficient (Selberherr, 2012;
Dziewior and Schmid, 1977). The concentration dependent mobil-
ity and field dependent mobility models have also been selected
during simulation. The standard air mass 1.5G spectrum has been
used for illumination and ray tracing algorithm is used to obtain
the optical interaction. The complex reflective indices of all the
materials as a function of wavelength and temperature have been
obtained from sopra database (Atlas, 2014). Poisson’s equation
together with the continuity equation for electrons and holes are
solved simultaneously by the software to obtain the current den-
sity–voltage (J–V) characteristics.
3. Results and discussions

3.1. Recombination rate and EQE of RC SiGe solar cell

In this section, 10 lm thick SiGe-based RC solar cell has been
simulated as shown in Fig. 1(a). The EQE and recombination rate
contour of proposed device have been presented in
Figs. 1b and 2, respectively. In silicon-based cell, thickness more
than 100 lm is required to absorb the solar spectrum (Deinega
et al., 2013). Thinning the Si wafer, results in absorption loss,
Fig. 2. Recombination rate contour (cm�3 s�1) of illuminated, 10 lm thick RC SiGe solar
scale, and (b) log scale.
particularly at higher wavelengths, since the absorption coefficient
(ɑ) is small (Green and Keevers, 1995; Green, 2008). Therefore, use
of SiGe instead of Si is a possible solution to minimize the absorp-
tion loss at higher wavelengths. The experimentally available data
shows, the absorption coefficient (ɑ) of SiGe is greater than Si in
higher wavelength regime (NSM Archive, 2016b). The complex
refractive index data of SiGe is obtained from software library
and shown in Fig. 6(a) and (b), and the same have been used in
the simulation. The proposed device shows superior EQE, and
remarkably it achieved EQE > 76% in the spectrum range of 400–
700 nm wavelength, shown in Fig. 1(b). At wavelength equivalent
to 400 nm, proposed device shows EQE of the order of 78% that
is at least 12% higher than of other Si nanostructured solar cells
(Oh et al., 2012) and 18% greater than that of planar 10 lm thick
Si cell with anti-reflection coating (Jeong et al., 2013).

Further, at the interface, the holes that are generated at point 1
need to travel the shorter diffusion length, to arrive at N – P+ junc-
tion compared to holes that are generated at point 2 shown in
Fig. 1(a). This results in decreased collection probability in region
II, therefore, higher recombination rate is observed in region II
compared to the region I, as shown in Fig. 2(a) and (b). Region I
and region II is defined in N-type region only, they do not includes
the P+ and N+ regions. Further, the maximum recombination rate
has been observed in N+ type and P+ type region due to heavy dop-
cell under short circuit condition. Consisting 70 nm thick AR layer on top: (a) linear



Fig. 4. Hole concentration near the interface of SiC, Si3N4 and SiO2 passivated
devices, respectively. Inset shows the recombination rate near the interface of SiC,
Si3N4 and SiO2 passivated devices, respectively. Data has been obtained from
location (0, 0.1) to (100, 0.1) under illumination with short circuit condition.
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ing profile. Previous result shows, the recombination rate in region
II of the 10 lm thick silicon-based RC solar cells is in the order of
�1020 cm�3 s�1 (Pandey and Chaujar, 2015d), whereas in proposed
device it is in the order of �1018 cm�3 s�1 shown in Fig. 2,
suppressed minority carrier recombination has been observed in
proposed device. In the case of back contact design, most of the
carriers are generated near the front surface while the junction is
far at the back surface. Lower recombination ensures higher carrier
collection efficiency in proposed device.

3.2. Impact of front surface passivation on proposed device

In this section, different front surface passivation schemes have
been discussed on proposed device i.e. 10 lm RC-RJ SiGe solar cell.
The crystalline materials have the discontinuity of the crystal
arrangement at the surface, which creates the dangling bond. Fur-
ther, these dangling bonds at the interface create energy states
within the forbidden energy band gap, which acts as a good recom-
bination center. The recombination phenomena that arise from
these states are known as Shockley–Read–Hall (SRH) recombina-
tion (Aberle et al., 1992). The front surface of most of the solar cell
normally consists of well – passivated antireflective coating of
thermal SiO2 or Si3N4 layers (Diouf et al., 2010). In another tech-
nique, surface passivation is achieved by creating the front surface
field using the high level of doping in low doped semiconductors of
similar impurity. In this way, P+/P or N+/N regions are formed at
the interface, which gives rise to an electric field at the junction.
The electric field repels desired minority carriers from the interface
and reduces the recombination at the surface. However, Auger
recombination is increased due to the heavily doped region at
the front surface.

Here, thin defect free SiC-based surface passivation scheme has
been discussed with proposed device and results are compared
with conventional insulators based passivation. The bandgap
2.2 eV has been used for SiC during simulation. Result shows,
minority carrier concentration, is drastically reduced at the
SiC/N-SiGe interface. This type of passivation prevents the minority
carrier (holes) to reach the SiC/N-SiGe interface. The impact of
three different front surface passivation (FSP) schemes has been
obtained: single SiO2 termed as FSP1, Si3N4 termed as FSP2, and
SiC termed as FSP3.

Further, some useful parameters are plotted in Figs. 3 and 4,
which shows that superior surface passivation has been achieved
in the FSP3 layered device. The distribution of electric field near
Fig. 3. The distribution of electric field near the (SiC/N-SiGe) interface. Inset shows
the contour representation of electric field. Data is obtained under illumination
with zero-bias voltage.
the passivating interface has been presented in Fig. 3. The electric
field direction is directed from SiC to SiGe, rendering it energeti-
cally unfavourable for hole transport to SiC/N-SiGe interface,
resulting in a low concentration of holes at the passivating inter-
face. In surface recombination process, an electron from conduc-
tion band recombines with the hole in the valence band via a
defect level within the bandgap. If the concentration of one com-
rade electrons or holes is drastically reduced, then recombination
rate reduces strongly (Aberle, 2000). Therefore, higher the concen-
tration difference between electron and hole, lower is the recombi-
nation. The concentration of electron in the N-SiGe region is
�1015 cm�3. Therefore, sinking the hole concertation at the inter-
face will produce higher concentration difference between elec-
trons and holes, and thus results in lower surface recombination
rate, as shown in Fig. 4. Results shows, the concentration difference
between electron and hole is higher in SiC passivated device com-
pared to SiO2 and Si3N4 devices. Thus, results in lower surface
recombination rate, as shown in the inset of Fig. 4. In FSP3 layered
device, ten times lower minority carrier concentration is obtained
near the interface (SiC/N-SiGe), compared to minority carrier con-
centration in the bulk (N-SiGe) region of the device, this shows the
presence of SiC reduces the concentration of minority carriers only
at the interface. In region II, at the interface, the hole concentration
of �1013 cm�3 has been observed in FSP3 layer device, whereas the
concentration of �1014 cm�3 observed in FSP1 as well as FSP2 layer
devices, shown in Fig. 4. The hole concentration as well as recom-
bination rate is low in region I compared to region II, as shown in
Figs. 2 and 4. It is a typical distribution in the case of a short-
circuiting. Under short-circuit condition, a space charge region is
formed around the junction having an associated electric field that
collects the generated electron-hole pairs, and the collection is
complete in near P+ region. However, outside the P+ region, the
substrate is neutral, and the collection will be by diffusion of elec-
trons and holes toward the field region where they will be col-
lected and separated. So, the regions nearer to the junction will
have lower hole concentration since its holes will diffuse to the col-
lecting field regions. The electrons and holes generated in a region
greater than the diffusion length will never reach the junction, and
the recombination process will balance them. As there is a lateral
hole concentration gradient showing lateral hole flow to the junc-
tion. This concentration gradient decreases with the distance from
the P+—N junction region. Furthermore, Fig. 5 shows the contour
plot of recombination rate in the devices. At the interface, the



Fig. 5. Contour plot of recombination rate (cm�3 s�1) in the log scale, (a) SiO2 passivated RC-SiGe solar cell, (b) Si3N4 passivated RC-SiGe solar cell, (c) SiC passivated RC- SiGe
solar cell and (d) Magnified view of (SiC/N-SiGe) interface in case of SiC passivated device. Data has been obtained under illumination with zero-bias voltage.
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magnitude of recombination rate in the FSP3 layered device is of
the order of 105–1014 cm�3 s�1 from the location (Y = 0.05 to
Y = 0.03) shown in Fig. 5(c) and (d). Whereas in the FSP1 and
FSP2 devices it is around 1018–1019 cm�3 s�1. This shows SiC layer
is much better for surface passivation as compared to conventional
SiO2 or Si3N4 layers. Lower recombination ensures that generated
carrier will contribute more in external current and recombination
current density will be suppressed.

Moreover, the spectrum response has been obtained for SiO2,
Si3N4, and SiC passivated devices, respectively. The optical proper-
ties of material used in the simulation are shown in Fig. 6(a)–(c)
and EQE with different front surface passivation layers are shown
in Fig. 6(d). Normally, the blue response of solar cell is reduced
due to front surface recombination, whereas the midway response
is reduced due to lower diffusion length and the red response is
reduced due to transmitted photons and the back surface recombi-
nation. Result shows, significant improvement in blue response, as
well as midway response, in FSP3 layer device compared to FSP1
and FSP2 layer devices shown in Fig. 6(d). The SiC-based device
achieved EQE > 80% in the wavelength range of 300–720 nm. At
wavelength equivalent to 550 nm, it shows EQE of the order of
95% that is 25.5% and 10.2% higher than FSP1 and FSP2 layer
devices, respectively as shown in Fig. 6(d). Moreover, at smaller
wavelength (300 nm) the SiC-based device shows, 35%, and 70%
higher EQE compared to Si3N4 and SiO2 based devices, respectively,
as shown in Fig. 6(d). The performance of a solar cell is directly
related to the amount of light entering the cell. The optical
properties i.e. refractive index (n) and extinction coefficient (k)
required for an antireflection coating (ARC) of a solar cell depend
on the refractive index of the underlying substrate and, if applica-
ble on the encapsulated cover, as well as the operating wavelength
of that solar cell, in addition to the absorption of the light in the
ARC film for that solar cell. Therefore, to minimise the absorption
of the useful light in the ARC, a material having low absorption
of useful light is needed. A low k can be equated to a low absorp-
tion, ɑ (e.g. a k of less than 0.01 corresponds to the absorption of
less than 1%), since ɑ = 4pk/k. Fig. 6(a) and (c) shows that SiC has
n between 2.9 and 2.5 in the spectrum range of 300–1200 nm
and k of less than 0.01 for the wavelengths greater than 430 nm.
In addition, thin SiO2 based encapsulation has been assumed at
the front surface of the SiC-based device, to minimize the reflectiv-
ity (Pandey and Chaujar, 2015a). Also, as per the patented work of
(Allen et al., 2009), SiC film having n between 2.7 and 2.3 and k of
less than 0.01 at a wavelength of 630 nm is a good candidate for
antireflective coating for solar cells. Further, wavelength depen-
dent extinction coefficient and absorption coefficient reported in
Fig. 6(c) shows that SiC has higher absorption coefficient at lower
wavelengths, whereas it is desired that SiC should be transparent
in the simulated spectrum. The absorbance in a material is directly
related to the absorption coefficient and thickness of the material
used. This suggests that to minimize the absorption and increase
the transparency, thinner SiC layer should be used. This
phenomenon sets the limit on the thickness of SiC. The SiC layer
used in the simulation is only 20 nm thick whose absorbance is



Fig. 6. Optical properties i.e. wavelength dependent (a) real index, n for the materials, (b) absorption coefficients of SiGe, (c) extinction and absorption coefficients of SiC, and
(d) EQEs of SiC, Si3N4, and SiO2 passivated RC-SiGe solar cells, respectively.
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negligible. However, consequences of using thicker SiC layer has
also been discussed. Four SiC-based N-type SiGe wafer has been
designed with a different thickness of SiC i.e. 20 nm, 40 nm,
80 nm, and 160 nm respectively, and photon absorption rate has
been obtained in underlying SiGe wafer as shown in Fig. 7(a)–(d).
The contour representation shows that the photon coupling in
underlying SiGe is higher for 20 nm thick SiC-based device.
Fig. 7. The contour representation of photon absorption rate (cm�3 s�1) in underlying Si
However, increasing the thickness results in absorbance in SiC
and hence lower optical coupling in underlying SiGe. The 160 nm
thick SiC-based SiGe wafer shows worst optical behavior compared
to other wafers as shown in Fig. 7. Meanwhile, the photon absorp-
tion contour is also obtained for all the devices, and same has been
presented in Fig. 8(a)–(f). Results reveal that higher photon absorp-
tion rate is achieved in FSP3 layer based device. FSP3 layer device
Ge with different SiC thicknesses: (a) 20 nm, (b) 40 nm, (c) 80 nm, and (d) 160 nm.



Fig. 8. The contour representation of photon absorption rate (cm�3 s�1) in RC-SiGe solar cell: (a) magnified view near the (SiO2/N-SiGe) interface in SiO2 passivated device, (b)
magnified view near the (Si3N4/N-SiGe) interface in Si3N4 passivated device, (c) magnified view near the (SiC/N-SiGe) interface in SiC passivated device, and figure (d–f) show
the SiO2, Si3N4, and SiC passivated device on full scale. Data has been obtained under illumination with zero-bias voltage.

Fig. 9. Comparison of spectrum response under AM1.5 illumination for an RC-SiGe
solar cell with SiC, Si3N4, and SiO2 passivation layers, respectively. The inset shows
the IA/IS ratio for all the three devices.

248 R. Pandey, R. Chaujar / Solar Energy 135 (2016) 242–252
shows, the 12.5% and 5% higher photon absorption rate compared
to FSP1 and FSP2 layer device, respectively as shown in Fig. 8(d)–
(f). Also, magnified view of the interfaces shows higher photon
absorption rate at the front surface, in SiC-based device, as shown
in Fig. 8(a)–(c). This validates the higher optical coupling of pho-
tons with lower wavelengths. Further, Fig. 9 shows, the source
photocurrent of AM1.5 spectrum, along with the ratio of available
photocurrent (IA) to the source photocurrent (IS). The improved
optical behavior of the SiC-based device results in higher available
photocurrent, which further increases the IA/IS ratio. Result shows,
>80% ratio with a maximum value of 95.7% in the spectrum range
of 289–735 nm wavelengths. Thus, reflecting a superior spectrum
response of SiC passivated device compared to SiO2 and Si3N4

based devices. Improved optical coupling and better surface passi-
vation, leads to superior EQE in the SiC-based device.

The most important part of the solar cell design is its
current–voltage characteristics. Any design must have a higher
short-circuit current density (JSC) and a higher open circuit voltage
(VOC). The J–V characteristic of the device is simulated with ray
tracing algorithm without reflection, under AM1.5 illumination
with optical power 0.1 W/cm2. Results are presented in Fig. 10
(a) and (b). In Fig. 10(a), the JSC and VOC in FSP3 layer device are
28 mA cm�2 and 668 mV, whereas JSC, VOC in FSP1 and FSP2 layer
devices are 22.6 mA cm�2, 662 mV and 25.8 mA cm�2, 667 mV
respectively. Thus, FSP3 layer device shows 24% and 8% higher JSC
compared to FSP1 and FSP2 layer devices, respectively. Also, the
higher power density of 14.7 mW/cm2 was obtained in FSP3 layer
device compared to 11.7 mW/cm2 and 13.5 mW/cm2 in FSP1 and
FSP2 layer devices, respectively. A detailed comparison of electrical
parameters is shown in Table 1. Improved photovoltaic properties
indicate proposed device with SiC passivation can be used in light-
weight, low-cost installation of PV modules. Also, the device has RC
architecture it is easier to interconnect and can be placed closer
together in the modules, no need of space between cells. Also,
Fig. 10(b) shows the comparison of illuminated and dark character-
istics of the devices. In Fig. 10(b), the illuminated response shows
sharp minima, taking intercept from this point to x-axis gives the
VOC of the respective devices.

3.3. Impact of surface recombination velocity (SRV) on the devices

Further, the impact of surface passivating layer is analyzed. The
impact of surface recombination velocity on JSC and PCE has been
obtained which is presented Fig. 11. At, SRV equivalent to
102 cm s�1 the difference between available photocurrent and
short circuit current is 2.2 mA cm�2 in FSP3 layered device
whereas the difference of �7 mA cm�2 has been observed in FSP1
and FSP2 layered devices. This shows, 7 mA cm�2 is lost because
of the recombination and the parasitic absorption in FSP1 & FSP2
layered device, whereas only 2 mA cm�2 has been lost in FSP3 lay-
ered device. Also, when SRV changes from 101 to 107 cm s�1 the
PCE and JSC went down to 12.1% and 23.2 mA cm�2, respectively
in FSP3 device, whereas these values are 1.33% and 3.97 mA cm�2

and 1.5% and 4.49 mA cm�2 in FSP1 and FSP2 devices, respectively.
Results reveal that characteristics of the FSP3 device are less
affected by surface recombination velocity. Fig. 11 shows,
enhanced surface characteristics has been obtained in the FSP3 lay-
ered device. Also, result reveals that new surface passivation



Fig. 10. Electrical characteristics i.e. current density–voltage (J–V) curve of RC-SiGe solar cell with different passivation layers. (a) J–V curve on primary axis and P–V curve on
secondary axis, (b) I–V (dark and illuminated condition on primary and secondary axis, respectively).

Table 1
Comparisons of photovoltaic parameters of 10 lm thick RC-SiGe solar cell with SiO2,
Si3N4 and SiC based passivation layers, respectively.

Device JSC (mA cm�2) VOC (mV) FF (%) PCE (%)

FSP1 layered 22.6 662 78.2 11.7
FSP2 layered 25.8 667 78.0 13.5
FSP3 layered 28.0 668 78.6 14.7
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scheme is useful when the surface to volume ratio of the device is a
large i.e. thin device. Thin devices suffer from higher surface
recombination.
3.4. Impact of diffusion depth of P+ and N+ regions

In this section, the impact of diffusion depth on device charac-
teristics have been obtained. In Fig. 5, the Auger recombination
rate in P+ and N+ region is higher because of the heavily doped
region (�1020 cm�3) and higher diffusion depth in Y-direction.
Therefore, the diffusion depth of P+ and N+ region have been
Fig. 11. Impact of surface recombination velocity on RC-SiGe solar cell with
different passivation layers. JSC and PCE are presented on primary and secondary
axis, respectively.
minimized to minimize the auger recombination rate in these
regions. The PCE of 15.4% i.e. 4.7% higher than initial value
(14.7%) is obtained by minimizing the diffusion depth of the
regions. Fig. 12 shows the contour representation of recombination
rate of the devices with different diffusion depth. Result reveals,
carrier recombination, is reduced by reducing the diffusion depth
of P+ and N+ regions. Further, the impact of depth on device char-
acteristics is presented in Table 2.

3.5. Impact of Irradiance and temperature

In this section, we have discussed the application of RC SiGe
solar cell for concentrator’s photovoltaics (CPV) cell application.
Altering the irradiance on a solar cell varies all solar cell parame-
ters, including JSC, VOC, fill factor (FF), PCE, series and shunt resis-
tances. The light intensity on a solar cell is called the number of
suns, where one-sun corresponds to standard illumination at
AM1.5, or 100 mW/cm2. The PV module intended to work under
one- sun is called a ‘‘flat plate” while those using more than one-
sun or concentrated sunlight are called ‘‘concentrators.” Further,
concentrators have some advantages in terms of higher efficiency
than a one-sun solar cell and the lower cost. The JSC of a solar cell
depends linearly on irradiance, this indicates, device operating
under 10 Suns would have 10 times the JSC as the same device
under one sun operation. However, this will not result in increased
PCE, since the incident power also increases linearly. The efficiency
benefits arise from the open-circuit voltage, as VOC increases loga-
rithmically with light intensity (Würfe, 2008).

The impact of irradiance and temperature on different devices is
obtained, and the results are presented in Fig. 13(a)–(c). The
devices are simulated up to 20-suns (2 W/cm2) condition at room
temperature (300 K), since the temperature also increases as a
function of input optical power per unit area. Further, cell operat-
ing at higher concentration levels requires complex cooling sys-
tem, and overall cost of the PV module will be increased.
Previously, the silicon-based concentrator solar cell with the effi-
ciencies range of (15–27.5)% has been reported for the concentra-
tion level of (20–150) suns (Sinton et al., 1986; Cuevas et al.,
1990; Lammert and Schwartz, 1977; Wenham and Green, 1995;
Zhao et al., 1990). In silicon-based concentrator cells, thickness
>100 lm is required to achieve high efficiency. This results in
higher $/W. Further, VOCs of 766 mV, 800 mV PCEs of, 18.37%,
19.32% at 10-sun and 20-sun conditions respectively have been



Fig. 12. Recombination rate (cm�3 s�1) contour of SiC passivated RC-SiGe solar cell with different diffusion depth of P+ and N+ regions. Data has been obtained under
illumination with zero-bias voltage.

Table 2
Impact of N+ and P+ regions diffusion depth on photovoltaic parameters of SiC
passivated 10 lm thick RC-SiGe solar cell.

S.
No.

Regions Thickness
(lm)

JSC
(mA cm�2)

VOC

(mV)
FF
(%)

PCE
(%)

1 P+ 3.0 28.0 668 78.6 14.70
N+ 2.5

2 P+ 1.5 28.9 666 78.6 15.13
N+ 1.25

3 P+ 0.75 29.3 666 78.3 15.30
N+ 0.63

4 P+ 0.38 29.5 666 78.3 15.37
N+ 0.32

5 P+ 0.19 29.6 667 78.2 15.41
N+ 0.16
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obtained as shown in Fig. 13(a). Also, results show 10.2% and 13.7%
higher PCE at the concentration levels of 4, 6 suns compared to 1-
sun condition. Further, the desired concentration level can be
selected from Fig. 13(a) depending upon the applications. Further-
more, the impact of temperature on device parameters: VOC, PCE
and FF for three different conditions (1-sun, 10-suns, 20-suns)
has been analyzed. Since, under concentrated light device temper-
ature increases. Although, it can be avoided by using a suitable
cooling system (Royne et al., 2005). Fig. 13(b) and (c), shows that
device performance degrades as the temperature increases since
intrinsic carrier concentrations increase at higher temperatures.
Therefore, bandgap decreases, which further results in decrease
VOC, as shown in Fig. 13(b). The VOC values 804 mV, 778 mV,



Fig. 13. Impact of irradiance and temperature on SiC passivated RC-SiGe solar cell: (a) effect of irradiance on VOC and PCE, (b) effect of temperature on VOC for 1 sun, 10 suns
and 20 suns condition, respectively, (c) effect of temperature on PCE for 1 sun, 10 suns and 20 suns condition, respectively.
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680 mV and PCE values of 19.75%, 18.67%, 15.77% is obtained at
20 �C for 20-sun, 10-sun and 1-sun conditions respectively,
whereas VOC values 760 mV, 735 mV, 623 mV and PCE values of
18.2%, 17%, 13.9% is obtained at 50 �C. Results show, as the temper-
ature increases from 20 �C to 45 �C, 10.2% decrease in PCE is
obtained for flat plate cell, whereas 7.8% and 6.7% decrease in
PCE is obtained for the same cell operating at 10-suns and 20-
suns, as shown in Fig. 13(c). Further, all the results of this section
conclude that highest PCE of 19.3% is obtained at 20-suns in the
sub 10 lm thick device with the cost effective material. This sug-
gests that the proposed device can be a cost-effective candidate
for the flat plate as well as low concentrator applications.
4. Conclusion

In the present work, RC SiGe solar cell with SiC-based front
surface passivation has been proposed, which shows enhanced
photovoltaic properties. EQE > 90% in the wavelength range of
400–650 nm has been achieved. Also, at wavelengths equivalent
to 300 nm, SiC passivated device shows record EQE of 85%. The
presence of SiC as a surface passivating layer shows enhanced sur-
face characteristics. At the (SiC/N-SiGe) interface, the barrier height
of 1.1 eV has been achieved for minority carrier (Holes) in SiC pas-
sivated device this suppresses the surface recombination. The
power conversion efficiency (PCE) of 15.4% has been achieved,
and the device is less affected by SRV. Further, discussed device
has RC architecture it is useful in high current cells such as CPV
or large areas. Therefore, device performance for concentrator
application has also been discussed. We obtained 19.3% PCE at
2 W/cm2 (20 suns, 27 �C) in 10 lm regime. This suggests, proposed
device can be an energy efficient candidate for the flat plate as well
as low concentrator applications. The simulation work achieved
here shows that if fabricated experimentally it can prove to be a
cost-effective solution for energy efficient applications. In future,
thin defect free SiC-based passivation scheme can be used in
nanostructured based thin devices. This can tackle the problem like
auger and surface recombination by stacking a thin layer of SiC
between nanostructures and the front surface of the cell.
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a b s t r a c t

In this work, a novel four-terminal perovskite/SiC-based rear contact silicon tandem solar
cell device has been proposed and simulated to achieve 27.6% power conversion efficiency
(PCE) under single AM1.5 illumination. 20.9% efficient semitransparent perovskite top
subcell has been used for perovskite/silicon tandem architecture. The tandem structure of
perovskite-silicon solar cells is a promising method to achieve efficient solar energy
conversion at low cost. In the four-terminal tandem configuration, the cells are connected
independently and hence avoids the need for current matching between top and bottom
subcell, thus giving greater design flexibility. The simulation analysis shows, PCE of 27.6%
and 22.4% with 300 mm and 10 mm thick rear contact Si bottom subcell, respectively. This is
a substantial improvement comparing to transparent perovskite solar cell and c-Si solar
cell operated individually. The impact of perovskite layer thickness, monomolecular,
bimolecular, and trimolecular recombination have also been obtained on the performance
of perovskite top subcell. Reported PCEs of 27.6% and 22.4% are 1.25 times and 1.42 times
higher as compared to experimentally available efficiencies of 22.1% and 15.7% in 300 mm
and 10 mm thick stand-alone silicon solar cell devices, respectively. The presence of SiC
significantly suppressed the interface recombination in bottom silicon subcell. Detailed
realistic technology computer aided design (TCAD) analysis has been performed to predict
the behaviour of the device.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Refining the performance of the photovoltaic (PV) device is crucial to surge their competitiveness with a conventional
source of electricity. Crystalline silicon solar cell have dominated the PV market for decades, with 90% current market share.
The efficiency of the crystalline silicon solar cell has only marginally improved during the last 15 years, wafer size efficiency as
high as 25.6% has been reported, which is close to the theoretical maximum efficiency of 29.4% [1,2]. However, to make
photovoltaic fully competitive with the conventional energy source, further cost effective energy efficient module is required.
Therefore, to obtain the higher efficiency at lower cost Si-based tandem approaches have been proposed, which combine a
silicon cell with a low-cost cell with wide-bandgap (1.6e1.9 eV) absorber material to form a tandem cell. Commonly, III-V
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semiconductors have been used on the top of silicon tomake a tandem cell; however, their large area production is costly and
challenging [3]. The emergence of organic-inorganic halide perovskite solar cell drastically changes the situation. The
methylammonium-lead-halide, CH3NH3PbX3 (X ¼ Br, I) perovskite has a tunable band gap, ranging from 1.6 to 2.3 eV
depending on halide composition. The solar cell based on organometal halides represents an emerging photovoltaic (PV)
technology. Optical absorption of methylammonium-lead-halide on nanocrystalline TiO2 surface produces the power con-
version efficiency of 3e4%, in a liquid based dye-sensitized solar cell (DSSC), as first discovered in 2009. Further by optimizing
the perovskite coating condition the PCE has been doubled after 2 years. However, owing to stability issue liquid based
perovskite receives little attention. In 2012, a long-term stable perovskite solar cell was developed with PCE of 10%, by
substituting the solid hole conductor with liquid electrolytes. The outstanding improvement in PCE achieved in the past few
years suggest that it is a capable candidate for the next-generation PV technology [4]. In the year 2015, the certified efficiency
has reached 20.1% [5]. Recently, record PCEs of 20.8% and 21.1% have been achieved in perovskite solar cells [6,7]. Further, in
tandem based approach, 13.7% efficient 2-terminal perovskite/silicon multijunction solar cell enabled by a silicon tunnel
junction has been reported [8]. Moreover, 21.2% and 19.2% efficient monolithic perovskite/silicon tandem solar cell with a cell
of 0.17 cm2 and 1.22 cm2 respectively, have been proposed in the literature [9] and previous research work shows perovskite-
based cell is a good candidate to be used in tandem configuration with silicon cell to produce an efficient cell under illu-
mination. Moreover, this work proposes a new 4-terminal perovskite/silicon-based tandem device for energy efficient ap-
plications. The CH3NH3PbI3 based perovskite solar cell has been used for the top subcell, and SiC passivated all back contact Si
solar cell has been used for the bottom subcell. The SiC has been used to prevent the interface recombination in silicon-based
bottom subcell. Tandem device investigated in this work achieves PCE of 27.6% with 300 mm thick Si subcell and PCE of 22.4%
with 10 mm thick Si subcell which is 1.25 times and 1.42 times higher as compared to experimentally available efficiencies of
22.1% and 15.7% in 300 mm and 10 mm thick stand-alone silicon solar cell devices, respectively [10,11].

2. Device structure, models, and methods

The carrier dynamics in perovskite device can be quantitatively described by the following equation according to different
recombination mechanisms:

dnðtÞ
dt

¼ �Cn3 � Bn2 � An (1)

Where n (t) is the charge carrier density and A, B and C denotes the monomolecular, bimolecular and trimolecular recom-

bination rate constants. Literature reports, monomolecular, bimolecular, and trimolecular recombination rate constant as SRH
recombination, radiative recombination, and auger recombination coefficients, respectively [12]. With the rapid progress in
perovskite-based solar cell device performance, critical studies i.e. device simulation considering the impact of the various
recombination mechanisms on photovoltaic device parameters are lagging. In present work, technological computer aided
design (TCAD) analysis has been done with the help of Silvaco ATLAS device simulator to study the performance of
CH3NH3PbI3 based perovskite solar cell. The parameters for each model have been calibrated according to experimentally
Fig. 1. The device structures used in simulation: (a) perovskite top subcell with indium oxide (In2O3: H) as transparent rear electrode, (b) SiC-based silicon
bottom subcell and (c) mechanically stacked perovskite/silicon tandem cell.
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available data as reported in Refs. [12,13]. This results in 20.9% efficient perovskite solar cell. Fig. 1(aec) shows the simulated
device structure. Fluorine doped tin oxide has been used as a front contact for perovskite solar cell. The Compact TiO2 is N-
type, with doping density of 5 � 1019 cm�3, whereas CH3NH3PbI3 and Spiro-MeOTAD are P-type with doping density of
2.14 � 1017 cm�3 and 3 � 1018 cm�3 respectively. In a four-terminal configuration, the perovskite top subcell requires two
transparent contacts. Therefore, hydrogenated indium oxide (In2O3: H) based rear transparent electrode has been used for
perovskite solar cell as reported in Ref. [14]. For bottom silicon subcell, dimensions (46 mm-wide Pþ, and 30-mm-wideNþ) was
used. The substrate was N-type, with doping density (3 � 1015 cm�3). Pþ regionwas doped with boron (4 � 1020 cm�3, depth
of 300 nm). Nþ region was doped with phosphorous (1 � 1020 cm�3, depth of 100 nm). The Poisson equation (2) is solved
along with electron and hole continuity equations (3) and (4) to obtain the current density-voltage (J-V) curve. The last term
in equations (3) and (4) known as recombination term Rn, Rp

d
dx

�
� εðxÞdJ

dx

�
¼ �q

�
nðxÞ � pðxÞ þ N�

a ðxÞ � Nþ
d ðxÞþ

ntðxÞ � ptðxÞ
�

(2)

dnp d2np dx dnp np � np0

dt

¼ Dn dx2
þ npmndx

þ mnx dx
þ Gn �

tn
(3)

dpn d2pn dx dpn pn � pn0

dt

¼ Dp dx2
� pnmpdx

� mpx dx
þ Gp �

tp
(4)
Where q the electron charge, D the diffusion coefficient, ε is the permittivity and G the generation rate. The ns, ntps andpt
are the free electron, trapped electron, free hole, and trapped hole, respectively. j is the electrostatic potential. Na

� the ionized
acceptor-like doping concentration andNd

þ are the ionized donor-like doping concentration. x is the electric field and tn, tp are
the carrier lifetimes. Further, when models are enabled, the SRH, auger, and radiative recombination rate are included in the
recombination terms in the carrier continuity equations (3) and (4). Perovskite cell is simulated, based on the recombination
dynamics in CH3NH3PbI3 with the help of SRH, Auger, and radiative recombination models to account monomolecular,
bimolecular and trimolecular recombinations in the perovskite top subcell. Whereas concentration dependent SRH, Auger,
concentration dependent mobility, and bandgap narrowing models have been used for the bottom silicon solar cell [15]. The
radiative recombination model is omitted for silicon solar cell since it is an indirect bandgap semiconductor. The input pa-
rameters for perovskite cell used in simulation has been obtained from already published results [16] and shown in Table 1.
The optical properties of all the materials used in the simulation are shown in Fig. 2(aef).

2.1. Recombination models

2.1.1. Shockley-Read-Hall (SRH) recombination
The basic SRH recombination is modeled as follows:

RSRH ¼ pn� n2ie

tn0

�
pþ nie exp

�
Ei�Et
kbT

��
þ tp0

�
nþ nie exp

�
Et�Ei
kbT

�� (5)
Table 1
Material parameters used in simulation.

Material Compact TiO2 CH3NH3PbI3 Spiro-MeOTAD Silicon SiC

Dielectric Constant 100 30 3 11.8 9.72
Band Gap (eV) 3.2 1.5 2.91 1.12 2.2
Electron Affinity (eV) 4 3.93 2.2 4.17 4.2
Thickness (mm) 0.09 0.5 0.4 10, 300 0.02
Electron, Hole mobility (cm2/V$s) 0.006, 0.006 50, 50 0.0001, 0.0001 1417, 470 1000, 50
Effective conduction band (DOS) (cm�3) 1 � 1021 2.5 � 1020 2.5 � 1020 2.76 � 1019 6.49 � 1018

Effective valence band (DOS) (cm�3) 2 � 1020 2.5 � 1020 2.5 � 1020 1.02 � 1019 1.66 � 1018

Conduction tail states N c-tail A (cm�3) 1014 1014 1014 n/a n/a
E c-tail A (eV) 0.01 0.015 0.01 n/a n/a

Valence tail states N v-tail D (cm�3) 1014 1014 1014 n/a n/a
E v-tail D (eV) 0.01 0.015 0.01 n/a n/a

Acceptor-like (A) dangling bond states N db A (cm�3) 1017 1014 1016 n/a n/a
E db A (eV) 1.1 1.2 1.1 n/a n/a
s db A (eV) 0.1 0.1 0.1 n/a n/a

Donor-like (D) dangling bond states N db D (cm�3) 1017 1014 1016 n/a n/a
E db D (eV) 1.1 1.2 1.1 n/a n/a
s db D (eV) 0.1 0.1 0.1 n/a n/a



Fig. 2. The optical properties used in simulation: (a) n, k of CH3NH3PbI3 obtained from Leguy et al., 2015 [32], (b) n, k of Spiro-MeOTAD obtained from Filipic et al.,
2015 [33], (c) n,k of TiO2, (d) n,k of FTO, (e) n,k of MoO3. Inset shows the n,k of In2O3:H and (f) absorption coefficient of silicon and SiC. Inset shows real index of Si,
SiC, and SiO2 respectively.
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The nie is the effective intrinsic carrier concentration and its value for perovskite and silicon are 1.97�107 cm�3

an5.21�109 cm�3, respectively. Kb is Boltzmann's constant and Ei and Et are the intrinsic fermi level and trap energy level,
respectively. T is the lattice temperature in degree Kalvin. n and p are the electron and hole concentrations. Basic for the SRH
model are the assumptions of one trap level in the forbidden band i.e. Et ¼ Ei and corresponds to the most efficient
recombination center. tn0 and tp0 are the electron and holes lifetimes. Also, the constant carrier lifetimes that are used in the
SRH recombinationmodel above can bemade a function of doping concentration and results in concentration dependent SRH
model where tn0 and tp0 will be replaced by tn and tp [17].

tn ¼ tn0
1þ N=NSRHN

; tp ¼ tp0
1þ N=NSRHN

(6)

16 -3 �3 �5
N is the doping concentration in silicon and NSRHN ¼ NSRHP ¼5�10 cm . The bulk lifetime 10 s and 10 s has been used
for 300 mm and 10 mm thick bottom silicon cell respectively, whereas 10�6 s has been used for perovskite film and the impact
of a lifetime has also been obtained in the result section.

2.1.2. Auger recombination
Auger recombination occurs through a three particle transitionwhereby amobile carrier is either captured or emitted. The

underlying physics of such processes is unclear, and normally a more qualitative understanding is sufficient. Auger recom-
bination has been modeled using the following expression:

RAUGER ¼ Cn
�
pn2 � n0n

2
ie

�
þ Cp

�
np2 � p0n

2
ie

�
(7)

�32 6 �1 �31 6 �1
The auger coefficients, Cp ¼ 9.9� 10 cm s and Cn ¼ 2.8� 10 cm s have been used for p-type and n-type silicon,
respectively, at 300 K temperature [18]. Whereas, auger coefficient for the perovskite film has been obtained from experi-
mental data [12,13] and shown in Table 2 no, po are the concentration of electron and holes at equilibrium.



Table 2
Photovoltaic parameters of perovskite solar cell: charge carrier decay constant has been obtained from experimentally available data from [12, 13].

Charge carrier decay constants Photovoltaic parameters

2nd order, B (cm3 s�1) 3rd order, C (cm6 s�1) JSC (mA cm�2) VOC (V) FF (%) PCE (%)

9.4 � 10�10 3.7 � 10�29 23.70 1.08 76.7 19.7
1.5 � 10�10 3.4 � 10�28 23.95 1.12 77.8 20.9
1.5 � 10�10 3.7 � 10�29 23.96 1.13 77.8 21.0
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2.1.3. Radiative recombination
In radiative recombination, an electron loses energy on order of the band gap and moves from the conduction band to the

valence band. This effect is necessary for narrow gap semiconductors and semiconductors whose specific band structure
allows direct transitions. By assuming a capture rate Cc

OPT the partially involved process can be written as:

ROPTnp ¼ COPT
c np; (8)
These rates must be equal in thermal equilibrium so that

COPT
np ¼ COPT

c n2ie (9)
The total band to band recombination is the difference of the partial rates i.e.

ROPTnp ¼ COPT
c

�
np� n2ie

�
(10)
The radiative rate coefficient for perovskite film has been obtained from experimental data [12,13] and shown in Table 2.

2.1.4. Surface recombination
The standard method is to model interface recombination in a similar manner as the bulk generation-recombination rate.

The recombination rate is an extension of the SRH model by introducing the surface recombination velocities for electrons
and holes (Sn0 or Sp0).

Rsurface ¼
pn� n2ie

teffn

�
pþ nie exp

�
Ei�Et
kbT

��
þ teffp

�
nþ nie exp

�
Et�Ei
kbT

�� (11)

Here:

1

teffn

¼ 1
tin

þ di
Ai
Sn0 and

1

teffp

¼ 1
tip

þ di
Ai
Sp0 (12)

With

Sp0 ¼ spnthNst and Sn0 ¼ snnthNst (13)

Where, Ai and di are the area and the length of the interface node i and tin is the bulk lifetime calculated at a nodei along the
interface. Sp0Sn0,sp and sn are the surface recombination velocities parameters and capture cross section for holes and
electrons respectively. Nst is the surface states per unit area and nth is the thermal velocity of the charge carrier (~107 cm s�1 in
Si at 300 K). The surface recombination effect incorporated in the bottom silicon solar cell using interface statement in ATLAS
software and Sp0 ¼ Sn0 ¼ 100 cm s�1 have been used.

3. Results

3.1. Analysis of perovskite top subcell

In this section, the analysis of perovskite top subcell has been performed, where the impact of CH3NH3PbI3 thickness on
photovoltaic parameters has been obtained. The spectrum response i.e. external quantum efficiency (EQE) of the device is
presented in Fig. 3 and the J-V curve is shown in Fig. 3b, respectively. The result shows that the performance of the device
increases with increasing the thickness of perovskite layer. Perovskite layers with <400 nm thickness are not proficient to
absorb the photons of visible spectrum region efficiently as shown in Fig. 3a. Significant improvement is observed in the
thickness range of 50e400 nm. Therefore, substantial improvement in current density is also observed as shown in Fig. 3b,



Fig. 3. . Impact of perovskite layer thickness on perovskite top subcell: (a) EQE, and (b) J-V curve.

R. Pandey, R. Chaujar / Superlattices and Microstructures 100 (2016) 656e666 661
however, the open circuit voltage (VOC) decreases slightly. Indicating increased carrier recombination in a thicker film.
Further, increasing the thickness from 400 to 1000 nm does not provide any substantial improvement. The simulation results
are in agreement with the fact that increasing the thickness of perovskite, results in higher PCE [19e21].

The efficiency limit for CH3NH3PbI3 solar cell having a perfect mirror at the rear side has been predicted by a detailed
balancemodel, which shows short circuit current density (JSC), VOC, fill factor (FF), and PCE of 25.97mA cm�2,1.315 V, 91%, and
30.0%, respectively in 500 nm thick perovskite solar cell [22]. Whereas the device (which do not include perfect mirror at rear
side) simulated in this work, shows JSC, VOC, FF, and PCE of 24.1 mA cm�2, 1.3 V, 82%, and 25.9%, respectively, as shown in
Fig. 4a. The J-V curve presented in Fig. 4a has been obtained by eliminating the recombination models such as Auger, and
radiative recombination. This has been done to perceive the impact of these recombination dynamics on the performance of
perovskite solar cell. Further, recombination dynamics has been included in the simulation and three J-V curves are obtained
with different second and third order recombination rate constants i.e. B and C. The constants B and C have been obtained
from recent experimental data as reported by (Yang et al., 2015 and Wehrenfennig et al., 2014) [12,13]. The carrier lifetime
10�6s has been used for SRH recombination model. Fig. 4b shows significant degradation when recombination dynamics is
incorporated in the CH3NH3PbI3 layer. The square and circle symbol based J-V curve are based on the constants reported by
(Wehrenfennig et al., 2014) and (yang et al., 2015), respectively. Triangular symbol based J-V curve is also obtained for optimum
performance by selecting the smaller values of the constants as shown in Fig. 4b. The PCEs of 19.7%, 20.9%, and 21.0% have
been obtained, and the same has been reported in Table 2.

Moreover, the use of SRH model gives the freedom to obtain the impact of material quality on the performance of the
device. SRH recombination is defect-limited and proportional to the defect density. Literature reports, first order recombi-
nation lifetime range from 10 to 103 ns [23e25]. Therefore, the impact of material quality on photovoltaic parameters has
been obtained by changing the carrier lifetime from 10 to 5 � 103 ns and presented in Fig. 5(aed). Fig. 5 shows as the carrier
lifetime changes from 5 � 10�6 s to 5 � 10�8 s the change in JSC, VOC, FF, and PCE are 23.98 to 23.40 mA cm�2, 1.12 to 1.09 V,
78.2% to 74.8%, and 21.0% to 19.1%, respectively. This results in 2.4%, 2.6%, 4.3%, and 9.0% decrease in JSC, VOC, FF, and PCE,
respectively. However as the lifetime of the carriers changes from 5 � 10e8 s to 10�8 s, the decrease in JSC, VOC, FF, and PCE is
5.3%, 4.6%, 4.6%, and 14.1%, respectively as shown in Fig. 5 aed. The photovoltaic parameters of 10�6 s lifetime based
perovskite device simulated in this work is almost equivalent to high performance mixed cation perovskite solar cells with
record power conversion efficiencies of 20.8% and 21.1% reported in Refs. [6,7], whereas, the performance of low carrier
Fig. 4. (a) The J-V curve of the perovskite top subcell, by eliminating the recombination models and (d) J-V curve of the perovskite top cell with different
bimolecular and trimolecular carrier recombination coefficient as reported in [12, 13].



Fig. 5. The impact of first order recombination lifetime on the device photovoltaic parameters for perovskite top subcell: (a) JSC, (b) VOC, (c) FF, and (d) PCE.
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lifetime based perovskite device is also in close approximation with the experimentally available data [26]. Furthermore,
fundamental recombination dynamics inside the perovskite region has also been obtained and shown in Fig. 6(aed). Fig. 4b
and Fig. 6 shows that the impact of trimolecular recombination is lower compared to bimolecular recombination, on the
Fig. 6. The carrier recombination rate inside the perovskite region with different bimolecular and trimolecular carrier recombination coefficient as reported in [9,
10]. Inset shows the recombination rate on linear scale. Analysis has been done under short circuit condition with standard AM1.5 illumination. Also, fixed first
order recombination lifetime 10�6 s has been used during simulation.
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photovoltaic parameters, since perovskite material has a direct bandgap. Therefore, Auger recombination is sufficiently
suppressed, and this has been verified by experimental results [27]. The effect of trimolecular recombination, however, is not
ignorable at high charge carrier density.
3.2. Analysis of SiC-based silicon bottom subcell and 4-terminal perovskite/SiC-based silicon tandem solar cell

This section demonstrates four-terminal stacked tandem device based on perovskite as top cell and SiC-based silicon cell
as bottom subcell, as schematically shown in Fig. 1c. The efficiency of each subcell is evaluated, and the sum of the two gives
the overall efficiency in a tandem configuration. Two different thickness i.e. 10 and 300-mm thick siliconwafer-based devices
have been used for bottom subcell silicon solar cell. The performance of bottom silicon subcell is measured with perovskite
device (Fig. 1a) as a filter under standard AM1.5 illumination. Themotivation to design SiC-based silicon cell is to suppress the
interface recombination and improvement of VOC, in rear contact architecture-based silicon solar cell. Initially, we have
analyzed the SiC-based rear contact silicon solar cell. The contour representation of recombination rate has been shown in
Fig. 7 a-b, the analysis reveals that recombination rate near the SiC/N-Si interface is small compared to the bulk region (N-Si)
of the device. The presence of SiC creates a positive electric field at the interface and direction are directed from SiC to Si,
rendering it energetically unfavorable for hole transport to SiC/N-Si interface, resulting in a low concentration of holes at the
passivating interface [28e30]. In surface recombination process, an electron from conduction band recombines with the hole
in the valence band via a defect level within the bandgap. If the concentration of one comrade electrons or holes is drastically
reduced, then recombination rate reduces strongly [31]. Therefore, sinking the hole concentration at the interface will
produce higher concentration difference between electrons and holes, and thus results in lower surface recombination rate,
as shown in Fig. 7(a-b). EQEs of perovskite top subcell and silicon bottom subcell in the tandem configuration are shown in
Fig. 8a. The result shows the 10 mm thick Si-based bottom subcell device is not capable of absorbing high energy photon
compared to 300-mm thick device. Since photon absorbance is directly related to the absorption coefficient and the thickness
of the material used. This leads to superior photovoltaic performance of 300 mm thick Si bottom subcell based tandem device,
as shown in Table 3. Further, the performance of Si cell without perovskite filter has also been presented in Fig. 8b, for
comparison. In a stand-alone configuration, the JSC of 28.08 mA cm�2 and 37.64 mA cm�2 have been obtained in 10 mm and
300-mm thick wafer based rear contact solar cells, respectively as shown in Fig. 8b. After adding the perovskite top cell, the JSC
of bottom Si cell decreases to 3.06 mA cm�2 and 12.61 mA cm�2 for 10 and 300 mm thick devices respectively due to reduced
light intensity. The decrease in FF and VOC are onlymarginally, resulting in 1.5% and 6.7% efficient two Si-based bottom subcell,
shown in Table 3. Therefore, together with the 20.9% efficiency of perovskite top subcell, this results in 22.4% and 27.6%
efficient tandem devices with 10 and 300-mm thick silicon-based bottom subcells, respectively. This is a substantial
improvement comparing to transparent perovskite solar cell and c-Si solar cell operated individually.

Moreover, the impact of carrier lifetime has been studied to obtain the effect of material quality on the performance of
bottom subcell, and the results are presented in Fig. 9 a-d. The 10 mm thick device is thin compared to conventional ~300 mm
thick silicon solar cells and hence, the device can be fabricated with inexpensive, less pure material. Also, the charge carriers
need to diffuse shorter length whereas, in 300 mm thick device, a long carrier lifetime is required to collect the carrier.
Therefore, the photovoltaic performance of thinner device shows the negligible impact of material quality, whereas signif-
icant degradation has been observed in the thicker device. Results shows for lower carrier lifetime (10�5 s) the performance of
300 mm thick is lower compared to 10-mm thick device, due to higher bulk recombination of the carrier in the thicker device,
since lifetime is small. The desiredmaterial quality and the device can be selected from Fig. 9 depending upon the application.
Total efficiency in tandem configuration can be obtained by adding the efficiencies of bottom subcell and perovskite top cell.
Fig. 7. (a) The contour representation of recombination rate in SiC-based bottom silicon subcell, (b) magnified view near SiC/n-Si interface.



Fig. 8. (a) EQE of perovskite top subcell and SiC based silicon bottom subcell in tandem configuration, and (b) J-V curve of silicon cell in stand-alone and bottom
subcell configuration.

Table 3
Photovoltaic parameters of the 4 terminal perovskite/SiC-based silicon tandem solar cell.

Solar cells JSC (mA cm�2) VOC (mV) FF (%) PCE (%)

Perovskite top subcell 23.95 1121 77.8 20.9
Si bottom cell 10 mm in stand-alone, subcell 28.08, 3.06 662, 606 82.3, 81.8 15.3, 1.5
Si bottom cell 300 mm in stand-alone, subcell 37.64, 12.61 688, 649 82.9, 82.3 21.4, 6.7
4-terminal using 10 mm thick Si bottom subcell 20.9 þ 1.5 ¼ 22.4
4-terminal using 300 mm thick Si bottom subcell 20.9 þ 6.7 ¼ 27.6

Fig. 9. Impact of carrier lifetime on the performance of bottom silicon subcell under tandem configuration: (a) JSC, (b) VOC, (c) FF, and (d) PCE.
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4. Conclusions

This work presents TCAD analysis of 27.6% efficient 4-terminal perovskite/SiC-based silicon tandem solar cell for energy
efficient applications. This is a substantial improvement comparing to transparent perovskite solar cell and c-Si solar cell
operated individually. Themotivation to design SiC-based silicon bottom subcell is to suppress the interface recombination by
preventing the minority carrier to reach the passivating interface. The 21.4% efficient individually operated SiC-based rear
contact silicon solar cell is combined in four terminal tandem configuration with 20.9% efficient perovskite cell. The perov-
skite device has been used as top subcell whereas silicon rear contact device has been used as bottom subcell. The efficiency of
bottom si subcell went down 6.7% compared to 21.4%when operated stand-alone due to reduced light intensity. The influence
of siliconmaterial quality on the performance of bottom silicon subcell has also been obtained. Detailed analysis of perovskite
top subcell has been done. The impact of perovskite layer thickness, perovskite material quality has been obtained on the
performance of perovskite top subcell. The nature of all fundamental recombination i.e. monomolecular, bimolecular, and
trimolecular recombination have been obtained inside the perovskite region, to understand the device physics of perovskite
top subcell.
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a b s t r a c t

Nanostructuring has been projected as an appropriate technique to make thin silicon an efficient
absorber. Although nano-textured surfaces have shown an anti-reflective effect, their surface passivation
properties are found to be generally worse compared to standard micro-textured surfaces. Here, a novel
front surface design has been proposed and simulated to balance the photonic and electronic effects
together. ZrO2 based texturing has been used along with SiC-based front surface passivation for the
suppression of interface recombination and improvement of open-circuit voltage (VOC). The device under
investigation shows record VOC of 662 mV in the sub-10 mm-thick rear contact silicon solar cell. The
presence of ZrO2 and SiC significantly improves the optical as well as the electrical behavior of the device.
The device exhibits external quantum efficiency (EQE) > 81% in the spectrum range of 320e720 nm
wavelength spectrum with a maximum of 95.6% at wavelength 560 nm. These improvements lead to
15.7% efficient rear contact silicon solar cell, in the sub-10 mm-thick regime. In second approach power
conversion efficiency (PCE) of 21.6% has been achieved, by introducing the same front surface design to a
300 mm thick device. All the simulations have been done using calibrated software program in ATLAS
device simulation.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Photovoltaic (PV) is a simple and elegant method of coupling the
sun's energy. Solar cells are exceptional in that they directly convert
the incident solar radiation into electricity, with no pollution and
noise, making them robust, reliable and long lasting. Solar cells are
attractive candidates for clean and renewable power [1]. Silicon (Si)
is the most extensively used material for solar cell production due
to its abundance, reliability, nontoxicity, and mature fabrication
techniques. Further, solar cell technology is a function of efficiency,
cost, and a lifetime of the cell. Hence, large-scale implementation is
not economically feasible. To absorb the solar spectrum, the
thickness of the planar cell is typically more than 100 mm [2]. This
requirement results in higher cost. Also, in order to increase the
collection of the generated carriers, the dimension of the device
should be comparable to the carrier diffusion length. Thinner sili-
con solar cells with high efficiency are fruitful for cost-effective
energy solution [3,4]. Further, to maximize solar cell efficiency, it
is necessary to optimize both, the device electrical characteristics
and the optical absorption of thin devices [5,6]. Nanostructuring
has been projected as an appropriate method to make thin silicon
an efficient absorber. However, these cells are not efficient due to
Auger and surface recombination as the surface to volume ratio of
the cells is large. However, recently, methods to minimize the
surface recombination for nanostructured based ~300 mm thick
devices have been presented which results in 20% and 22% efficient
cells [7,8]. The PCE of nanostructured Si solar cell remains below
22.2% for thick devices [7,8] and below 11% for thin devices [9],
except 13.7% and 15.7% reported in Refs. [9,10] for the 10 mm thick
devices. In previous work, a 14.3% efficient ZrO2 textured rear
contact solar cell has been proposed. The work shows efficient
photon absorption in the sub-10-mm-thick device [11]. ZrO2 is a
material of great technology due to its outstanding mechanical and
electrical properties and high dielectric constant. Large band gap
(Eg ~ 6eV) and dielectric properties ( 3~ 25) suggested its potential
to replace SiO2 in the advance semiconductor device and optical
applications [12]. Also, it has an excellent thermal stability. This
work further extends the study of ZrO2 textured front surface based
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rear contact silicon solar cell having thin defect free SiC layer at the
ZrO2/Si interface. The presence of thin SiC layer minimizes the
reflectivity [13,14]. Previous work shows, embedding 3C-SiC
nanoparticles significantly reduces the photo reflectivity in UV/
visible spectrum region [15]. The SiC is an indirect (Eg ¼ 2.2 eV)
semiconductor with wide energy band gap, high thermal conduc-
tivity, large breakdown field, and high saturation velocity make this
material an ideal choice for high temperature, high power, high
voltage electron devices. Its high melting point, chemical inertness,
high wear resistance, and extreme hardness, make it possible to
fabricate sensors and actuators capable of performing in harsh
environments [16]. The SiC film formation has been done for Si
solar cell passivation. The film was deposited on silicon (100) and
glass substrates by an RF magnetron co-sputtering system [17].
Recently, SiC passivated SiGe wafer based rear contact solar cells
have been proposed for ultra-high efficiency in sub 10 mm thick
devices; work shows improved optical absorptionwithout the need
of complex texturing [18,19].

Moreover, this work shows that the presence of SiC improves
the photovoltaic parameters of ZrO2 based rear contact solar cell.
The discussed device shows JSC and VOC of 29.3 mA cm�2, 662 mV
respectively. This results, in 15.7% PCE in sub 10-mm thick solar cell,
which is equivalent to the experimentally achieved record PCE of
15.7% using periodic nanostructure [10]. However, present work
shows superior VOC, which shows that the surface recombination
issue has truly been solved and SiC passivation based nano-
structured silicon solar cell have real potential for industrial pro-
duction. The rear contact silicon solar cell has been selected
because it is a promising high-efficiency solar cell having both,
junction and the electrodes at the back side of the device. Now,
since the junction and contacts are on the back side, front surface
can be designed for optimum optical performance [20].

2. Device structure and simulation

In this section, the calibrated software program is written in
Silvaco ATLAS device simulator as per the results reported by
(sangmoo jeong et al., 2013) for 10 mm thick rear contact solar cell
with antireflection (AR) coating [9]. The dimensions and the doping
density of the planar device were identical to the referenced cell
and named as Device A as shown in Fig. 1. The device geometry in
the simulation was (50-mm-wide pitch, 46 mm-wide Pþ, and 30-
mm-wide Nþ). The substrate was N-type, with doping density
(3 � 1015 cm�3). Pþ region was doped with boron (4 � 1020 cm�3,
depth of 300 nm). Nþ region was doped with phosphorous
Fig. 1. The simulated device structure i.e. 10 mm thick rear-contact silicon solar cell
with the anti-reflective (AR) coating.
(1 � 1020 cm�3, depth of 100 nm).
Further, in the presence of heavy doping, (>1018 cm�3), experi-

mental work has shown that the PN product in silicon turns out to
be doping dependent [21]. As the doping level rises, a decrease in
the bandgap occurs, where the valence band raises by the
approximately same amount as the conduction band is lowered.
Discussed structure has heavily doped P and N regions, and so
bandgap narrowing effects are enabled. These effects can be
described by an analytic expression relating the variation in the
bandgap,DEg to the doping concentration, N [22]. Furthermore, the
solar cells are the carrier recombination affected devices. Therefore,
Auger and Shockley- Read- Hall (SRH) recombination models are
selected during the simulation. Phonon transitions occur in the
presence of a trap or defect within the forbidden gap of the semi-
conductor [23,24]. Basic for the SRH model are the assumptions of
one trap level in the forbidden band and drift-diffusion assumption
for the transport of electrons and holes, and the assumption that
the dynamics of the trapped carrier is quasi-stationary [25]. Auger
recombination occurs through a three particle transitionwhereby a
mobile carrier is either captured or emitted. The underlying physics
of such processes is unclear, and normally a more qualitative un-
derstanding is sufficient [26]. The auger coefficients,
Cp ¼ 9.9 � 10�32 cm6 s�1 and Cn ¼ 2.8 � 10�31 cm6 s�1 have been
used for P-type and N-type silicon, respectively, at 300 K temper-
ature [27]. The concentration dependent mobility and field
dependent mobility models have also been selected during simu-
lation. The consistent set of models and parameters for the simu-
lation of Si solar cell have been used as suggested in already
published article [28].

To obtain the current density (J)- voltage (V) curve under illu-
mination, the standard AM1.5 solar spectrum has been used. Also,
as the contact interface betweenmetal and semiconductor is highly
doped both for the Pþ and Nþ region i.e. ~1020 cm�3, therefore, the
ohmic contacts are used in this work. This has been done to avoid
Schottky barriers, and thus unnecessarily higher computation time.
Result reveals, the software program, is well calibrated within the
acceptable range shown in Table 1.

3. Results

The result section is divided into two parts, first, designing a
ZrO2 textured and thin SiC-based ZrO2 textured 10� 10 mm thickN-
type silicon wafer for optimal spectrum response and second, the
designed ZrO2 patternwith and without SiC has been introduced to
Device A, by removing anti-reflective coating (ARC) layer. ZrO2
textured 10 mm thick rear contact silicon solar cell is called as De-
vice B, and ZrO2 textured device with SiC layer at the ZrO2/N-Si
interface is termed as Device C.

3.1. Spectrum response of ZrO2 textured SiC-based silicon wafer

In this section, a 10 � 10 mm thick N-type Si wafer without ARC,
with ARC, textured ZrO2 and textured ZrO2 having SiC (20 nm) layer
at ZrO2/N-Si interface have been designed and simulated to obtain
the spectrum response. The entire front surface is covered with
repeated ZrO2 facet structures and optimized height, 175 nm, and
width, 250 nm is used for texturing. The smaller and larger width
size than 250 nm will show lower optical coupling and lower
conversion efficiency, as suggested in Ref. [29]. In the real cell, the
nanopatterns can be fabricated via inexpensive and scalable
imprinting technique. The complex refractive index of various
materials has been obtained from Sopra database [30] and pre-
sented in Fig. 2 (aeb). Fig. 2a shows, as wavelength changes from
300 to 1200 nm, the reflective index, n of ZrO2 changes from 2.45 to
2.17. the n values of ZrO2 are close to the n values of nitride, which is



Table 1
Photovoltaic parameters of 10 mm thick devices: Device A, Device B, and Device C corresponds to Si3N4 coated, ZrO2 textured, and SiC-based ZrO2 textured devices, respectively.

Device JSC (mA cm�2) VOC (mV) FF (%) PCE (%)

Reference cell [9] 22.2 615 80.2 10.9
Device A 22.2 616 80.8 11.0
Device B 28.6 623 80.9 14.4
Device C 29.3 662 80.9 15.7
Periodic nanostructure based silicon solar cell [10] 33.9 589 78.5 15.7

Fig. 2. Wavelength-dependent optical properties of the materials used in simulation: (a) Real index, and (b) Absorption coefficient of silicon. Inset shows the extinction coefficient
of SiC.
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usually used as AR coating for silicon solar cell [31e33].
Further, the spectral response of Si wafers is presented in Fig. 3

(aeb). Result shows, planar silicon wafer without coating is highly
reflective i.e. absorption is small in the range of 300e1000 nm
wavelength spectrum. Also, ARC coating based Si wafer shows
>96% absorption in the spectrum range of 500e625 nm wave-
length. Lower and higher wavelength response is however not
Fig. 3. Spectral response of (10 mm � 10 mm) thick Si wafer with the different type of front s
the thickness of 80 nm for anti-reflection (AR) layer.
remarkable. The ZrO2 textured wafer shows improved optical
behavior compared to ARC coating based wafer due to anti-
reflection and light scattering. This concludes that higher absorp-
tion is achieved in the ZrO2 textured wafer, which further results in
higher available photocurrent shown in Fig. 3b. Results also indi-
cate that throughout the spectrum range (300e1000 nm), ZrO2
textured wafer shows enhanced absorption as compared to ARC
urface. (a) Absorption, and (b) Source and available photocurrent. Si3N4 was used with



Fig. 4. Photon absorption rate (cm�3 s�1) in the silicon wafer with the different type of front surface: (a) Without ARC, (b) with ARC, (c) ZrO2 textured, and (d) SiC-based ZrO2

textured. Fig. 4 (eeh) shows the magnified view near the interface for uncoated, ARC based, ZrO2 textured, and SiC based ZrO2 textured wafers, respectively.
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coated wafer. At a wavelength equivalent to 300 nm, 77% absorp-
tion is achieved in the silicon wafer. Also, photon absorption >82%
has been achieved in the spectrum range of 325e850 nm wave-
length with a maximum of 98.2%. This shows spectrum response
has been improved due to ZrO2 textured front surface. Further,
optical behavior of SiC-based ZrO2 textured wafer has also been
obtained. The efficiency of a solar cell is directly related to the
amount of light entering the cell. Antireflection coating is used to
reduce the reflection of the useful light while not absorbing it. Our
previous work shows that the photon coupling in underlying sub-
strate is higher for 20 nm thick SiC-based device. Whereas,
increasing the SiC thickness results in parasitic absorbance in SiC,
and lower photon coupling in underlying substrate. Since, absor-
bance directly depends on the thickness of the material. This
further results in lower short circuit current density and power
conversion efficiency [18]. Therefore, the thickness of SiC used in
the simulation is only 20 nmwhose absorption is negligible hence,
optical coupling in underlying silicon is higher. Also, the optical
properties i.e. refractive index (n) and extinction coefficient (k)
required for an AR coating depends on the refractive index of the
underlying substrate, encapsulated cover, and the operating
wavelengths. The material having low absorption of useful light is
needed, to reduce the absorption of useful light in ARC. Therefore,
low k values are required, k value of 0.01 corresponds to less than
1% absorption, since a ¼ 4пk/l. Fig. 2a and b shows that SiC has n
between 2.9 and 2.5 in the spectrum range of 300e1200 nm and k
Fig. 5. Contour representation of Recombination rate (cm�3 s�1): (a) Si3N4 coated device, (b
magnified view of Si3N4/N-Si, ZrO2/N-Si, and ZrO2/SiC/N-Si interfaces, respectively.
of less than 0.01 for the wavelengths greater than 430 nm. Also,
according to the patented work of Allen et al. [34] SiC film having n
between 2.7 and 2.3 and k of less than 0.01 at a wavelength of
630 nm is a good candidate for antireflective coating for solar cells.
This confirms that presence of SiC will not degrade the optical
behaviors of ZrO2 based wafer. Furthermore, a contour plot of
photons absorption rate in the wafers is also shown in Fig. 4(aed).
Higher photon coupling has been observed in both ZrO2 based and
SiC- based ZrO2 textured wafer. This results in higher absorption
rate as well as higher absorption depth compared to ARC based
device, as shown in Fig. 4c and d and Fig. 4g and h.

3.2. Rear-contact solar cell with ZrO2 textured front surface

Spectral results as discussed shows that the optical performance
of Si wafer is significantly improved in the case of ZrO2 textured
front surface. Therefore, ARC coating of Device A is replaced with
ZrO2 textured front surfacewith rest of the device parameters being
the same. In this section, the performance of two ZrO2 textured
solar cells has been obtained, one with 20 nm thick SiC layer at the
interface (Device B) and another without SiC layer at the interface
(Device C). Also, the results of the devices are comparedwith planar
rear contact device as shown in Fig. 1.

Here, Device B and Device C have been simulated with the help
of calibrated program written for device A. Results of previous
section shows, an amalgamation of thin SiC layer does not degrade
) ZrO2 textured device, and (c) SiC-based ZrO2 textured device. Fig. 5 (def) shows the



Fig. 6. Current density e voltage (J-V) curve under illumination for different devices:
Si3N4 coated, ZrO2 textured, and SiC-based ZrO2 textured devices respectively.
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the optical behavior of the wafer. Hence, both the devices i.e. device
B and device C shows significant improvement in device photo-
voltaic parameters: in terms of short circuit current density (JSC),
VOC, fill factor (FF), and PCE compared to device A. Fig. 5(aef),
shows the contour plot of recombination rate in Device A, Device B,
and Device C, respectively. The device architecture is such that the
holes generated at point 1, in Fig.1 need to travel shorter to arrive at
N d Pþ interface, whereas the holes generated at point 2, needs to
travel a greater lateral distance. Under short-circuit condition, a
space charge region is formed around the junction having an
associated electric field that collects the generated electron-hole
Fig. 7. Impact of minority carrier lifetime on photovoltaic parameters of Si3N4 coated, ZrO
pairs, and the collection is complete near Pþ region. However,
outside the Pþ region, the substrate is neutral, and the collection
will be by diffusion of electrons and holes towards the field region
where theywill be collected and separated. The electrons and holes
generated in a region greater than the diffusion length will never
reach the junction, and the recombination process will balance out.
This results in higher recombination rate in region II compared to
the region I, shown in Fig. 5. Further, Fig. 5c and f shows that sig-
nificant improvement in surface recombination has been obtained
in Device C compared to Device A and Device B. The analysis reveals
that recombination rate near the SiC/N-Si interface is small
compared to the bulk region (N-Si) of the device. The presence of
SiC creates an electric field at the interface and is directed from SiC
to Si, rendering it energetically unfavorable for holes transport to
SiC/N-Si interface, resulting in a low concentration of holes at the
passivating interface [18,35]. Thus, sinking the holes concentration
at the interface will produce higher concentration difference be-
tween electrons and holes, and results in lower surface recombi-
nation rate [36].

Results conclude that presence of ZrO2 textured front surface
increases the optical response and presence of SiC at the ZrO2/N-Si
interface minimizes the surface recombination. Therefore, the dual
advantage has been obtained with the help of SiC and ZrO2. Further,
the J-V curve is presented in Fig. 6, for Device A, Device B, and
Device C, respectively. Also, the photovoltaic parameters are
concluded in Table 1. The J-V curve of Device A is identical to the J-V
curve of the planar 10-mm-thick solar cell with anti-reflection (AR)
layer, presented by (sangmoo jeong et al., 2013) [9]. This also vali-
dates the calibration of the software program. Moreover, lower
recombination and higher Photogeneration lead to improved JSC
and VOC in Device B and Device C compared to Device A. The JSC, VOC
of 28.6 mA cm�2, 623 mV, and 29.3 mA cm�2, 662 mV have been
2 textured, and SiC-based ZrO2 textured devices: (a) VOC, (b) JSC, (c) PCE and (d) FF.



Fig. 8. (a) Available photocurrent in the 10 mm and 300 mm thick SiC-based ZrO2 textured devices, respectively under AM1.5 illumination, and (b) EQE of the 10 mm and 300 mm thick
SiC-based ZrO2 textured devices, respectively.

Fig. 9. The J-V curve of the 10 mm and 300 mm thick SiC-based ZrO2 textured devices,
respectively.
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obtained in Device B and Device C, respectively, as shown in Fig. 6.
Hence, 32% higher JSC and 7% higher VOC has been obtained in
Device C compared to Device A. Also, the VOC of the Device C is 6%
higher compared to Device B which shows that the presence of SiC
in ZrO2 textured rear contact device significantly boost the photo-
voltaic performance of the device by suppressing the surface
recombination. The overall PCE of the Device C is 42% and 11%
higher compared to Device A and Device B respectively.

Moreover, the impact of minority carrier lifetime has been
studied to obtain the effect of material quality on photovoltaic
parameters, and the results are presented in Fig. 7 (aed). The dis-
cussed device is thin compared to conventional silicon solar cells
and hence, the device can be fabricated with inexpensive, less pure
Table 2
Photovoltaic parameters of 300 mm thick SiC-based rear contact silicon solar cell along w

Device Thickness (mm) JSC (mA cm

SiC based ZrO2 textured 300 39.4
MST based device [7] 285 ± 25 40.5
material. Also, the charge carriers in discussed device need to
diffuse shorter length whereas, in conventional rear contact device,
a long carrier lifetime is required to collect the carrier because the
thickness is usually >150 mm. This results in, increased module cost
since high-purity material is required. Results show that the impact
of minority carrier lifetime is negligible on all the three devices.
However, the overall photovoltaic parameters of the Device C are
superior compared to Device A and Device B. At t equivalent to
10�2 s, the PCE of 11.3%, 14.7%, and 16.5% have been obtained in
Device A, Device B, and Device C respectively, whereas, for t
equivalent to 10�5 s, the values are 11.0%, 14.4%, and 15.7%,
respectively. This shows only 4% change in PCE is observed for
Device C, as carrier lifetime changes from 10�2 s to 10�5 s. All the
photovoltaic parameters of Device C are good compared to Device A
and Device B as shown in Fig. 7 (aed).

3.3. SiC- based ZrO2 textured 300 mm thick rear contact solar cell

The results of the previous section show that the performance of
silicon solar cell is improved with the help of SiC- based ZrO2
texturing, however, optical absorption falls to lower values in the
wavelength range of 900e100 nm, whereas simulated spectrum
goes up to 1200 nm. The absorption coefficient of silicon is small at
higher wavelength [37,38] and hence to increase the absorption up
to 1200 nm, thicker silicon is required. Therefore, a 300 mm thick
SiC-based ZrO2 textured rear contact solar cell has also been
designed and its optical, as well as electrical parameters, are
compared with 10 mm thick device as discussed in previous sec-
tions. Fig. 8 show the optical behavior of the devices i.e. 10 mm and
300 mm thick devices, respectively. The available photocurrent is
shown in Fig. 8a along with source photocurrent of the spectrum.
Improved available photocurrent has also been obtained in 300 mm
thick device in higher wavelength regime. The EQEs of the two
devices have also been obtained and presented in Fig. 8b. Results
ith already published experimental results.

�2) VOC (mV) FF (%) PCE (%)

687 80.0 21.6
635 77.0 19.8
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show, significant improvement in the higher wavelength region.
The EQE fall to lower values at higher wavelength compared to 10-
mm thick device, as shown in Fig. 8b. Further, J-V curve of the de-
vices is shown in Fig. 9. Results indicate that improved optical
response of 300 mm thick device leads to significant improvement
in JSC. The minority carrier lifetime of 1 ms has been selected for the
thicker device to prevent the bulk recombination of generated
carriers. The JSC (39.40 mA cm�2), VOC (687 mV), FF (80%), and PCE
(21.6%) have been obtained. In experimental work, modulated
surface textured (MST) based rear contact device shows JSC, VOC, FF,
and PCE values of 40.5 mA cm�2, 635 mV, 77%, and 19.8%, respec-
tively [7]. This shows that simulated results are in good agreement
with experimental results. The VOC value of the experimental de-
vice is lower compared to the device under investigation. This
concludes that the optimum surface passivation has been achieved
in this work compared to experimental results due to the presence
of SiC. This shows that the amalgamation of SiC in experimental
devices can significantly suppress the carrier recombination at the
interface and lead to higher open circuit voltage. The photovoltaic
parameters of the devices are shown in Table 2 along with already
available experimental results.

4. Conclusions

This work presents an efficient optical absorption and improved
surface passivation in sub-10 mm-thick Si solar cell device. ZrO2 and
SiC based front surface are designed for the silicon wafer, and
spectrum response is obtained. The wafer shows absorption (87%)
at short wavelengths (300 nm). Results show that throughout the
wavelength spectrum 300e1000 nm i.e. (UVeVisibleeInfrared),
ZrO2 textured wafer having thin SiC at the interface (ZrO2/N-Si)
shows significant improvement in optical absorption. Hence, ZrO2
textured SiC-based rear contact solar cell has been designed and
simulated to achieve lower interface recombination and improved
open-circuit voltage (VOC). This results in enhanced photovoltaic
parameters compared to the conventional rear contact solar cell
with AR coating. The JSC and VOC of 29.3 mA cm�2, 661 mV have
been obtained. This results in 15.7% PCE in the sub-10 mm-thick rear
contact silicon solar cell. Further, a 21.6% efficient 300 mm thick
device has also been designed and simulated. Results show that if
fabricated experimentally it can prove to be a cost-effective solu-
tion for energy efficient applications.
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and provide the most feasible carbon–neutral route to dis-
placing terawatts(TW) of nonrenewable power consumed 
worldwide (Garnett and Yang 2010). Since solar cell tech-
nology is not an individual function of efficiency but also 
depends on the cost, hence large scale implementation is not 
economically feasible. In order to maximise solar cell effi-
ciency, it is necessary to optimize both the electrical device 
characteristics and the optical absorption of the device 
(Deceglie et al. 2012; Deinega et al. 2013; Tian et al. 2007). 
Power conversion efficiency of Si-solar cell remains below 
10.5 % for thin devices (Green et al. 2014). However, it has 
been observed that reducing the thickness of the photovoltaic 
cell to sub 10 µm can potentially have considerable impact 
on cost reduction.

One promising high-efficiency solar cell concept is 
the back-contact back- junction solar cell (Kerschaver 
and Beaucarne 2006) having both, junction and the elec-
trodes at back side of the device. The first 17 % efficient 
under 50 sun condition BC-BJ solar cell presented by 
(Schwartz and Lammert 1975). The conventional BC-BJ 
solar cell have large area which result in higher material 
cost. Microsystem enabled 14 µm thick, 250 µm wide rear 
contact solar cell, with 14.9 % efficiency are presented by 
(Cruz-Campa et  al. 2011), work shows that the ultrathin 
wafer handling problem can be avoided by using low 
cost microsystem techniques. Further, an all back-contact 
ultra-thin i.e., 10 µm thick silicon nanocone solar cell with 
13.7  % power conversion efficiency is reported (Jeong 
et  al. 2013). Further, back-contacted silicon heterojunc-
tion solar cells with 9 cm2 active cell area were fabricated 
on 250-μm-thick, n-type, 4-in float-zone (FZ) wafers, 
with a nominal resistivity of 3 Ω cm, resulting in 21.5 % 
PCE (Tomasi et al. 2014). Also, independently confirmed 
conversion efficiency of 23.0  % for n-type rear contact 
cells has been reported (Feldmann et  al. 2014) and at 

Abstract  In this paper, a SiGe based Back-Contact Back-
Junction (BC-BJ) device structure called BC-BJ SiGe solar 
cell has been proposed. Photo reflection is significantly 
reduced in UV/Visible spectrum region in case of SiC/
Si3N4/SiO2 passivated BC-BJ SiGe solar cell. Result, indi-
cates that presence of SiC play an important role in photo-
electric conversion. Ray tracing and finite difference time 
domain (FDTD) algorithms are used to simulate optoelec-
tronics characteristics of the device. Simulation achieves 
the barrier height of 0.8 eV for holes at the interface which 
results in a higher field. The lower interface recombination 
rate of the order of 1017 cm−3 s−1 has been obtained. The 
device shows improved photovoltaic parameters. External 
quantum efficiency >84 % in the spectrum range of 450–
700  nm wavelength and more than 80  % in the range of 
350–700 nm wavelength is obtained. Further, we obtained 
the fill-factor (FF) and power conversion efficiency (PCE), 
79 %, 17.8 % and 79 %, 14.8 %, using FDTD and ray trac-
ing methods, respectively. All the simulations have been 
done using atlas and devedit device simulator.

1  Introduction

Over the last 53  years, commercial silicon photovoltaics 
(PV) have been developed to convert sunlight into electricity 
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the end of the year, the interdigitated back contact (IBC) 
solar cells developed which resulted in an independently 
confirmed designated-area efficiency of 24.4  %, The 
cell was fabricated on a 230 μm thick 1.5 Ω  cm n-type 
CZ wafer (Franklin et al. 2014). These cells have higher 
thickness they require high quality materials, in order to 
have higher minority carrier lifetime: order of magnitude 
10 ms. These kind of c-Si are very expensive, resulting in 
increased module cost.

Here, we propose a 10  µm thin novel BC-BJ SiGe 
solar cell with a 14.8  % power conversion efficiency 
that will overcome the problems associated with thin 
devices such as auger and surface recombination. Here, 
SiGe is used because the energy of the visible part of 
the spectrum used by solar cell is less than 50 % and in 
order to increase the absorption of sunlight, low band-
gap (<1.1  eV) material is required. Using low bandgap 
material in solar cell makes the conversion efficiency of 
the cell effective. Nowadays, SiGe is used for high fre-
quency transistors as well as potential has been explored 
for solar cells also. SiGe has higher carrier lifetime and 
higher mobility as compared to silicon. In SiGe technol-
ogy, the electrical properties of silicon are modified with 
germanium. SiGe processing is simple because the phys-
ical and electrical properties of silicon and germanium 
are similar (Ouellete 2002). Also SiGe possesses higher 
mechanical strength, and suppresses the high inten-
sity degradation of solar cell under illumination (Yang 
et  al. 2010). The band gap of SiGe can be modified to 
vary by changing the Ge ratio (Wang et  al. 2012; Pov-
olny et al. 2000) and alternatively by varying the optical 
absorption, absorption is directly related to band gap of 
semiconductor

2 � Device structure: parameters and simulation 
models

The simulation device structure i.e., BC-BJ SiGe solar is 
shown in Fig. 1. Device contains intrinsic SiGe wafer hav-
ing length in y-direction equal to 10 µm and in x-direction 
equals to 100 µm, without optical absorber coating on top. 
The Si0.9 Ge0.1 was used during the simulation, very small 
fraction of germanium is used. Because, if we increase 
the germanium content the bandgap of SiGe decreases 
(Atlas user manual 2014), which further results in lower 
open circuit voltage. The width of N +/P + regions are 30 
and 45 µm respectively, in X direction whereas the depth 
is 100 and 300 nm in Y direction. The pitch of the device 
is 52  µm. The device consists of ohmic contacts and the 
doping concentration of N +/P +  regions are 4 ×  1020 
cm−3. All simulations have been performed using atlas and 
devedit device simulator. The complex refractive index of 

various materials as a function of temperature and com-
position has been obtained from sopra database. SiGe 
parameters are obtained from Silvaco library and shown in 
Table 1. 

The energy band diagrams from P+–I–N+ regions are 
examined under dark and illuminated conditions, respec-
tively. It is clearly observed that electron quasi Fermi 
level lies within the valence band and conduction band at 
P+ region and N+ region, respectively shown in Fig. 2a. 
This helps in analyzing the motion of the carriers i.e., 
if an electron is generated in the I region, then it finds 
build-in potential at P+  side and hence, will not travel 
towards P+  side but as there is no barrier in N+  side, 
it can easily move toward N+  region. In Fig.  2b, under 
illumination, the electron quasi Fermi level and band 
diagram is changed because of the light generated carri-
ers. In intrinsic SiGe region, as the number of free carri-
ers are increased during illumination, Fermi level moves 
closer to the bottom of the conduction band. The N+  , 
P+  region acts as a back surface field (BSF) for holes 
and electrons, respectively. Thereby reflecting, the hole 

52 µm

5µm               50µm     65µm            95µm

X (µm)

Y (µm)
10 µmI-SiGe

N+ SiGe
P+ SiGe

100 µm

Fig. 1   Proposed SiGe based device: BC-BJ SiGe solar cell

Table 1   Parameters of SiGe used in simulation

Energy band gap (Eg) 1.08 eV

Band density (Nc) 2.8 × 1019 (cm−3)

Band density (Nv) 1.04 × 1019 (cm−3)

Intrinsic carrier conv (Ni) 1.45 × 1010 (cm−3)

Minority carrier lifetime for electron 3 × 10−5 s

Minority carrier lifetime for holes 1 × 10−5 s

Electron mobility (μn) 1430 cm2/Vs

Hole mobility (μp) 480 cm2/Vs
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moving towards N+ region and electron moving towards 
P+ region by the barrier at I-N+ region and I-P+ region, 
respectively.

Further, in the presence of heavy doping (>1018 cm−3), 
experimental work has shown that the pn product in sili-
con turn out to be doping dependent (Slotboom 1977). 
As the doping level rises, a decrease in the bandgap 
occurs, where the valence band raises by approximately 
same amount as the conduction band is lowered. Pro-
posed device has heavily doped P+ and N+  regions and 
so bandgap narrowing effects are enabled. These effects 
may be described by an analytic expression relating the 
variation in bandgap (Eg) to the doping concentration, N. 
The expression used in simulation is from Slotboom and 
de Graaf (Slotboom and de Graaff 1976). Furthermore, 
Auger and Shockley- Read- Hall (SRH) recombination 
models are selected during the simulations. Auger recom-
bination occurs through a three particle transition whereby 
a mobile carrier is either captured or emitted. The under-
lying physics for such processes is unclear and normally a 
more qualitative understanding is sufficient (Dziewior and 
Schmid 1977; Selberherr 1984). In SRH, Phonon transi-
tions occur in the presence of a trap or defect within the 
forbidden gap of the semiconductor (Shockley and Read 
1952; Hall 1952). The Poisson equation together with 
the continuity equation for electrons and holes are solved 
simultaneously by the software to obtain the current den-
sity- voltage (J-V) characteristics. The standard air mass 
1.5 (AM1.5) spectrum is used.

3 � Simulation results

3.1 � Designing of highly absorbing surface passivation 
layer (HAPL) using carbide, oxide and nitride

In this section, we have designed and discussed the 
HAPL layer for rear contact SiGe solar cell, using car-
bide, and oxide and nitride layers. We have simulated a 
(10 × 10) µm thick intrinsic SiGe wafer and with differ-
ent absorbing layers. Spectrum response i.e., reflectivity 
and available photo current as a function of wavelength 
is presented in Fig.  3a, b with different absorbing lay-
ers for intrinsic SiGe wafer. Results, indicate significant 
decrease in photo reflectivity in UV region due to pres-
ence of SiC. However, results also indicate SiC is highly 
reflective in visible region, therefore only SiC layered 
device shows lower available photocurrent in visible spec-
trum shown in Fig. 3b. So, in order to avoid this problem, 
oxide and nitride coated layers has been placed on SiC. 
Result shows, SiO2 coated SiC provide better absorption 
compared to Si3N4 coated SiC shown in Fig. 3a, b. Result 
also indicates SiGe wafer without absorbing layer is 
highly reflective. Further, highest absorption is achieved 
in SiC/Si3N4/SiO2 coated SiGe compared to other layers. 
Furthermore, results also indicate that SiC/SiO2 coated 
SiGe wafer shows approximately same response as SiC/
Si3N4/SiO2 coated SiGe. This indicates SiC/SiO2 coated 
SiGe can be used instead of SiC/Si3N4/SiO2 coated SiGe 
in order to avoid complexity.

Fig. 2   The energy band diagrams from P+–I–N+ regions with Electron Quasi Fermi Level at zero bias V = 0. a Under dark and b With Illumi-
nation Pin = 0.1 W/cm2
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3.2 � Optical analysis of SiC/Si3N4/SiO2 coated SiGe 
solar cell

In previous section, result shows that SiC/Si3N4/SiO2 
coated I-SiGe wafer shows superior spectrum response 
compared to other layers. In this section, we have per-
formed SiC/Si3N4/SiO2 coating on proposed device dis-
cussed earlier in device section. Thickness of SiC/Si3N4/
SiO2 layers are 0.05/0.05/0.1  µm respectively, simu-
lated modified structure is shown in Fig. 4. The spectrum 

response of (BC-BJ) SiGe solar cell with conventional 
Si3N4 and SiC/Si3N4/SiO2 layers on top is obtained and 
presented in Fig. 5a, b. From Fig. 5a, it is clear that an opti-
cal absorption >85 % is achieved in the spectrum range of 
400–700  nm wavelength which higher than the conven-
tional Si3N4 passivated SiGe cells. Result shows, significant 
improvement in absorption as well as EQE of SiC/Si3N4/
SiO2 passivated solar cell. Significant improvement has 
been observed in UV/Visible spectrum in SiC/Si3N4/SiO2 
passivated SiGe solar cell compared to conventional Si3N4 
passivated cell, thereby increasing the photon absorption of 
proposed device. Higher absorption results in higher EQE 
shown in Fig. 4b. The device achieved EQE >80 % in the 
wavelength range of 400–700  nm. At wavelength equiva-
lent to 600 nm it shows EQE of the order of 87.6 %. Also, 
in UV region, at wavelength equivalent to 250  nm SiC/
Si3N4/SiO2 passivated device shows 77  % EQE, whereas 
Si3N4 passivated device shows 43  % EQE. This results 
in 79 % higher EQE in SiC/Si3N4/SiO2 passivated device 
compared to Si3N4 cell, at 250 nm wavelength.

3.3 � Analysis of SiC/Si3N4/SiO2 coated SiGe solar cell 
parameters: surface recombination rate  
and carrier concentrations

Further, in solar cell technology an absorbing layer should 
also provide good surface passivation, which prevents the 
recombination of the carriers at the interface. Our pre-
vious work shows that the presence of SiC as front sur-
face passivation layer for rear contact silicon solar cell 
results in improved photovoltaic parameters compared to 

Fig. 3   Spectrum response of (10 × 10) µm thick I-SiGe wafer with different absorbing layers. a Reflectivity plot, b available photocurrent. Inset 
shows source photocurrent
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Fig. 4   Proposed SiGe based device: BC-BJ SiGe solar cell with SiC/
Si3N4/SiO2 coating on top
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conventional front surface passivation scheme (Pandey 
and Chaujar 2014a, b). Here, we have studied the SiC/
Si3N4/SiO2 based front surface passivation on BC-BJ SiGe 
solar cell. We have obtained the holes quasi Fermi energy 
level near the SiC/I-SiGe interface. Results are compared 
with BC-BJ SiGe solar cell having only Si3N4 as a front 
surface passivation. The obtained results are plotted in 
Fig. 6a–c. Result shows, in the proposed device higher field 
at the interface is achieved. We obtained the barrier height 
of ~0.8  eV for holes, in proposed device with SiC/Si3N4/
SiO2 based front surface passivation. Higher field will 
assist the holes to move towards the junction, resulting in 
low concentration of carriers (holes) at the interface shown 
in Fig.  6c. After illumination, at the interface, the carrier 
concentration of 2.15  ×  109 cm−3 and 7.4  ×  108 cm−3 
for electron and holes, respectively has been observed in 
the device, whereas the bulk concentration of the carrier 
is  ~1015  cm−3. Further, Fig.  6b shows the comparison of 
interface recombination rate. In surface recombination pro-
cess, an electron from conduction band recombines with 
the hole in the valance band via a defect level within the 
bandgap (Aberle 2010). If the concentration of the carri-
ers is drastically reduced, then recombination rate reduces 
strongly. Further, Results reveal that the magnitude of inter-
face recombination rate is less in the proposed device. The 
magnitude of interface recombination rate of order of 1017 
cm3  s−1 has been achieved in proposed device shown in 
primary axis in Fig.  6b. This section concludes, presence 
of SiC provides good surface passivation. The Ray trac-
ing and Finite-difference time-domain method is used for 
the computation of the optoelectronics properties. Also, 

total current density from P+–I–N+ region is presented in 
Fig. 7. Higher current density is observed in case of FDTD 
simulation compared to ray tracing method. This is because 
the ray tracing algorithm does not includes the diffraction 
and coherence effects, whereas FDTD algorithm accounts 
both diffraction and coherence effect. This algorithm solves 
the electric and magnetic field propagation directly from 
the fundamental wave equations. FDTD simulation results 
in a higher carrier generation inside the device. The light 
generated current is directly proportional to the light gener-
ated carriers. 

3.4 � Electrical characteristic i.e., J‑V characteristics 
of SiC/Si3N4/SiO2 passivated BC‑BJ SiGe solar cell

The most important part of the solar cell design is its cur-
rent voltage characteristics. Any design must have a higher 
short circuit current density (Jsc) and a higher open circuit 
voltage (Voc). The current density–voltage (J-V) character-
istic of the device is measured under AM1.5 illumination 
with optical power (0.1 W/cm2) and is presented in Fig. 8 
along with power density- voltage (Po-V) curve. Ray trac-
ing and FDTD simulation has been done to obtained the 
J-V curve. FDTD simulation has been done in order to 
obtain the maximum possible efficiency from the device. In 
case of FDTD, zero optical lose is considered. This shows, 
in future, further enhancement in absorption of device will 
lead to ~18 % PCE. In FDTD, We obtained the short cir-
cuit current density (Jsc) of 37.86 mA·cm−2 and open cir-
cuit voltage (Voc) of 593 mV, whereas in ray tracing Jsc and 
Voc are 28.93  mA·cm−2 and 585  mV, respectively. FDTD 

Fig. 5   Comparison of optical parameters of SiC/Si3N4/SiO2 and Si3N4 passivated device: a absorption spectrum of BC-BJ SiGe Solar Cell. b 
External quantum efficiency of BC-BJ SiGe Solar Cell



2678	 Microsyst Technol (2016) 22:2673–2680

1 3

Fig. 6   Advantageous parameters at the interface. a Comparison of 
hole quasi Fermi (HQF) energy levels. b Recombination rate near 
SiC/I-SiGe interface, primary axis and recombination rate near Si3N4/

I-SiGe interface, secondary axis. c Electrons and holes concentrations 
near SiC/I-SiGe interface

Fig. 7   Comparison of light generated current density of BC-BJ SiGe 
solar cell using ray tracing and FDTD method

Fig. 8   Electrical parameters of SiC/Si3N4/SiO2 passivated BC-BJ 
SiGe Solar Cell: J-V curve-primary axis and Po-V curve-secondary 
axis
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simulation shows 30.8 and 1.4  % increment in Jsc and 
Voc, respectively compared to ray tracing simulation. The 
FDTD simulation results in higher absorption and higher 
carrier concentration which further results in higher Jsc 
and variation in the Voc is negligible. Some of the important 
parameters of the design have been summarized in Table 2. 

4 � Conclusion

In this work, we proposed a novel, thin BC-BJ SiGe Solar 
cell design as a cost-effective solution for energy efficient 
applications. Results, indicates that presence of SiC play an 
important role in photoelectric conversion, photo reflection 
is significantly reduced in UV/Visible spectrum region in 
case of SiC/Si3N4/SiO2 passivated BC-BJ SiGe solar cell. 
The work analyses the band diagrams, internal current den-
sity, and surface recombination of the proposed design. The 
ray tracing and FDTD method is used to simulate the device 
optoelectronics characteristics. TCAD analysis results in a 
higher EQE >82 % throughout the spectrum range of 450–
700  nm wavelength and a significantly improved power 
conversion efficiency of 14.8 %. The carrier concentration 
at the interface is lower than the bulk, therefore reduced 
recombination rate of ~1017 cm−3 s−1 has been obtained at 
the interface. We have achieved the concentration of  ~109 
cm−3 and  ~108 cm−3 for electron and hole, respectively 
at the interface. This ensures the enhanced surface passi-
vation. In addition, enhanced photovoltaic properties: Jsc 
(28.9  mA), Voc (0.585 V), FF (79.1  %) are also observed 
for the proposed design. Improved photovoltaic properties 
indicates proposed device with SiC passivation can be used 
in lightweight, low cost installation of PV modules. Also, 
device has rear contact architecture it is easier to intercon-
nect and can be placed closer together in the modules, no 
need of space between cells. Therefore, it can support light-
weight, low cost installation of PV modules. Also, rear 
contact architecture supports its application in concentrator 
photovoltaics (CPV) system. Result concludes, proposed 
device can be a cost effective candidate for PV applications.
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