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Preface 

Solar energy demand is growing rapidly due to rapid increase in world’s population, power 

utilization and living life style. Silicon based solar cells are best alternate to fulfil energy need of 

world’s population. The c-Si/a-Si:H heterojunction solar cells have remarkable advantages over c-

Si and also a-Si:H based solar cells. The conversion efficiency of c-Si/a-Si:H heterojunction solar 

cells is comparable with c-Si based solar cells. The c-Si/a-Si:H heterojunction solar cells can be 

easily fabricated at temperature below 200 oC, whereas junction formation in conventional c-Si 

solar cells is usually done by a thermal diffusion step, for which temperature of 800-1000 oC is 

needed. This low temperature enables the use of thinner wafers, thermal budget during the 

heterojunction formation is also considerably reduced compared to homojunction formation. The 

time required to form the heterojunction and deposit contact layers is also shorter for 

heterojunctions than for conventional c-Si solar cells. The heterojunction silicon solar cells exhibit 

a smaller drop in performance with increasing temperature in comparison with conventional c-Si 

solar cells. In heterojunction solar cells improved surface passivation and reduced recombination 

losses results in higher open circuit voltage (Voc) values compared to homojunction solar cells. The 

main motivation of the present thesis work had been to fabricate with high efficiency and open 

circuit voltage single side c-Si/a-Si:H heterojunction solar cells. Based on this motivation, the 

objective of the present thesis work had been: 

 Optimization of deposition conditions of intrinsic and doped a-Si:H films by different 

processes such as hydrogen plasma treatment and other parameters. 

 Fabrication of c-Si/a-Si:H heterojunction solar cells and study the properties of individual 

layers and interfaces of cells by different characterization tools. 

 Improve the efficiency of solar cells by difference processes such H2 plasma treatment at 

interfaces, surface passivation, optimization of layer thickness and doping concentration.   

The present thesis contains 8 chapters. Chapter 1 presents the brief introduction of different 

photovoltaic technology, fabrication and characterization of c-Si/a-Si:H heterojunction solar cells 

including literature review. Chapter 2 presents a brief description of deposition process of a-Si:H 

thin films and c-Si/a-Si:H heterojunction solar cells by RFPECVD technique. This chapter also 

contain discussion on different characterization techniques that are used to the study the structural, 
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optical, electrical and morphological properties of a-Si:H and ITO thin films and also performance 

of c-Si/a-Si:H heterojunction solar cells. Chapter 3 presents the influence of intermittent hydrogen 

plasma treatment on properties of a-Si:H films during deposition. In order to improve the 

microstructure, optical and electrical of the a-Si:H films, hydrogen plasma has been introduced 

during growth of the a-Si:H films. The evolution of nanocrystalline Si phase due to intermittent 

hydrogen plasma treatment is studied through Ex-Situ Spectroscopic Ellipsometry(SE), Raman, 

TEM and FTIR absorption spectroscopy. Chapter 4 presents influence of hydrogen flow rate on 

the microstructure and optical properties of a-Si:H(p) and a-Si:H(n) films. A series of a-Si:H(p) 

and a-Si:H(n) films were deposited using RFPECVD technique by varying the hydrogen flow rate 

(HFR) in the range of 30-70 SCCM and 30-80 SCCM respectively. The SE measurements have 

been performed on these films to study microstructure, thickness, optical bandgap and volume 

fractions (void, amorphous and crystalline) and also surface roughness. Chapter 5 presents the 

influence of deposition temperature on microstructure, morphology, optical and electrical 

properties of Indium tin oxide (ITO) thin films. In order to optimize the deposition parameters to 

get high quality TCO, ITO thin films were deposited by varying deposition temperature from 50 

to 200 oC by using RF Sputtering technique. These ITO films were characterized by different 

techniques. Chapter 6 presents the influence of a-Si:H(i) thickness on the performance of the c-

Si/a-Si:H heterojunction solar cells. One sided c-Si/a-Si:H heterojunction solar cells (Ag/Al/c-

Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag) were fabricated by RFPECVD technique in multi-chamber 

system. The cells were fabricated with hydrogen plasma treatment of a-Si:H(i) layer of different 

thicknesses prior to the deposition of top a-Si:H(p) layer. The thickness, optical band gap and 

microstructure of different a-Si:H layers in the cells were estimated using SE.  This chapter also 

presents the influence of H2 plasma treatment on performance of solar cells, which resulted in 

record high Voc of the SHJ solar cells. Spectral response of the solar cells was measured by 

quantum efficiency (QE) technique.  Chapter 7 deals with influence of boron doping concentration 

and thickness of a-Si:H(p) layer on the performance of the Ag/Al/c-Si(n)/a-Si:H(i)/a-

Si:H(p)/ITO/Ag solar cells.  The 𝑉𝑜𝑐, 𝐽𝑠𝑐, 𝐹𝐹 and efficiency (ɳ) of solar cells were estimated by I-

V measurements. EQE measurements were carried out on the cells with and without external 

reverse bias to study interface properties and significance of electric field at interface. Chapter 8 

presents overall conclusions of present thesis work and also future scope of this research area is 

included in this chapter.  
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Chapter 1 

Introduction 

 

 

Solar energy will be the main energy source in future due to drastic changes in geographical 

and environmental conditions. The solar renewable energy is best alternate among all other 

renewable energy sources. A solar cell is a solid state electrical device (p-n junction) that 

converts the energy of light directly into electricity using photovoltaic effect. The photovoltaic 

effect was reported by Edmund Bequerel in 1839 [1]. The principle of solar cell is (i) creation 

of electron–hole pairs, that is generation of free charge carriers through the absorption of 

photons in the material, (ii) separation and (iii) collection of the free charge carriers (free 

electrons and holes) in order to produce electricity. 

Photovoltaic (PV) technology is classified into two categories mainly wafer based and thin film 

solar cells. In the wafer based solar cells, crystalline silicon wafers are used for fabrication of 

solar cells. Thin film solar cells divided into Cadmium Telluride (CdTe), Copper Indium 

Gallium Selenide (CIGS) and thin film silicon solar cells. Other new technologies like Dye 

sensitized solar cell (DSSC), Organic photovoltaic (OPV) and Perovskite solar cells are being 

developed. The main drawback of these new technologies are material instability, difficulties 

in fabrication of solar cells in large area and processing of different layers. Limited availability 

of material and toxicity are main issues in CdTe and CIGS solar cells. The silicon based solar 

cells have tremendous advantages over other PV technologies due to stability, durability, 

abundance, low fabrication temperature and large area with high efficiency.  

Fig.1.1 shows the reported world best efficiencies of solar cells with different materials and 

technology by various research groups. Many research groups are focused on increasing the 

efficiency of different type of solar cells and decreasing the cost, time and utilization of raw 

material. 

 

TH-2097_126121019



Chapter 1 

2 

 

 

Fig.1.1. Best solar cell efficiency with different materials and technology by different groups [2]. 

Fig. 1.2 shows the annual production of PV power by different regions in the last eight years. 

The global annual PV production is dominated by China with 68% share of market in 2017 and 

PV technology and production in India is growing steadily in recent years [3].  

 

Fig. 1.2. PV industry global annual production by different region in recent years [3]. 
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1.1. Silicon photovoltaic technology 

Silicon based solar cells are mainly divided into two categories: crystalline silicon (c-Si) and 

thin film silicon based solar cells. The c-Si solar cells are further divided into different 

categories according to crystallinity and crystal size resulting in single crystalline wafers, 

multi-crystalline wafers, ribbons based solar cells. Thin film silicon solar cells are divided into 

two categories based on different active absorber material, which are hydrogenated amorphous 

silicon (a-Si:H), hydrogenated microcrystalline silicon (µc-Si:H) and their alloys. The first 

reported c-Si solar cell fabricated by Bell laboratory in 1954 achieved a conversion efficiency 

of 6% [4,5]. Since then there is a steady increase in efficiency, current highest efficiency is 

26% [6–8]. The crystalline silicon (c-Si) photovoltaic (PV) technology is dominating the 

market with a share of 95% in the present days and it is likely to continue in forthcoming years 

also due to its durability, stability, abundance, environment friendly and higher efficiency, 

whereas, other thin film technology is about 5% of market share [3] and in this 5%, a-Si:H thin 

film based solar cells accounted 0.3% [3] due to higher defect density, instability of material 

[9] and low conversion efficiency of solar cells [7].  

1.2. c-Si/a-Si:H heterojunction solar cells 

Heterojunction is a semiconductor junction formed by two different band gap material, whereas 

two same band gap materials form homojunction [10]. In heterojunction, electrons from n-type 

material diffuse towards the junction due to gradient in their concentration, leaving behind 

positively charged donors and resulting in upward band bending on n-side. This results in built 

in potential barrier at conduction band. Similarly, holes from p-type material diffuse towards 

the junction and leaving behind negatively charged acceptors, this leads to downward band 

bending and built in potential at valence band. Injection of the electrons from the n-type 

(absorber) into the p-type semiconductor can be minimized by choosing p-type material with a 

larger bandgap than that of the n-type, which form the band offset at the conduction band. Due 

to this band discontinuity, heterojunction allows only electrons to n-type and holes to p-type 

material for transportation and avoids recombination losses [11,12]. This results in a more 

efficient use of photo generated carriers and consequently a higher photocurrent from the cell 

[13]. Fig. 1.3 show the schematic band bending of single side and double side c-Si(n)/a-Si:H(p) 

heterojunction solar cells [13]. 
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Fig. 1.3. Schematic band bending diagram of single side and double side c-Si(n)/a-Si:H(p) 

heterojunction solar cells [13]. 

The c-Si/ a-Si:H heterojunction solar cells offer an attractive alternative to pure c-Si solar cells. 

These c-Si/a-Si:H heterojunction solar cells can be easily fabricated at temperature below 

200oC, whereas, junction formation in conventional c-Si solar cells is usually done by a thermal 

diffusion step, for which temperature of 800-1000 oC is needed [6]. This low temperature 

processing enables the use of thinner wafers and reduction of thermal budget during the 

heterojunction formation. Wafer bowing is suppressed due to the low processing temperature 

of the heterojunction silicon solar cells and its symmetric structure [14]. The time required to 

form the heterojunction and deposit contact layers is also shorter for heterojunctions than for 

conventional c-Si solar cells. The silicon heterojunction (SHJ) solar cells exhibit smaller drop 

in performance with increasing temperature in comparison with conventional c-Si solar cells 

[15]. In SHJ solar cells, improved surface passivation and reduced recombination losses 

resulting in higher open circuit voltage values can be observed as compared to c-Si solar cells. 

The conversion efficiency of c-Si/a-Si:H heterojunction solar cells is comparable with c-Si 

solar cells [6,16,17]. 

In 1974, Fuhs et.al reported first a-Si/c-Si heterojunction [18] and later in 1983, Okuda et.al 

reported first a-Si/poly c-Si heterojunction solar cell with efficiency of 12% [19]. In 1992, 

researchers at Sanyo have developed new technology of c-Si/a-Si:H heterojunction solar cells 

and achieved high efficiency of 18.1% [20]. In this PV technology, the heterojunction with 

intrinsic thin layer (HIT) SHJ solar cells are fabricated by inserting a very thin layer of a-Si:H(i) 

between c-Si wafer and doped emitter layer, where a-Si:H(i) layer is mainly used for surface 

passivation of c-Si [20]. The configuration is registered as HIT by Sanyo in 1992. The a-Si:H(i) 

layer can supress surface defects and recombination sites at interface between c-Si wafer and 

doped a-Si:H layers. After Sanyo’s record efficiency with breakthrough technology in Si 
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photovoltaics, many research groups are attracted towards c-Si/a-Si:H heterojunction solar 

cells [15,21]. In 2014, The Sanyo has reported highest efficiency of 25.6% [16] and open circuit 

voltage of 750 mV on n-type c-Si substrates with double side HIT solar cell structure [22]. This 

HIT technology scheme has been applied to passivated rear and emitter contact (PERC) Si 

[23,24], tunnel oxide passivated contact (TOPCon) Si [25], point contact Si and interdigitated 

back contact (IBC) Si solar cells etc [24,26–28]. The highest reported efficiency is 26.7% on 

n-type [29,30] and 26.1% on p-type c-Si wafer with interdigitated back contact silicon 

heterojunction (IBC-SHJ) solar cell technology [8]. However, it is very challenging to achieve 

such high performance solar cells due to lack of quality Si wafers and sophisticated techniques 

and many complicated process steps and contamination problems. In order to reduce wafer cost 

of solar cells, thinner and multi crystalline wafer have been used for fabrication of solar cells. 

The efficiency of multi crystalline Si solar cells is low compared to pure c-Si as well as c-Si/a-

Si:H heterojunction solar cells and reported highest efficiency is 22% [21]. Currently many 

research groups are working on c-Si/a-Si:H heterojunctions solar cells to improve the 

performance by addressing many issues which are responsible for deterioration of the 

performance of the cells [2,7]. Here, a few results of c-Si/a-Si:H heterojunction solar cell on n-

type Si wafer by different research groups are given in Table 1.1. 

Table 1.1. Reported results of c-Si/a-Si:H heterojunction solar cells on n-type c-Si wafers by few 

research groups. 

 Research group 
ɳ 
(%) 

𝑉𝑜𝑐 
(mV) 

𝐽𝑠𝑐 
(mA/cm2) 

𝐹𝐹 
Area(cm2) 

(description) 
Year Ref. 

1 Kaneka, Japan 26.6 738 42.6 0.85 180 (IBC-SHJ) 2018 [29] 

2 FhG‐ISE, Germany 25.8 724 42.8 0.83 4 (Top/Rear contact) 2017 [31] 

3 Sanyo, Japan 25.6 740 41.8 0.83 143 (HIT(SHJ)) 2014 [16] 

4 FhG‐ISE, Germany 24.0 714 42.4 0.81 100 (TOPCon) 2017 [25] 

5 Sanyo , Japan 24.7 750 39.5 0.83 100 (HIT(SHJ)) 2014 [22] 

6 Kaneka, Japan 22.1 729 38.5 0.79 220 (SHJ) 2011 [32] 

7 RRS, Switzerland 21.8 726 37.7 0.77 4 (SHJ) 2011 [33] 

8 EPFL, Switzerland 21.8 726 37.8 0.78 4 (SHJ) 2011 [34] 

9 SERIS, Singapore 21.1 702 38.3 0.78 (SHJ) 2012 [35] 

10 CEA-INES, France 20.5 711 40.1 0.72 105 (Back contact) 2016 [36] 

11 HZB, Germany 20.6 710 38.1 0.76 100 (SHJ) 2014 [37] 

12 IEC, USA 18.3 694 35.7 0.74 0.55 (SHJ) 2010 [38] 

13 LG, Korea 18.2 687 33.3 0.78 1 (SHJ) 2010 [39] 

14 AIST, Japan 17.5 656 35.6 0.75 0.2 (SHJ) 2009 [40] 

1.3. Limiting issues for the c-Si/a-Si:H heterojunction solar cells 

The performance of the c-Si/a-Si:H heterojunction solar cells depends on many parameters 

such as substrate cleaning, recombination and optical losses, interface defects, series and shunt 
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resistances, quality of a-Si:H and TCO layers and metal contacts. In order to improve the 

performance of the solar cells, following issues need to be addressed. 

(i) Surface cleaning and passivation is one of the main challenges to reduce the surface 

recombination losses.  

(ii) In silicon heterojunction solar cells, the thickness of i- and p/n-layer is typically 5-10 

nm. However, it is very challenging to deposit very thin (5-10 nm) a-Si:H films with 

device quality.  

(iii) The a-Si:H(p) and a-Si:H(n) layers require sufficiently high doping to form required 

internal electric field and also good interface properties between intrinsic and doped- 

layers as well as doped and indium tin oxide (ITO)(TCO) layers. 

(iv) Formation of abrupt hetero junctions with less interface defect density to be addressed 

to reduce recombination states at the interface. Interface layers are very crucial for c-

Si/a-Si:H heterojuncton solar cells to reduce recombination losses and improve 

transport properties.  

(v) Optimization of transparent conducting oxide (TCO) layer and metal contacts is 

important to reduce resistance and optical losses.  

(vi) Achieving high efficiency of c-Si/a-Si:H heterojunction solar cells is still a challenge 

due to complicate processing steps and contamination issues. Efficiency of solar cells 

can be improved by different processing methods. 

(vii) In order to reduce material cost, achieving high efficiency with multicrystalline and 

thinner wafers is one of the main challenges. 

1.4. Motivation, objectives and content of the thesis 

Our main motivation has been the fabrication and characterization of high open circuit voltage 

and high efficiency c-Si/a-Si:H heterojunction solar cells by different processing methods and 

techniques. Our main focus has been to achieve the high efficiency and open circuit voltage 

with single side c-Si/a-Si:H heterojunction solar cells. As most of the research groups are 

focused on double side SHJ solar cells to improve the performance of the devices, less attention 

is paid to the single side solar cells [41–46].  Single side SHJ solar cells significantly reduces 

cost, processing steps and fabrication time compared to double side SHJ solar cells. These cells 

also have potential to achieve high efficiency and high open circuit voltage by interface and 

surface passivation processes. Typical structure of single side c-Si/a-Si:H heterojunction solar 

cells in this thesis work is shown in Fig. 1.3. 
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Several deposition techniques have been developed to prepare amorphous silicon films and its 

alloys such as Pulsed laser deposition (PLD) [45], Remote plasma chemical vapor deposition 

(RPCVD) [46],  Very high frequency PECVD (VHFPECVD) [40], Hot wire CVD (HWCVD) 

[49] and Radio frequency PECVD (RFPECVD) [50]. Among all, RFPECVD is the most 

promising and widely used for the preparation of amorphous silicon films as well as solar cells. 

The scientific community has adapted a standard RF frequency of 13.56 MHz for this technique 

which is also used for industrial applications [51-55]. The advantage of this technique is that 

high quality films are deposited uniformly over a large area at low substrate temperature.  

Many characterization techniques are available to study the microstructural properties of a-

Si:H films and interface properties of solar cells such as Transmission electron microscopy 

(TEM), Raman spectroscopy, Spectroscopic ellipsometry (SE) and Fourier transform infrared 

spectroscopy (FTIR) techniques. Among all, SE is very useful for characterization of a-Si:H 

films and interface of solar cells [47–56]. The phase transition from amorphous to nc/ µc-Si:H 

phase in different stages of film deposition can be studied qualitatively with in-situ and ex-situ 

technique [53–55]. It is possible to determine the optical constants, band gap, thickness, 

amorphous, crystalline and void fraction, thickness of rough surface layer of single and multi-

layer structures like solar cells through the analysis of dielectric function using suitable models 

simultaneously [47,57–60]. However, it is very important to choose suitable model and ensure 

that best fitting to obtain precise and valid results. 

We have chosen a few objectives with above mentioned motivation, which are i) optimization 

of both intrinsic and doped a-Si:H films and ITO thin films by different processes, ii) 

fabrication of c-Si/a-Si:H heterojunction solar cells and iii) improve the performance of the 

solar cells by surface, interface passivation and varying thickness and doping of a-Si:H layers 

with improved microstructure. With these objectives, we have achieved high open circuit 

voltage of 711 mV and efficiency of 17.3% for single side c-Si/a-Si:H heterojunction solar 

cells with optimized a-Si:H and ITO layers. 

The present thesis contains 8 chapters. Chapter 1 presents the brief introduction of silicon PV 

technology and fabrication and characterization of c-Si/a-Si:H heterojunction solar cells and 

its advantages over c-Si solar cells including literature review. The motivation and objective of 

the thesis work are also included in this chapter.  

Chapter 2 presents a brief description of deposition process of a-Si:H thin films by RFPECVD 

technique, which is also used for fabrication of c-Si/a-Si:H heterojunction solar cells. This 
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chapter also contain brief discussion of different characterization techniques that are used to 

the study the structural, optical, electrical and morphological properties of a-Si:H and ITO thin 

films and also evaluate the performance of c-Si/a-Si:H heterojunction solar cells. 

Chapter 3 presents the influence of hydrogen plasma treatment on the growth of nano 

crystalline silicon phase in a-Si:H films. In order to improve the microstructure, optical and 

electrical properties of the a-Si:H films, hydrogen plasma was introduced during growth of the 

a-Si:H films in number of steps. The evolution of nanocrystalline Si phase due to intermittent 

hydrogen plasma treatment is studied through Ex-Situ SE, Raman, TEM and FTIR absorption 

spectroscopy. It is observed that exposure to hydrogen plasma during deposition of a-Si:H films 

improves the microstructure of the films by etching the amorphous phase and replacing the 

weak Si-Si bonds and Si-H2 bonds by strong Si-H bonds. The overall deposition rate of these 

nc-Si films is higher than that obtained by hydrogen dilution of silane for similar films. 

Chapter 4 presents influence of hydrogen flow rate on the microstructure and optical properties 

of boron and phosphorous doped hydrogenated amorphous silicon (a-Si:H(p) and a-Si:H(n)) 

films. A series of a-Si:H(p) and a-Si:H(n) films were deposited using RFPECVD technique by 

varying the hydrogen flow rate in the range of 30-70 SCCM and 30-80 SCCM respectively. 

The SE measurements have been performed on these films to study microstructure, thickness, 

optical bandgap, void, amorphous and crystalline volume fractions and also surface roughness. 

It is observed that microstructure of a-Si:H(p) and a-Si:H(n) films changes from amorphous to 

nano crystalline phase by increasing hydrogen flow rate during film growth. 

Chapter 5 presents the influence of deposition temperature on microstructure, morphology, 

optical and electrical properties of Indium tin oxide (ITO) thin films. In order to optimize the 

deposition parameters to get high quality transparent conducting oxide (TCO), ITO thin films 

were deposited on Corning1737 glass substrate at deposition temperature ranging from 50 to 

200 oC by using RF Sputtering technique. Structural, optical and electrical properties of ITO 

films were studied by XRD, UV-Vis-NIR and I-V measurements. Morphology of ITO films 

was studied by AFM and FESEM techniques. It is observed that the films deposited at 50oC 

were nanocrystalline in nature. The film crystallinity was enhanced with increases in deposition 

temperature and saturated at 150 oC. It is found that the films deposited at 150 oC have high 

transmission of 90-98% in the wavelength range of 400-1500 nm, low sheet resistance of 7.5 

Ω/□ and surface roughness of 6.1 nm. 
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Chapter 6 presents the influence of a-Si:H(i) thickness on the performance of the c-Si/a-Si:H 

heterojunction solar cells. One sided c-Si/a-Si:H heterojunction solar cells (Ag/Al/c-Si(n)/a-

Si:H(i)/a-Si:H(p)/ITO/Ag) were fabricated on double side polished n- type c-Si wafer by 

RFPECVD technique in multi-chamber system. The cells were fabricated with hydrogen 

plasma treatment of a-Si:H(i) layer of different thicknesses prior to the deposition of top a-

Si:H(p) layer. The thickness, optical band gap and microstructure of different a-Si:H layers in 

the cells were estimated using Spectroscopic ellipsometry.  This chapter also presents influence 

of H2 plasma treatment on the open circuit voltage (𝑉𝑜𝑐), short circuit current density (𝐽𝑠𝑐) and 

fill factor (𝐹𝐹) of solar cells. Spectral response of the solar cells was measured by external 

quantum efficiency (EQE) technique. The hydrogen plasma treatment has passivated and 

improved the n/i, i/p interfaces and a-Si:H layers without deteriorating the electronic quality of 

layers. We have obtained high open circuit voltage of 711 mV for these single side c-Si/a-Si:H 

solar cells. 

Chapter 7 presents the influence of boron doping concentration and thickness of a-Si:H(p) layer 

on the performance of the c-Si/a-Si:H heterojunction solar cells. One sided c-Si/a-Si:H 

heterojunction solar cells (Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag) were fabricated by tuning 

the thickness and doping of a-Si:H(p) layer by RFPECVD technique. The open circuit voltage 

(𝑉𝑜𝑐), short circuit density (𝐽𝑠𝑐), fill factor (𝐹𝐹) and efficiency (𝜂) of solar cells were estimated 

by I-V measurements. EQE measurements were carried out on the cells with and without 

external reverse bias to study interface properties and significance of electric field at interface. 

We have achieved high open circuit voltage of 705 mV and efficiency of 17.3% for these single 

side c-Si/a-Si:H heterojunction solar cells. 

Chapter 8 presents summary and highlights of studies on a-Si:H thin films and c-Si/a-Si:H 

heterojunction solar cells. The future scope of this research area is also included.  
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This chapter presents the brief discussion on fabrication and characterization techniques for a-

Si:H thin films and c-Si/a-Si:H heterojunction solar cells. In this thesis work, a-Si:H films were 

deposited by radio frequency plasma enhanced chemical vapour deposition (RFPECVD) 

technique. For structural evaluation of a-Si:H films, Raman spectroscopy and Transmission 

electron microscopy (TEM) measurements have been carried out and for optical properties, 

UV-Vis-NIR and Fourier transform infrared spectroscopy (FTIR) measurements were done. 

Ex-situ Spectroscopic ellipsometry (SE) technique was used to study microstructural and 

optical properties of the films and also interface properties of solar cells.  Electrical properties 

of a-Si:H thin films were studied by current-voltage measurements. Surface morphology of the 

films was studied by Atomic force microscope (AFM) and Field emission scanning electron 

microscope (FESEM) technique. The performance of c-Si/a-Si:H heterojunction solar cells was 

evaluated by current-voltage and external quantum efficiency measurements.  

2.1. Preparation of thin films and solar cells  

Hydrogenated amorphous silicon (a-Si:H) thin films were deposited on corning 1737 glass and 

undoped crystalline silicon (c-Si) substrates using radio frequency plasma enhanced chemical 

vapour deposition (RFPECVD) technique. Indium tin oxide (ITO) thin films were deposited 

by RF sputtering technique. Brief discussion on these techniques are given below. 

2.1.1. Radio frequency plasma enhanced chemical vapour deposition technique  

Radio frequency plasma enhanced chemical vapour deposition (RFPECVD) technique is most 

commonly used in industry to fabricate a-Si:H thin film based solar cells and also silicon 

heterojunction (SHJ) solar cells. In the capacitively coupled glow discharge technique, plasma 

is maintained between two parallel plates at an excitation frequency of 13.56 MHz applied by 

RF power source. One electrode is connected to RF power source and substrate holder is 

mounted on other electrode, which is grounded. The plasma is generated after gas mixture of 

SiH4 and H2 enters into the deposition chamber and sustained by the oscillating electric field 
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between the two parallel plates. In this discharge process, free electrons gain sufficient kinetic 

energy by the electric field in order to dissociate the gas molecules into free radicals, atoms 

and molecules, both positive and negative ions, and electrons. Subsequently, the formed 

radicals, ions and molecules undergo secondary reactions, which have a substantial effect on 

the electronic and structural properties of the deposited layers[1]. The electrons are easily 

moved to the electrodes and form sheath (i.e electric field between center of the plasma and 

substrate) near the grounded electrode. In these regions, positive ions are attracted towards the 

electrodes, causing ion bombardment. On the substrate, surface reactions and release of 

hydrogen molecules as well as the relaxation of the silicon matrix finally take place [1,2].  

The multi-chamber CVD system used for films and solar cell fabrication consist of three RF 

PECVD and one hot wire CVD (HWCVD) with load lock facility and is shown in Fig. 2.1. In 

this system, intrinsic, boron and phosphorous doped a-Si:H layers are deposited in different RF 

PECVD chambers in order to prevent from contamination. The rf electrode area of RFPECVD 

system is 45.58 cm2 and electrode separation is 4 cm. These PECVD and HWCVD systems 

are individually connected to turbo molecular pump (Pfeiffer, HIPAC 300) backed by rotary 

pump to create high vacuum (~10-7 mbar) in the chamber. The exhaust of each pumps is 

connected to burn box and soap water tank, where the unutilized gases are completely burnt 

out and decomposed.  

 

Fig. 2.1. Multi chamber RFPECVD and HWCVD system. 
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2.1.1.1. Growth mechanism of a-Si:H thin films 

Fig. 2.2 show the schematic diagram and main possible chemical reactions of growth 

mechanism of a-Si:H films. During the deposition of a-Si:H films, a number of reactive species 

like SiH3, SiH2, SiH, Si, H2 and H are produced which experience secondary reactions, mostly 

with parent SiH4 molecule, forming a steady state. Each secondary reaction has a different rate 

constant [3,4]. Highly reactive species like SiH2, SiH and Si have much less density in the 

plasma compared to SiH3 and thus SiH3 is the main film forming precursor on the substrate [4]. 

The SiH3 radicals reaching the substrate start to diffuse on the surface. The growing films have 

a large density of defects like dangling bonds and weakly bonded Si-H2 bonds along with strong 

Si-Si and Si-H bonds [4]. 

  

Fig. 2.2. Schematic diagram and possible reactions of growth mechanism of a-Si:H films [4]. 

SiH3 is main precursor for deposition of a-Si:H films. It has sticking coefficient of 0.1 and these 

precursors experience many reactions during film growth, such as desorption of SiH3 radicals, 

recombination with another SiH3 radical and abstraction of hydrogen atom [5,6]. This SiH3 

radical abstracts one hydrogen atom and produces a SiH4 molecule and leaves surface dangling 

bond, which interacts with next SiH3 radical. This leads to growth of a-Si:H films.  

2.1.2. RF sputtering technique 

Sputtering is one of the physical vapour deposition (PVD) techniques used for deposition of 

thin films under plasma conditions. Sputtering is basically the physical ejection of atoms from 

a solid source target due to energetic gas ions bombardment.   High vacuum (~10-6-10-7 mbar) 

is created inside chamber prior to the deposition process. Controlled flow of an inert gas, 

usually Argon (Ar) gas is introduced into the deposition chamber. Further, high voltage is 

applied between cathode and anode, where target and substrate act as cathode and anode 

respectively. This high voltage creates excited Ar+ ions and leads to acceleration toward the 
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negatively biased target. Then energetic Ar+ ions strike the target surface and eject the target 

atoms. Sputtered atoms are moved onto the substrate and form a thin film [2]. Due to energetic 

ion bombardment of target, secondary electrons are also ejected. Strong magnetic field is used 

to trap secondary electrons to the target.  This magnetic field confine the plasma close to the 

target.  The sputtered atoms are not affected by the magnetic field due to charge neutrality 

[2,7]. The area of the rf electrode was 20.25 cm2. DC power supply is used for pure metals and 

RF power supply is used for semiconductors and insulators. 

2.1.3. Fabrication of solar cells  

The c-Si/a-Si:H heterojunction solar cells were fabricated by RF-PECVD in multichamber 

system. The n-type crystalline silicon wafers (resistivity 5-10 Ωcm, thickness 275-325 µm, 

double side polished, CZ) have been used for cell fabrication. Many solar cells have been 

deposited with active area of 0.2 cm2 on 1x1 inch2 and 2x2 inch2 size wafers. 

2.1.3.1. Crystalline silicon cleaning process 

Radio Corporation of America (RCA) laboratory has developed cleaning procedure for 

crystalline silicon wafers. We have followed standard RCA-1 and RCA-2 cleaning process for 

c-Si cleaning for fabrication of solar cells. The cleaning procedure steps are: 

RCA-1 cleaning  

RCA-1 cleaning is used for removal of organic and insoluble contaminants. For this process, 

RCA solution consists of mixture of H2O: H2O2: NH4OH in the range of 5:1:1 to 7:2:1[8,9]. 

1. The mixture of 200 ml of deionised (DI) water and 40 ml of NH4OH (27%) in Pyrex 

beaker was heated on hot plate around 80 oC for 5-10 min for increased activation of 

the reaction. 

2. Beaker with solution was removed from hot plate and 40 ml of H2O2 (30%) was added. 

After 1-2 min, bubbles started coming rigorously from solution. This indicated that 

solution is ready for use. 

3. The c-Si wafer was soaked in this solution for 15 min. 

4. The c-Si wafer was removed from the solution and rinsed in DI water for several times 

(5-6 times). 

5. Finally, c-Si wafer was dipped in HF for 1 min to remove native oxide. 
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RCA-2 cleaning 

This RCA-2 is used to remove the ionic and heavy metal atomic contaminants. For this process, 

RCA solution consists of mixture of H2O: H2O2: HCl in the range of 6:1:1 to 8:2:1 [8,9]. 

1. The mixture of 180 ml of deionised (DI) water and 30 ml of HCl (27%) in Pyrex beaker 

was heated on hot plate around 80 oC for 5-10 min for activated reaction. 

2. Beaker with solution was removed from hot plate and 30 ml of H2O2 (30%) was added. 

After 1-2 min, bubbles started coming rigorously from solution. This indicated that 

solution is ready for use. 

3. The c-Si wafer was soaked in this solution for 15 min. 

4. The c-Si wafer was removed from the solution and rinsed in DI water for several times 

(5-6 times). 

5. Finally, c-Si wafer was dipped in HF for 1 min to remove formed oxide layer during 

cleaning process. 

RCA-1 and RCA-2 cleaning process were carried out in fume hood for safety purpose. After 

cleaning, the wafers were dried with nitrogen gas and then immediately loaded in deposition 

chamber. 

After RCA cleaning of Si wafer, aluminium (Al) was deposited by thermal evaporation on rear 

surface of wafer. The wafer was subsequently loaded in RFPECVD system and annealed at 

400 oC at 10-6 to 10-7 mbar pressure for 1 hr to ensure the diffusion of Al in Si for good back 

contact. The top surface of Si wafer was subjected to 10 min H2 plasma to clean the surface 

and passivate the dangling bonds and then a-Si:H(i) layer of varying thickness was deposited. 

The Si wafers were shifted to a-Si:H(p) layer deposition chamber, where the a-Si:H(i) layer 

was subjected to 2 min HPT prior to the deposition of top a-Si:H(p) layer. After the deposition 

of a-Si:H(i) (i-layer) and a-Si:H(p) (p-layer) layer, Indium tin oxide (ITO) on top of the a-

Si:H(p) and silver (Ag) layer on back side were deposited by rf sputtering. Finally, front Ag 

metal bus bars and fingers grid electrodes were made on cell with silver paste.  

2.2. Characterization techniques 

2.2.1. Raman scattering spectroscopy 

Raman spectroscopy is widely used to study the microstructure and bonding modes in a-Si:H 

thin films. Raman spectroscopy is an optical and non-destructive technique based on the 
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inelastic scattering phenomenon of light. Raman studies reported in this thesis work were 

performed using HORIBA Jobin-Yvon LabRam HR Raman spectroscopy equipped with Ar-

ion laser at a wavelength of 514 nm and at room temperature in the backscattering geometry. 

The spot size of the laser beam was 1 μm in diameter and the incident laser power on the sample 

was less than 1 mW. In Raman spectra of  a-Si:H films, most intense peak at 480 cm-1 

corresponds to the transverse optic (TO) mode, whereas peaks at 410 cm-1, 310 cm-1 and 150 

cm-1 correspond to longitudinal optic (LO) mode, longitudinal acoustic (LA) mode and 

transverse acoustic (TA) mode respectively [10,11].  In case of c-Si, the TO peak is observed 

at 520 cm-1, whereas for nc-Si, the TO peak is shifted from 520 cm-1 to lower wave number 

side depending upon the size of the crystallites [12]. Another peak observed around 490-500 

cm-1 corresponds to the grain boundaries due to the presence of nano-crystallites in amorphous 

matrix [13].  The TO phonon mode is sensitive to the root mean square tetrahedral bond angle 

deviation (∆𝜃) which reflects short range order (SRO) in amorphous network. Beaman et.al 

have obtained linear relation between the full width at half maxima (FWHM) of TO peak (𝑇𝑂) 

and ∆𝜃, which is used to determine ∆𝜃 from Raman measurements (Eq.2.1) [10].  

𝑇𝑂 = 15 + 6∆𝜃                                                                                                   ------------- (2.1) 

The TA mode is related to the density of dihedral angle fluctuations (∆𝜙), reflecting the 

medium range order (MRO) of amorphous network. The intensity ratio (𝐼𝑇𝐴 𝐼𝑇𝑂⁄ ) of the peaks 

corresponding to TA to TO mode of a-Si:H is used to estimate the MRO in the films [14]. A 

lower value of ratio reflects the improved MRO in the films. 

The crystalline volume fraction (𝑋𝑐) is given as the ratio between the sum of the integrated 

intensities of grain boundary and nanocrystalline Si peaks to the sum of integrated intensities 

of amorphous, grain boundary and nanocrystalline Si peaks (Eq. 2.2). 

𝑋𝑐 =
𝐼𝑔𝑏+𝐼𝑛𝑐

𝐼𝑎+𝐼𝑔𝑏+𝐼𝑛𝑐
                                                                                                     ------------- (2.2) 

Where 𝐼𝑎, 𝐼𝑔𝑏 and 𝐼𝑛𝑐 are the integrated intensities of amorphous, grain boundary and 

nanocrystalline TO peaks respectively.  

The nanocrystalline volume fraction (𝑋𝑛𝑐) and grain boundary volume fraction (𝑋𝑔𝑏) in the 

films are calculated using Eq. 2.3 and 2.4 respectively. 

𝑋𝑛𝑐 =
𝐼𝑛𝑐

𝐼𝑎+𝐼𝑔𝑏+𝐼𝑛𝑐
                                                                                                     ------------- (2.3) 
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𝑋𝑔𝑏 =
𝐼𝑔𝑏

𝐼𝑎+𝐼𝑔𝑏+𝐼𝑛𝑐
                                                                                                  ------------- (2.4) 

The mean crystallite size (𝑑𝑅𝑎𝑚𝑎𝑛) is calculated using Eq. 2.5. 

𝑑𝑅𝑎𝑚𝑎𝑛 = 2𝜋√
𝐵

∆𝜔
                                                                                               ------------- (2.5) 

Where ∆𝜔 is the shift in the peak position from c-Si peak position (520 cm-1) and 𝐵=2.0 cm-1 

nm2. 

2.2.2 Transmission electron microscopy technique 

Transmission electron microscopy (TEM) measurements were carried out to evaluate the 

structure of the films. TEM, selective area electron diffraction (SAED) pattern and high 

resolution TEM (HRTEM) images were recorded using JEOL-2100. TEM was used to 

determine the structure and crystallinity of the thin films in dark field mode with a 200 kV 

acceleration voltage and LaB6 filament. The a-Si:H and nc-Si:H thin films were scratched out 

and sonicated in acetone for a few minutes and dispersed on copper (Cu) mesh grid for 

measurement. The HRTEM image has been used to estimate lattice spacing (d-spacing) of 

different crystallographic planes of the nc-Si:H thin films [2]. 

2.2.3. Spectroscopic ellipsometry 

Spectroscopic ellipsometry (SE) is a highly accurate, non-destructive and optical technique to 

investigate the optical, structural properties, and to estimate the thickness, band gap, refractive 

index and surface roughness of the thin films. The main feature of SE is that it measures the 

change in polarization state of light upon reflection from the sample. The unpolarised light 

released from xenon light source passes through polariser and is polarised linearly. The linearly 

polarised light incidents on the sample and some of light get reflected from sample surface and 

some fraction of light go inside film and is reflected from interfaces. The reflected light from 

surface and interfaces has information of films. The phase and amplitude of resultant reflected 

light changes and it is elliptically polarised. This elliptically polarised light go to detector to 

record response[15]. Two compensators are used to adjust the phase delay of light. The 

schematic of SE and spectroscopic ellipsometer instrument (Semilab, Sopra, GES-5E) used for 

the studies are shown in Fig. 2.3. 
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Fig. 2.3. (a). Schematic of SE and (b). Real image of spectroscopic ellipsometer instrument. 

SE measures the amplitude ratio (𝜓) and phase difference (𝛥) of the reflected light oriented in 

the parallel (p-) and perpendicular (s-) directions with respect to plane of incidence as a 

function of wavelength or energy [15].   

The polarization change (𝜌𝑆𝐸) is given by Eq.2.6 

𝜌𝑆𝐸 =  𝑇𝑎𝑛𝜓 𝑒−𝑖Δ =
𝑟𝑝

𝑟𝑠
⁄                                                                                     ------------- (2.6) 

Where 𝑟𝑝 and 𝑟𝑠 are complex Fresnel reflection coefficients of p- and s- polarized light 

respectively.  

The pseudo dielectric function (< 𝜀(𝐸) >) of material is given by Eq.2.7           

< 𝜀(𝐸) >=  𝑠𝑖𝑛2𝜃0 [1 + (
1−𝜌𝑆𝐸

1+𝜌𝑆𝐸
)

2

𝑡𝑎𝑛2𝜃0]                                                         ------------- (2.7) 

Where 𝜃0 is the angle of incidence. 

SE is not a direct method to evaluate the optical constant of the materials. The dielectric 

constants, thickness and optical band gap of the films are deduced from measured ( 𝜓, Δ) values 

as a function of energy or wavelength applying suitable optical models using single or 

multilayer structures. Several models like Tauc-Lorentz (TL) [16], Cody-Lorentz (CL) [17], 

Lorentz, Gauss[15], Forouhi-Bloomer (FB), Modified Forouhi-Bloomer [18,19], Harmonic 

oscillator[15], Tetrahedral model [20] and Bruggeman effective medium approximation 

(BEMA) [15] etc.  are available for evaluation of a-Si:H films. In this thesis work, both Tauc-

Lorentz model, Gauss and BEMA method have been used to estimate the optical constants, 

thickness and void, amorphous and crystalline volume fractions of the films. 
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The complex refractive index of a material is given as 𝑁 = 𝑛 + 𝑖𝑘, where 𝑛 and 𝑘 are the 

refractive index and extinction coefficient respectively. The pseudo dielectric function is given 

as   𝜀(𝐸) =  𝜀1(𝐸) + 𝑖𝜀2(𝐸) , where  

𝜀1(𝐸)  =  𝑛2(𝐸)  − 𝑘2(𝐸)  and   𝜀2(𝐸) = 2𝑛(𝐸)𝑘(𝐸)                                     ------------- (2.8) 

The imaginary part of the pseudo dielectric function 𝜀2(𝐸) is thus directly related to absorption 

of light in the material. 

2.2.3.1. Tauc-Lorentz model  

The Tauc- Lorentz (TL) dispersion law has been widely used to describe the a-Si:H thin films. 

This model was developed by Jellison and Modine using the Tauc joint density of states and 

the Lorentz oscillator model [15,16,21].  

An expression for the real part of the dielectric function is obtained by Kramers-Kroning 

integration and is given by Eq.2.9 [16] 

𝜀1,𝑇𝐿(𝐸) = 𝜀1(∞) +
2

𝜋
𝑃 ∫

𝜉𝜀2(𝜉)

𝜉2−𝐸2

∞

𝐸𝑔
𝑑𝜉                                                              ------------- (2.9) 

Where 𝑃 represents the Cauchy principal part of the integral and 𝜀1(∞) is additional fitting 

parameter.  

The expression for the imaginary part of the dielectric function in Tauc Lorentz model [16] is 

given (Eq.2.10) 

𝜀2,𝑇𝐿(𝐸) = {
[

𝐴𝐸0𝐶(𝐸−𝐸𝑔)
2

(𝐸2−𝐸0
2)

2
+𝐶2𝐸2

1

𝐸
] for 𝐸 > 𝐸𝑔

0                            for 𝐸 ≤ 𝐸𝑔

                                                      ------------- (2.10)                                          

Where 𝐴 is oscillator strength, 𝐸0 is peak transition energy, 𝐸𝑔 is optical band gap and C is 

broadening parameter. 

The complete derivation of 𝜀1(𝐸)  and 𝜀2(𝐸) equations is given in Appendix I. 

2.2.3.2. Bruggeman effective medium approximation model 

The Bruggeman effective medium approximation (BEMA) model is used to calculate void, 

amorphous and crystalline volume fractions in composite materials and also surface roughness 

of the films [15,22–24]. When the layer is made up of several mixed phases, each phase having 

TH-2097_126121019



Chapter 2 

24 

 

its dielectric function 𝜀𝑖(𝐸) and volume fraction 𝑓𝑖,  the effective dielectric function 𝜀𝑒𝑓𝑓(𝐸)  

of composite material is given by equation Eq. 2.11 [25].  

∑ 𝑓𝑖
𝜀𝑖(𝐸)−𝜀𝑒𝑓𝑓(𝐸)

𝜀𝑖(𝐸)+2𝜀𝑒𝑓𝑓(𝐸)𝑖 = 0                                                                                      ------------- (2.11) 

2.2.3.3. Gauss model 

The Gauss model is used to fit dielectric function of amorphous silicon films with multiple 

peaks [15,26]. Multiple transitions in the films are analysed with Gauss model. In this model, 

the real and imaginary part of dielectric functions of films are given by Eq. 2.12 and Eq. 2.13 

𝜀1(𝐸) =
2𝐴

√𝜋
[𝐷 (

𝐸+𝐸0

𝜎𝑎
) − 𝐷 (

𝐸−𝐸0

𝜎𝑎
)]                                                                  ------------- (2.12) 

𝜀2(𝐸) = 𝐴 [𝑒𝑥𝑝 {− (
𝐸−𝐸0

𝜎𝑎
)}

2

− 𝑒𝑥𝑝 {− (
𝐸+𝐸0

𝜎𝑎
)}

2

]                                          ------------- (2.13) 

Where 𝐴 is amplitude of oscillator, 𝐸0 is the oscillator peak position, 𝜎𝑎 is FWHM of the 

oscillator, 𝐷 is an operator. 

2.2.4. X-Ray diffraction technique 

In this thesis, the X-ray diffraction (XRD) system (Rigaku, TTRAX III) is used for 

determination of structure, crystallite size and micro strain of the ITO thin films [27]. The 

measurements were done on ITO films deposited on corning1737 glass. The measurements 

were done in the range of 10-70o of incident angle with Cukα wavelength of 0.154 nm with step 

size of 0.05o for 2θ at a grazing angle of incidence of 3o. Debye-Scherrer’s formula and 

Williamson-Hall method have been used to estimate crystallite size of ITO thin films. 

Debye-Scherrer’s formula [28] for crystallite size is given by Eq.2.14 

 𝑑𝑋𝑅𝐷 =
𝑘𝑋𝑅𝐷𝜆

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙
                                                                                           ------------- (2.14) 

Where, 𝑑𝑋𝑅𝐷 is crystallite size, 𝜆 is wavelength of X-ray radiation, 𝛽ℎ𝑘𝑙 is full width at half 

maxima (FWHM) (in Radians), 𝑘𝑋𝑅𝐷 is proportionality constant (scherrer constant), which is 

0.94 for spherical crystals with cubic symmetry and 𝜃ℎ𝑘𝑙 is the peak position corresponding to 

the (ℎ𝑘𝑙) plane. 
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Equation of Williamson-Hall (W-H) method [29,30] for determination of crystallite size and 

micro strain of films is given by Eq.2.15 

 𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙 =
𝑘𝑋𝑅𝐷𝜆

𝑑𝑋𝑅𝐷
+ 4𝜖𝑠𝑖𝑛𝜃ℎ𝑘𝑙                                                                   ------------- (2.15) 

The intercept and slope of linear plot between 𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃ℎ𝑘𝑙 and 𝑠𝑖𝑛𝜃ℎ𝑘𝑙 gives the crystallite 

size (𝑑𝑋𝑅𝐷) and micro strain (𝜖) of the films respectively. 

2.2.5 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) (Perkin Elmer BX) is a non-destructive 

technique used to estimate nature of chemical bonding and compositional analysis of material. 

In this study, FTIR is used to estimate the hydrogen content and microstructure of the a-Si:H 

films [2,31]. For FTIR measurements, films were deposited on IR transparent substrate such 

as undoped crystalline Si wafer. The IR spectra was recorded at a step size of 1 cm-1 and 

resolution of 4 cm-1 with an average of 64 scans in the range of 400-2300 cm-1 for each sample. 

In order to remove the influence of substrate, background correction was done with bare c-Si 

substrate. In case of a-Si:H, a peak in absorption spectra at 630-640 cm-1 corresponds to the 

wagging/rocking modes of vibration for Si-H, SiH2 and SiH3 bonds. The other prominent 

absorption peaks corresponding to stretching modes of Si-H and Si-H2 are present at 2000 and 

2100 cm-1 respectively. Small peaks corresponding to wagging/twisting modes of Si-H2 and 

SiH3 are present around 820-900 cm-1 [32–34]. In FTIR spectra, different absorption peak 

positions corresponding to different vibrational modes are given in Table 2.1. 

The hydrogen concentration (𝐶𝐻) in the a-Si:H films is calculated from the absorption peak 

near 640 cm-1 using the following Eq. 2.16.  

𝐶𝐻 =
𝐴640

𝑁
∫

𝛼𝑎(𝜔)

𝜔
𝑑𝜔

𝜔2

𝜔1
                                                                                  -------------- (2.16) 

Where A640 = 2.1x1019 cm-2 is the oscillator strength and silicon bond density N= 5x1022 cm-3, 

𝛼𝑎(𝜔) is the absorption coefficient [35]. Similarly, the amount of hydrogen bonded as Si-H 

and Si-H2 is calculated from the deconvoluted peaks near 2000 and 2100 cm-1 using A2000 = 

9.0x1019 cm-2 and A2100 = 2.2x1020 cm-2 respectively [36,37]. 

The microstructure parameter (𝑅∗) is generally used to determine the quality of a-Si:H thin 

films. The 𝑅∗ is  defined as the ratio of the integrated intensity of  2100 cm-1 peak  to sum of 

integrated intensity of the 2000 and 2100 cm-1 peaks (Eq.2.19) [35,38].  
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𝑅∗ =
𝐼2100

𝐼2000+𝐼2100
                                                                                                 ------------- (2.17) 

A low value of 𝑅∗ corresponds to the case when most of the hydrogen is bonded to silicon 

atoms as mono hydride. The films with low 𝑅∗ show good optoelectronic quality, low defect 

density and high stability, whereas high 𝑅∗ films show poor quality and higher defect density 

with large void or vacancy fraction [39,40]. 

Table 2.1: Different absorption peak positions and corresponding vibrational modes for a-Si:H thin 

films. 

Bonding 

Configuration 
Vibrational Mode 

Peak Position 

(cm-1) 

Si-H 
Wagging 640 

Stretching 2000 

Si-H2 

Rocking 640 

Twisting 820 

Wagging 850 

Scissor Bending 880 

Stretching 2100 

Si-H3 

Wagging 640 

Symmetric Deformation 862 

Degenerate Deformation 907 

Stretching 2140 

Si-O-Si Stretching 980-1080 

Si-O-Si-H Stretching 780 

O-Si-Si-O Stretching 1106 

HSi-SiO2 Stretching 2200 

HSi-O3 Stretching 2260 

 

2.2.6. UV-Vis-NIR spectroscopy 

The UV-Vis-NIR spectroscopy has been used to calculate thickness, bandgap and refractive 

index of thin films. Transmission spectra of the a-Si:H thin films are measured with UV-Vis-

NIR spectrometer (Shimadzu 3101PC) in the wavelength range of 200 to 2500 nm. Thickness 

and refractive index of a-Si:H films calculated using swanepoel’s method [41] and optical band 

gap is obtained from the Tauc’s plot [42].  

The refractive index of the films is calculated using following relation Eq.2.18 

 𝑛 = (𝑁 + ((𝑁2 − 𝑆2))
1

2⁄
)

1
2⁄                                                                         ------------- (2.18) 
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Where,  𝑁 = 2𝑆 (
𝑇𝑀−𝑇𝑚

𝑇𝑀𝑇𝑚
) +

𝑆2+1

2
                                                                     ------------- (2.19) 

Here, 𝑆, 𝑇𝑀 and 𝑇𝑚 are the refractive index of substrate,  maximum and minimum of the 

transmission of the films at a particular wavelength (𝜆). 

Thickness of the films is estimated by given equation Eq.2.20 

 𝑑 =
𝜆1𝜆2

2(𝜆1𝑛2−𝜆2𝑛1)
                                                                                             ------------- (2.20) 

Where 𝑛1 and 𝑛2 are the refractive indices at two adjacent maxima or minima corresponding 

to 𝜆1 and 𝜆2 respectively. 

The optical band gap (𝐸𝑔) of the films is estimated using Tauc’s relation [42,43] Eq.2.21 

 (𝛼𝑎ℎ𝜈)𝑚 = 𝐴1(ℎ𝜈 − 𝐸𝑔)                                                                                ------------- (2.21) 

Where, ℎ𝜈 is the incident photon energy, 𝐸𝑔 is optical band gap, 𝛼𝑎 is absorption coefficient 

and 𝐴1 is proportionality constant. The value of exponent 𝑚 is 1/2 for indirect and 2 for direct 

bandgap transition respectively [44]. 

2.2.7. Field emission scanning electron microscopy 

The field emission scanning electron microscope (FESEM) (ZEISS, SIGMA) measurements 

were performed on c-Si substrate, a-Si:H and ITO thin films to study the morphology. In this 

technique, a field emission cathode in electron gun provides high energy narrow and 

accelerated electron beam focused on the sample and after interaction of high energetic 

electrons with sample, secondary electrons are generated from sample. These secondary 

electrons with different energy were collected by detector. FESEM was operated with an 

accelerating voltage of 2 to 4 KeV and films were coated with a thin gold layer to avoid 

charging effect during the measurements.  

2.2.8. Atomic force microscopy 

Atomic force microscope (AFM) (Agilent 5500) was used to study the surface morphology and 

estimate surface roughness of the films. AFM is a high resolution surface scanning microscopy 

technique used to obtain information of the morphology of films. The main principle of AFM 

is, when the cantilever tip is brought close to the film surface, deflection of the cantilever is 

observed due to the Van der Waals force between film and tip. The deflection is measured by 
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a laser spot reflected from the top surface of the cantilever into an array of photodiodes [45]. 

Cantilever is generally made with silicon or silicon nitride material.  AFM measurements were 

done in non-contact mode on the films deposited on corning glass 1737 and c-Si substrate in 

scanning area of 10x10, 5x5 and 2x2 µm2.   

2.2.9. Current-Voltage (I-V) measurements 

2.2.9.1. I-V measurements of a-Si:H thin films 

The dark and photo conductivity of a-Si:H films were measured using two probe method in 

coplanar geometry. Conductivity of the films is given by Eq.2.22 

𝜎 =
𝐼𝑡

𝑉𝑙𝑑
                                                                                                             ------------- (2.22) 

Where,  𝜎 is conductivity of the film, 𝑑 is the thickness of film,  𝑉 is applied voltage between 

equal length (𝑙) Ag electrodes, which are separated by distance 𝑡 and 𝐼 is the measured current.  

A 100 W halogen lamp under AM1.5 conditions was used for photoconductivity 

measurements. Temperature dependant conductivity measurements were done under high 

vacuum of 10-5-10-6 mbar conditions. For these measurements, temperature was varied from 

30 oC to 200 oC under vacuum. 

The activation energy (𝐸𝐴)  was determined from temperature dependent dark conductivity data 

using Arrhenius plot [32]. The relation between the dark conductivity (𝜎𝑑)  and activation 

energy (𝐸𝐴) is given by Eq.2.23. 

𝜎𝑑 = 𝜎0𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝐵𝑇
)                                                                                        ------------- (2.23) 

where 𝜎𝑑 is the dark conductivity 𝜎0 prefactor, 𝑘𝐵 is Boltzmann constant and 𝑇 is the absolute 

temperature (in Kelvin). 

2.2.9.2. Four probe I-V measurement of ITO thin films 

The sheet resistance and resistivity of ITO thin films were determined using four probe I-V 

measurements. In this method, four equally spaced finite radius tungsten metal point probes 

were placed on sample and then further two probes are used to flow a constant current through 

the sample and inner two probes are used to measure the voltage drop against the resistance.  

 

TH-2097_126121019



Experimental Techniques 

29 

 

The resistivity (𝜌) of films is given by equation Eq.2.24 

  𝜌 =
𝜋𝑑

𝑙𝑛2
(

𝑉

𝐼
)                                                                                                     ------------- (2.24) 

The sheet resistance (𝑅𝑠ℎ𝑒𝑒𝑡) is determined by following Eq.2.25 

  𝑅𝑠ℎ𝑒𝑒𝑡 =
𝜌

𝑑
=

𝜋

𝑙𝑛2
(

𝑉

𝐼
)                                                                                      ------------- (2.25) 

2.2.9.3. Current-Voltage (I-V) measurements of solar cells 

Electrical performance of a solar cell was determined from the current-voltage (I-V) 

measurement. The I-V characteristics measurements on c-Si/a-Si:H heterojunction solar cells 

were done under 100 mW/cm2 of incident power density from a Xenon lamp with AM1.5 

conditions. The Keithley 2450 source and measure unit has been used to apply bias voltage and 

collect current from solar cell.  Fig. 2.4 shows the schematic diagram of J-V characteristics of 

solar cell under dark and illumination conditions.  

 

Fig. 2.4. Current density-voltage (J-V) characteristics of solar cell under dark and illumination. 

The illuminated current density (𝐽𝑖𝑙𝑙) of solar cell is given by Eq.2.26 [1] 

𝐽𝑖𝑙𝑙 = 𝐽𝑝ℎ − 𝐽𝑑𝑎𝑟𝑘                                                                                               ------------- (2.26) 

Where 𝐽𝑝ℎ is photo current density and  𝐽𝑑𝑎𝑟𝑘  is dark current density.  

The short circuit current density (𝐽𝑠𝑐) is defined as maximum current through solar cell when 

the solar cell is short circuited (voltage across the device is zero). This is equal to the total 

current density through solar cell under illumination in ideal conditions (Eq.2.27). 
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 𝐽𝑠𝑐 = 𝐽𝑝ℎ                                                                                                          ------------- (2.27) 

The open circuit voltage (𝑉𝑜𝑐) is defined as maximum potential difference between two 

terminals of the solar cell when the solar cell is opened (no external current flow) in ideal 

conditions (Eq.2.28). 

 𝑉𝑜𝑐 =
𝑞𝑉

𝑛𝑖𝑘𝐵𝑇
𝑙𝑛 (

𝐽𝑠𝑐

𝐽0
+ 1)                                                                                     ------------- (2.28) 

Fill factor (𝐹𝐹) is measure of squareness of the J-V curve and describes the maximum power 

utilization of solar cell. The 𝐹𝐹 is estimated by Eq.2.29 

 𝐹𝐹 =
𝐽𝑚𝑎𝑥𝑉𝑚𝑎𝑥

𝐽𝑠𝑐𝑉𝑜𝑐
                                                                                                ------------- (2.29) 

The power conversion efficiency (𝜂) is the ratio of maximum output power density to the 

incident power density [1,46,47]. This is given by Eq.2.30. 

𝜂(%) =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
× 100                                                                                   ------------- (2.30) 

Where,  𝐽𝑚𝑎𝑥 and 𝑉𝑚𝑎𝑥 are short circuit current density and open circuit voltage at maximum 

power point,  𝐹𝐹 is fill factor,  𝑃𝑖𝑛 and  𝑃𝑜𝑢𝑡 are input and output power density.  

The shunt (𝑅𝑠ℎ) and series (𝑅𝑠) resistance of solar cell were estimated through slope of J-V 

curve near short circuit and open circuit points respectively using following equations Eq.2.31 

and Eq.2.32 [1,46,47].  

𝑅𝑠ℎ =
1

(
𝑑𝐽

𝑑𝑉
)

𝑉=0

                                                                                                     ------------- (2.31)                                                          

𝑅𝑠 =
1

(
𝑑𝐽

𝑑𝑉
)

𝐽=0

                                                                                                     ------------- (2.32) 

2.2.10. External quantum efficiency (EQE) measurements 

Spectral response and passivation quality of interfaces of solar cells were studied by external 

quantum efficiency (EQE) measurements with and without external reverse bias conditions. 

The EQE measurements were carried out in the wavelength range 350-1100 nm on c-Si/a-Si:H 

heterojunction solar cells.  Si photo diode calibrated for global AM1.5 spectra was used as 

reference to estimate the EQE of the cells [22,48,49]. The EQE measurements were performed 

at room temperature using an in-house built dual beam set up. Fig. 2.5 shows the schematic 
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diagram of the quantum efficiency measurement setup. The Xenon lamp was used as light 

source for EQE measurements, which is connected through a monochromator (Horiba Jovin 

Yvon-Triax). The lamp was switched on at least 30 min before any measurements for stable 

light spectra. 

Optical chopper (Stanford Research Systems Model SR540) was used for periodically interrupt 

the light beam. Incident light beam pass through this optical chopper and with the help of beam 

spiltter one half of the light beam fall on the solar cell and other half on calibrated photo diode 

by beam splitter. The optical lenses were installed on the way of light beam from 

monochromator to optimize the focusing and position of light beam on solar cell as well as 

reference Si photo diode. The slit width was kept at 3 mm diameter for incident light beam. 

Second order filters of 400 nm and 610 nm cut off wavelengths were used to block second 

harmonics of light when the sample was exposed to the light at longer wavelengths. The 

chopper controller contain a phase locked loop speed control motor to precisely maintain the 

chopping speed and phase relative to the reference signal. We have used 6 slots blade set and 

17 Hz of chopper frequency. The output of optical chopper was connected to two lock-in 

amplifiers (Stanford Research Systems Model SR-810). One lock-in amplifier was connected 

to the reference photodiode and another was connected to the solar cell. Lock-in amplifier 

measures a single output for the component of the signal at a specific reference frequency and 

reject noise signals corespond to other the frequency and do not affect measurements. The 

monocromator and lock-in amplifiers were controlled by LabVIEW program through general 

purpose interface bus (GPIB) card and the output signals were collected from reference diode 

and solar cell in terms of volts. 

 

Fig. 2.5. Schematic diagram of quantum efficiency measurement setup. 
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The external quantum efficiency (EQE) is defined as ratio of the electrons colleted as photo 

current to incident photons. The EQE of solar cell is given by Eq.2.33 [1,46,47] 

 𝐸𝑄𝐸(%) =
ℎ𝑐

𝑞𝜆
× 𝑆𝑅𝑐𝑒𝑙𝑙 × 100                                                                       ------------- (2.33) 

where ℎ, 𝑐, 𝑞, 𝜆 and 𝑆𝑅𝑐𝑒𝑙𝑙 are planks constant, velocity of light, charge of electron, wave 

length of light and spectral response of the measured solar cell respectively.  

Spectral response of the measured solar cell is given by the Eq.2.34  

 𝑆𝑅𝑐𝑒𝑙𝑙 = 𝑆𝑅𝑟𝑒𝑓 (
𝑉𝑐𝑒𝑙𝑙

𝑉𝑠𝑡𝑑
) × (

𝑉𝑟𝑒𝑓 𝑠𝑡𝑑⁄

𝑉𝑟𝑒𝑓 𝑐𝑒𝑙𝑙⁄
)                                                                ------------- (2.34) 

where 𝑆𝑅𝑟𝑒𝑓, 𝑉𝑐𝑒𝑙𝑙, 𝑉𝑠𝑡𝑑, 𝑉𝑟𝑒𝑓 𝑠𝑡𝑑⁄  and 𝑉𝑟𝑒𝑓 𝑐𝑒𝑙𝑙⁄  are the spectral response of standard reference 

diode, voltage of the solar cell, voltage of a standard diode, voltage of reference diode when 

standard diode voltage was measured and voltage of reference diode when solar cell voltage 

was measured respectively. 

The short circuit current density of solar cells estimated from EQE is given by Eq.2.35 [1,46] 

 𝐽𝑠𝑐 = ∫ 𝑏𝑠𝐸𝑄𝐸(𝜆)𝑑𝜆
𝜆+Δ𝜆

𝜆
                                                                               ------------- (2.35) 

Where 𝑏𝑠 is incident spectral photon flux density, 𝜆 is wavelength. 
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Chapter 3 

Influence of Hydrogen Plasma Treatment on Microstructural, 

Optical and Electrical Properties of a-Si:H(i) Thin Films 

 

 

This chapter presents the influence of hydrogen plasma treatment on the growth of nano 

crystalline silicon phase in a-Si:H films. Very thin and good quality layer of a-Si:H films play 

a crucial role in passivation of defect states on the c-Si wafer and interfaces of silicon 

heterojunction (SHJ) solar cells [1–4]. In order to improve the microstructure, optical and 

electrical properties of the a-Si:H films for c-Si/a-Si:H heterojunction solar cells, a-Si:H films 

have been subjected to intermittent hydrogen plasma during growth of the films. The evolution 

of nanocrystalline Si phase due to intermittent hydrogen plasma treatment of a-Si:H films is 

studied through Spectroscopic Ellipsometry(SE), Raman, TEM and FTIR absorption 

spectroscopy. SE and UV-Vis-NIR measurements were used to determine the optical constants, 

thickness and band gap of the films. Electrical properties were studied by conductivity 

measurements.  

3.1. Experimental details 

The intrinsic a-Si:H thin films were deposited on corning 1737 glass and undoped silicon 

substrates using capacitively coupled radio frequency plasma enhanced chemical vapour 

deposition (RFPECVD) technique. During the growth of a-Si:H films, the silane plasma was 

interrupted and films were exposed to pure H2 plasma to improve the microstructure of the 

films. The total deposition time for each film was kept constant at 60 min and each hydrogen 

plasma treatment step was of 5 min duration. The deposition parameters used for SiH4 plasma 

for deposition of a-Si:H(i) layer were: Silane flow rate (SFR) of 6 SCCM, RF power of 35 W, 

substrate temperature of 200 oC and process pressure (PP) of 0.42 mbar. For hydrogen plasma 

treatment (HPT), hydrogen flow rate (HFR) of 26 SCCM at PP of 0.42 mbar, RF power of 60 

W (RF frequency of 13.56 MHz) and substrate temperature of 200 oC were used.  For HP_0 

film, no hydrogen plasma treatment was carried out during deposition, whereas for HP_1, after 

30 min of film deposition (SiH4 plasma), the films were subjected to 5 min of H2 plasma 
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treatment followed by another 30 min of deposition (SiH4 plasma). Similarly, for HP_2 and 

HP_3, the films were subjected to 5 min hydrogen plasma after each 20 min and 15 min of 

deposition (for 2 and 3 times) respectively. No plasma treatment was carried out on the top 

surface of the films. The schematic of deposition and hydrogen plasma treatment for each series 

is shown in Fig. 3.1.  

 

Fig. 3.1. Hydrogen plasma treatment steps during a-Si:H film growth. 

Raman scattering studies were performed on a-Si:H films deposited on corning substrate at 

room temperature. The SE measurements were carried out on films deposited on corning 

substrate in the range of 2-5 eV at an incident angle of 70o and data analysis was performed 

using SEA software as described in section 2.2.3, Chapter 2. Transmission spectra of the a-

Si:H thin films were measured with UV-Vis-NIR spectrometer in the wavelength range of 200 

to 2500 nm. AFM was used to study the surface morphology and roughness of the films. The 

dark and photo conductivity of the films deposited on corning 1737 substrate were measured 

under vacuum (~10-6 mbar) in coplanar geometry with Ag electrodes of 5 mm length at a 

separation of 1 mm in the temperature range 300-475K to estimate the activation energy.  For 

TEM measurements, HP_0 and HP_3, films were scratched and sonicated in acetone for a few 

minutes and dispersed on copper mesh. The FTIR transmission measurements were done on 

the films, which were simultaneously deposited on undoped crystalline silicon, in the range of 

400-2300 cm-1. All the measurements, except FTIR, were done on films deposited on corning 

1737 glass. The details of all these characterization techniques used in the present study are 

given in Chapter 2. 

3.2. Results and discussion 

3.2.1. Structure evaluation by TEM analysis 

In order to evaluate structure of the a-Si:H films with and without H2 plasma treatment, TEM 

measurements were done on the samples transferred on Cu mesh (Section 2.2.2, Chapter 2). 
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TEM images of HP_0 and HP_3 samples are shown in Fig. 3.2(a, b) and corresponding 

selective area electron diffraction (SAED) pattern are shown in Fig. 3.2 (c, d). Fig 2e shows 

HRTEM image of HP_3 film. A blurred image in Fig. 3.2a and diffused diffraction rings in 

Fig. 3.2c, correspond to the amorphous structure of the HP_0 film when no plasma treatment 

was carried out. Whereas nano-crystallites can be seen in Fig. 3.2b. Bright spots on the diffused 

diffracted rings (Fig. 3.2d) are strong evidence of nano crystalline nature of the HP_3 film. The 

porous nanocrystalline structure of HP_3 film (Fig. 3.2b) is due to etching effect of H2 plasma.  

The inter-planer spacing (d-spacing), as calculated from HRTEM image (Fig. 3.2e), are 0.328 

and 0.257 nm corresponding to (111) and (220) planes of Si respectively [5,6]. 

 

 

   Fig. 3.2 (a,b) TEM images of HP_0, HP_3 films and (c,d) SAED patterns of HP_0, HP_3 films and 

(e) HRTEM image of HP_3 film. 

3.2.2. Structure evaluation by Raman studies 

Fig. 3.3(a, b) show the Raman spectra of HP_0-HP_3 films and deconvoluted Raman spectra 

of HP_ 2 film respectively. In Raman spectra, for HP_0 and HP_1 films, most intense peak at 

480 cm-1 corresponds to the transverse optic (TO) mode of a-Si:H, whereas peaks at 410 cm-1, 

310 cm-1 and 150 cm-1 correspond to longitudinal optic (LO) mode, longitudinal acoustic (LA) 

mode and transverse acoustic (TA) mode respectively [7,8]. For HP_0 and HP_1 films, peak 
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at 480 cm-1 indicates amorphous nature of these films [9–11]. The observation of these peaks 

indicate that one step plasma did not affect the microstructure of the films significantly. In case 

of HP_2 and HP_3, another peak near 500-510 cm-1 corresponding to the TO mode for nc-Si, 

is observed. Raman spectra of HP_2 and HP_3 could be deconvoluted in to the peaks 

corresponding to TO mode of a-Si:H (480 cm-1), grain boundaries (~500 cm-1) and nc-Si (~510 

cm-1) [12]. The ratio of intensities of peaks corresponding to TA and TO mode of a-Si 

(𝐼𝑇𝐴 𝐼𝑇𝑂⁄ ), which is a measure of dihedral bond angle deviation ∆𝜙 provides the information 

on medium range order (MRO). The tetrahedral bond angle deviation ∆𝜃 was estimated from 

FWHM of TO mode of the films (Eq. 2.1) [7], which is measure of the short range order (SRO) 

of the films. The crystalline (𝑋𝑐) (Eq. 2.2), nano crystalline (𝑋𝑛𝑐) (Eq. 2.3), grain boundary 

(𝑋𝑔𝑏) (Eq. 2.4) volume fractions and crystallite size (𝑑𝑅𝑎𝑚𝑎𝑛) (Eq. 2.5) of the films were 

calculated as described in section 2.2.1, Chapter 2 [13–15] and the values are listed in Table 

3.1. Fig. 3.4. shows the ratio of 𝐼𝑇𝐴 to 𝐼𝑇𝑂  (𝐼𝑇𝐴 𝐼𝑇𝑂⁄ ) and bond angle deviations (∆𝜃) as a 

function of number of H2 plasma steps.  As it is evident from Table 3.1 and  Fig. 3.4 that both 

∆𝜃 and 𝐼𝑇𝐴 𝐼𝑇𝑂⁄  (∆𝜙) have decreased with increase in HPT steps. This reflects an improvement 

in structural ordering upon HPT of the films.  As films are subjected to the hydrogen plasma, 

bonding disorder is reduced and weak Si-Si bonds are replaced with strong Si-Si bonds. The 

crystallite size as well as crystalline volume fraction of HP_3 film are also higher than that of 

HP_2 film. The HPT initiates the formation of nanocrystallite in the films. During subsequent 

HPT, the amorphous phase around the crystalline regions is further  etched and  the crystalline 

growth is enhanced in HP_2 and HP_3 [16–19].   

 

   Fig. 3.3. Raman spectra of HP_0 to HP_3 (a) and deconvulated spectra of HP_2 (b) films. 
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Table 3.1. Crystalline (𝑋𝑐), nano crystalline (𝑋𝑛𝑐), grain boundary(𝑋𝑔𝑏) volume fractions and bond 

angle deviations ( 𝐼𝑇𝐴 𝐼𝑇𝑂⁄  and ∆𝜃) calculated from Raman spectra. Hydrogen content (𝐶𝐻) and 

microstructure (𝑅∗) factor calculated from FTIR measurements. 

Raman FTIR 

Sample 
𝑋𝑐 

(%) 

𝑋𝑛𝑐 

(%) 

𝑋𝑔𝑏 

(%) 

𝑑𝑅𝑎𝑚𝑎𝑛 

(nm) 
𝐼𝑇𝐴 𝐼𝑇𝑂⁄  

∆𝜃 
(o) 

𝐶𝐻  (%) at 

640 cm-1 
𝑅∗ 

HP_3 50.4 26.0 24.3 2.7 0.55 7.5 12.6 0.38 

HP_2 27.6 10.8 16.7 2.4 0.59 7.8 11.3 0.46 

HP_1     0.67 7.8 10.6 0.54 

HP_0     0.73 8.2 9.6 0.57 

 

Fig. 3.4. Ratio of 𝐼𝑇𝐴 to 𝐼𝑇𝑂  (𝐼𝑇𝐴 𝐼𝑇𝑂⁄ ) and bond angle deviations as a function of number of H2 

plasma steps (Error bars are included in figure). 

3.2.3. FTIR analysis for the evaluation of hydrogen content  

Fig. 3.5 shows the FTIR transmission spectra of HP_0 to HP_3 films. In Fig. 3.5, wagging and 

stretching modes of Si–H bonds are present at 640 cm-1 and 2000 cm-1 respectively. The total 

hydrogen content (𝐶𝐻) and microstructure factor 𝑅∗ were estimated using Eq. 2.16 and Eq. 2. 

17 as described in section 2.2.5, Chapter 2 [13–15] and the values are listed in Table 3.1 and 

also shown in Fig. 3.6.  It is observed that H2 content in the films increases whereas 𝑅∗ 

decreases with increase in HPT steps. These results indicate that HPT results in breaking of 

weak Si-H2 bonds and favours the strong Si-H bonds, thus producing a more ordered and 

relaxed network with low void fraction [20].  The increase in hydrogen content also results in 

an increase in band gap as estimated using UV-Vis-NIR transmission and SE measurements 

(discussed later). The amount of hydrogen bonded as Si-H and Si-H2 is also calculated from 

the deconvoluted absorption peaks near 2000 and 2100 cm-1 as described in section 2.2.5, 

Chapter 2 and also shown in Fig. 3.6. 
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Fig. 3.5.  FTIR transmission spectra of HP_0 to HP_3 films. 

    

Fig. 3.6. Hydrogen content and microstructure factor of HP_0 to HP_3 films as a function of H2 

plasma steps. 

3.2.4. UV-Vis-NIR spectroscopy studies for band gap and thickness evaluation 

Fig. 3.7 shows the UV-Vis-NIR transmission spectra of HP_0 to HP_3 films. It is observed 

that the all the films are very uniform and highly transparent in high wavelength region. 

Refractive index (Eq. 2.18) and thickness (Eq. 2.20) of a-Si:H films are calculated using 

swanepoel’s method [21] as described in section 2.2.6, Chapter 2 and band gap is obtained 

from the Tauc’s plot using Eq. 2. 21 [22]. These values are listed in Table 3.2. The thickness 

of HP_0 film, without any plasma treatment, is estimated as 1475 nm. Further, thickness of 

films is found to decrease with increase in number of HPT steps; thickness of HP_0 to HP_3 

films being 1475, 1060, 730 and 670 nm respectively (Table 3.2). This observed decrease in 

thickness with increase in number of HPT steps is because of etching of film during HPT and 

subsequently different growth mechanism which influences the deposition rate. The effective 
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deposition rate of these films is estimated as 24.58, 17.66, 12.16 and 11.16 nm correspond to 

HP_0 to HP_3 films respectively. It is also observed that optical band gap of the a-Si:H films 

has increased from 1.79 to 1.86 eV and refractive index (at 632 nm) from 3.3 to 3.9 with 

increase in number of H2 plasma treatments (Fig. 3.8). This is due to increase in hydrogen 

content in the films and rearrangement of Si network with improved microstructure as 

confirmed by the Raman and FTIR spectroscopy measurements discussed in the earlier sections 

(3.2.2 and 3.2.3). 

 

Fig. 3.7. Transmission spectra of HP_0 to HP_3 films. 

 

Fig. 3.8. Thickness, band gap (𝐸𝑔) and refractive index plotted as function of H2 plasma steps. 

3.2.5. Spectroscopic ellipsometry (SE) analysis for evaluation of optical constants and 

microstructure 

Fig. 3.9 show the real (< 𝜀1 >) and imaginary (< 𝜀2 >) parts of pseudo dielectric function as 

a function of photon energy, as derived from the measured 𝜓 and ∆ values in SE. Details of 

< 𝜀1 > and < 𝜀2 > expressions are given in section 2.2.3, Chapter 2 (Eq. 2.7). For reference, 

the dielectric function for the c-Si wafer, derived from SE measurements, is also shown in Fig. 
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3.9. The distinct peaks in < 𝜀2 > spectra at 3.4 eV and 4.2 eV  correspond to direct band to 

band transitions in crystalline and nano/micro crystalline silicon thin films [23–25]. A first look 

at these figures indicates that both < 𝜀1 > and < 𝜀2 > for the HP_3 film have a similar 

variation with energy as that for c-Si, suggesting that the microstructure of this sample is very 

similar to that of c-Si. Though, the magnitude of < 𝜀2 > for HP_3 film at these positions is 

smaller compared to that for c-Si, which could be due to smaller size of grains in the film 

[26,27].  For HP_2 film, though no distinct peak and dip in < 𝜀1 > and peaks at 3.4 eV and 

4.2 eV in < 𝜀2 > are seen, however a shallow peak and dip in < 𝜀1 > and broad hump in <

𝜀2 > corresponding to two broad overlapping peaks is clearly observed, which suggests that 

this film has improved microstructure. The magnitude of < 𝜀2 > near 3.4 and 4.2 eV for HP_2 

is also same as that for HP_3 film at these positions. This suggests the partial crystallization of 

the HP_2 and HP_3 films.  

 

      Fig. 3.9. a) Real (< 𝜀1 >) and b) Imaginary (< 𝜀2 >) part of pseudo dielectric function measured 

as a function of photon energy for HP_0 to HP_3 films and c-Si. 

For HP_0 and HP_1 films, the trend that  < 𝜀1 > decaying non-linearly with energy whereas 

< 𝜀2 > having a broad hump with peak position near 3.5-3.6 eV, is similar to the trend reported 

for a-Si:H films [23,28,29]. A peak at 3.5-3.6 eV in < 𝜀2 > is characteristic of a-Si:H films. 

The amplitude of < 𝜀1 > for HP_1 film is slightly more than that of HP_0 and the peak position 

in < 𝜀2 > for HP_1 is slightly shifted toward higher energy (~3.6 eV) as compared to that for 

HP_0 (3.5 eV). These observations suggest that though one time HPT does not significantly 

alter the microstructure of the a-Si:H films (HP_1), however there is a slight improvement in 

bonding configuration and reduction in defect density which lead to a shift in peak position to 

higher energy.  
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The amplitude of < 𝜀2 > in SE spectra is a measure of refractive index and thus the density of 

the films [30]. In case of a-Si:H, where hydrogen atoms are present in silicon matrix, the dense 

network with higher refractive index is formed when H2 is bonded as monohydride (Si-H) and 

the atomic percent of hydrogen is low. On the other hand, if hydrogen is bonded as Si-H2, Si-

Hn, the voids are formed and effective refractive index is lowered. Now if we look at the 

amplitude of < 𝜀1 > and < 𝜀2 > for a-Si:H films with and without hydrogen plasma treatment, 

it is observed that amplitudes of both < 𝜀1 > and < 𝜀2 > increase with increase in HPT steps 

for HP_0 to HP_2 films. This can be attributed to increase in density of films due to the 

improvement in bonding arrangement and microstructure of these films when subjected to 

hydrogen plasma. During HPT, a large flux of atomic hydrogen arriving on the film surface 

breaks the weak Si-Si bonds and replaces these with strong Si-Si bonds. Hydrogen atoms also 

diffuse in to the bulk of the films and improve the structure of the films [31]. During subsequent 

growth, the Si atoms arriving on the surface prefer to maintain this structural ordering rather 

than forming a random network. However, this process continues for a few atomic layers only 

and once again a random network of Si atoms is formed resulting in growth of a-Si:H. For 

HP_1, the film is subjected to HPT only once and subsequent deposition was for a longer period 

(30 min), which did not change the microstructure of the films. However, for HP_2 film, with 

two times H2 plasma steps followed by smaller deposition times (20 min each), transformation 

from a-Si:H to nc-Si:H started which resulted in to a mixed phase of amorphous and nano 

crystalline films. For HP_3, one more HPT step was introduced followed by further reduced 

deposition time (5 min H2 plasma after each 15 min SiH4 deposition), which resulted in to the 

formation of nanocrystallites in the films and increase in intensity of the peaks at 3.4 eV and 

4.2 eV. 

   

Fig. 3.10: a) Schematic Two-layer model for TL, TL+Gauss and b) TL +BEMA model. 

Several models have been used for investigation of a-Si:H/nc-Si:H films through the analysis 

of dielectric function such as Tauc-lorentz (TL)[32], Cody-Lorentz model [33], Forouhi-

Bloomer model [34,35], Tetrahedral model [25], Harmonic oscillator model and Bruggman 
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effective medium approximation model (BEMA) etc. However, it is very important to choose 

suitable model and ensure the best fitting to obtain precise and valid results. Among these 

models, TL model [36], Gauss model [30] and combination of these models are mostly used 

and details of those models are given in section 2.2.3, Chapter 2. 

  

 Fig. 3.11:  Measured and fitted values of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of pseudo 

dielectric function as a function of photon energy, a) HP_0, HP_1 films (fitted with TL model) and b) 

HP_2, HP_3 films (fitted with TL and Gauss model). 

The TL model (Eq. 2.9 and Eq.2. 10) along with BEMA (Eq. 2.11) has also been used to 

determine the amorphous, nanocrystalline and void fraction in a-Si:H/nc-Si:H films [30,37]. In 

our case, we have used TL and a combination of TL and Gauss models (Eq. 2.12 and Eq. 2.13) 

to fit the dielectric function of amorphous films (HP_0 and HP_1) and mixed phase films 

(HP_2 and HP_3) respectively. Two-layer structure; corning substrate/bulk layer/surface 

roughness layer/air (Fig. 3.10a) is used to estimate the band gap, optical constants and 

thickness of these films.  The measured values of dielectric constant as a function of photon 

energy and those obtained using model fitting are shown in Fig. 3.11. For amorphous films 

(HP_0 & HP_1), TL model alone could give a good fitting to the experimental data with single 

peak in < 𝜀2 >  corresponding to a-Si:H around 3.5-3.6 eV, whereas for films with signature 

of nanocrystallinity (HP_2 & HP_3), Gauss model is used to fit the two band to band transition 

near 3.4 and 4.2 eV along with the TL model used for fundamental transition near 3.6 eV. The 

initial values of different peaks for the fitting were obtained by deconvoluting the peak in <

𝜀2 > spectra of these samples using the peak fit program of the software ORIGIN 8.5. The 

calculated values of thickness, band gap and refractive index (at 632 nm) of the films from SE 

measurements are listed in Table 3.2 along with the corresponding values obtained from the 

UV-Vis-NIR transmission data. The values of the fitted parameters 𝐴, 𝐸0 , 𝐶 and  𝐸𝑔 are listed 

in Table 3.3. The thickness and band gap values obtained from UV-Vis-NIR transmission and 
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SE measurements match quite well. The quality of fitting (goodness of fitting) (𝑅2) of these 

models is 99% and estimated errors are included in figures. 

Table 3.2. Thickness (𝑑), band gap (𝐸𝑔) and refractive index (𝑛) of the films calculated from using UV-

Vis-NIR and  SE measurements. 

 UV-Vis-NIR TL+Gauss model#/ TL model* TL+BEMA model 

Sample 
𝑑 

(nm) 

𝐸𝑔  

(eV) 
𝑛 

𝑑𝑏𝑢𝑙𝑘 

(nm) 

𝐸𝑔  

(eV) 
𝑛 

𝑑𝑠  

(nm) 

𝑑𝑏𝑢𝑙𝑘 

(nm) 

𝐸𝑔  

(eV) 
𝑛 

𝑑𝑠  

(nm) 
#HP_3 670 1.85 3.9 665 1.86 4.2 7.59 663 1.86 3.8 8.8 
#HP_2 730 1.84 3.9 723 1.84 4.1 3.78 725 1.84 3.7 4.7 
*HP_1 1060 1.81 3.5 1062 1.81 3.6 2.46  1060 1.81 3.7 2.3 
*HP_0 1475 1.79 3.3 1466 1.80 3.4 2.13  1475 1.80 3.2 1.9 

 

Fig. 3.12:  Measured and fitted values of < 𝜀1 > and < 𝜀2 > as a function of photon energy, a) HP_0, 

HP_1 films and b) HP_2, HP_3 films (fitted with TL and BEMA model). 

We have also used TL model along with BEMA to estimate the amorphous (𝑓𝑎), crystalline 

(𝑓𝑐) and void (𝑓𝑣) volume fractions, thickness of bulk and surface layer along with band gap 

and optical constants of the bulk layer of the films.  For this, we have taken two-layer structure; 

corning substrate/bulk layer/surface roughness layer/air (Fig. 3.10b). Both, bulk as well as 

surface layers consist of a mixture of amorphous, crystalline and void phases [30,38,39]. The 

measured values of dielectric constant as a function of photon energy were fitted using 

TL+BEMA as shown in Fig. 3.12. The values of the fitted parameters 𝐴, 𝐸0 , 𝐶 and  𝐸𝑔 as 

obtained using TL+BEMA, are also listed in Table 3.3 and corresponding values of thickness, 

band gap and refractive index (at 632 nm) are listed in Table 3.2. The calculated values of 

amorphous, crystalline and void fraction for both bulk layer and rough surface layer are listed 

in Table 3.4 along with the surface roughness values obtained from AFM.  It is evident from 

these tables that there is a good agreement between the values of 𝐴, 𝐸0 , 𝐶 and  𝐸𝑔 between the 

two models, (TL/TL+Gauss and TL+BEMA). The value of amplitude parameter (𝐴) is found 

to increase and broadening parameter (𝐶) is found to decrease with increase in number of H2 
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plasma steps (Table 3.3). These observations suggest an improvement in structural ordering 

with HPT. It is also observed that amorphous and void volume fractions have decreased and 

that of crystalline phase has increased with increase in hydrogen plasma steps (Fig. 3.13).  

Table 3.3. Model fitted parameters (𝐴, 𝐸0, 𝐶  and 𝐸𝑔 ) of HP_0 to HP_3 films. 

 TL+Gauss model#/ TL model* TL+BEMA model 

Sample 
𝐴 

(eV) 
𝐸0  

(eV) 
𝐶 

(eV) 

𝐸𝑔 

(eV) 

𝐴 
(eV) 

𝐸0  

(eV) 
𝐶 

(eV) 

𝐸𝑔 

(eV) 

#HP_3 247.6 

𝐸1:3.42 

𝐸2:3.65 

𝐸3:4.20 

2.15 1.86 245 3.66  2.12 1.86 

#HP_2 247.4 

𝐸1:3.41 

𝐸2:3.65 

𝐸3:4.18 

2.16 1.84 245 3.65  2.13 1.84 

*HP_1 238 3.64 2.36 1.81 235 3.61 2.35 1.81 
*HP_0 235 3.59 2.51 1.80 234 3.51 2.43 1.80 

 

Table 3.4. Thickness, void, amorphous and crystalline fraction of bulk and surface roughness layer of 

HP_0 to HP_3 films calculated from SE and RMS roughness from AFM measurements. 

 Bulk layer Surface roughness layer AFM 

Sample 
𝑑𝑏𝑢𝑙𝑘 

(nm) 

𝑓𝑣 

(%) 

𝑓𝑎 

(%) 

𝑓𝑐  

(%) 

𝑑𝑠 

(nm) 

𝑓𝑣 

(%) 

𝑓𝑎 

(%) 

𝑓𝑐  

(%) 

𝑑𝑅𝑀𝑆  

(nm) 

HP_3 663 6.8 43.0 50.1 8.81 11.5 51.0 37.4 7.4 

HP_2 725 9.2 71.8 19.0 4.76 16.0 71.7 12.2 3.7 

HP_1 1060 10.2 84.7 5.0 2.34 24.5 71.5 3.9 1.9 

HP_0 1475 18.7 80.5 0.7 1.99 31.9 67.7 0.3 1.5 

 

 

Fig. 3.13. Void and crystalline fraction plotted as function of H2 plasma steps. 
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Fig. 3.14. Surface and RMS roughness of films as a function of number of H2 plasma steps. 

The thickness, band gap and refractive index (at 632 nm) calculated using two models also 

agree well with the values obtained from the UV-Vis-NIR transmission data. The roughness of 

the films from the AFM studies is also quite similar to thickness of the rough surface layer (𝑑𝑠) 

(Fig. 3.14).  

The amplitude of the < 𝜀2 > spectra is related to the refractive index 𝑛 and extinction 

coefficient 𝑘 as 𝜀2(𝐸) = 2𝑛(𝐸)𝑘(𝐸).  As seen in Fig. 3.9b, amplitude of < 𝜀2 >  for amorphous 

films HP_0 and HP_1 is 20.20 and 20.93 respectively, which is much less than the 

corresponding values 24.03 and 24.16 for nanocrystallites embedded HP_2 and HP_3 

respectively. Amorphous film (HP_0) without any hydrogen plasma treatment show a larger 

void fraction (~19%), which is significantly reduced to 10% with one-time hydrogen plasma 

treatment (HP_1) and is further reduced with increasing number of HPT steps (Table 3.4).  

FTIR analysis also shows a larger microstructure factor 𝑅∗ for amorphous films, which 

indicates that a larger fraction of total hydrogen present in these films is bonded as SiH2, SiH3 

or SiHn (higher hydride).  

A direct correlation is observed between the 𝑅∗ and void fraction in these films (Fig. 3.15). 

Though an increase in amount of total hydrogen content is observed with increase in HPT steps, 

the amount of hydrogen bonded as SiH2, SiHn is found to decrease slightly (Fig. 3.6). This 

implies that atomic hydrogen arriving at the surface during plasma treatment steps not only 

breaks weak Si-Si bonds but also diffuses in to the bulk and passivates the coordination defects, 

replaces weak Si-H2 bonds with strong Si-H bonds resulting in a dense structure which is 

evident as an increase in refractive index (Table 3.2). At first sight, it may appear to contradict 

the perception that an increase in hydrogen content would result in a decrease in density of the 
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films and thus refractive index. However, as the bond length of Si-H bonds is low compared to 

that of Si-Si bonds, hydrogen bonded as Si-H increases the density of the films [40]. 

 

Fig. 3.15. Microstructure factor and void fraction as a function of number of H2 plasma steps. 

Fig. 3.16 shows the calculated values of 𝑛 and 𝑘 as a function of photon energy for the films 

and a clear and systematic trend is observed near the fundamental (3.6 eV) and band to band 

transition (4.2 eV) positions.  A shift in peak position of the fundamental mode towards the 

higher energy for hydrogen plasma treated films (~3.64 eV) compared to that for untreated film 

(3.59 eV) also indicates an improvement in structural ordering of the films after subjecting the 

growing surface to hydrogen plasma. This conjecture is further supported by the decrease in 

broadening parameter (Table 3.3 and Fig. 3.17), which is a measure of the disorder in the 

films[28,30].   

 

  Fig. 3.16: a) Refractive index and b) excitation coefficient of HP_0 to HP_3 films measured as a 

function of photon energy by using TL and BEMA model.  

Our results show that with increase in HPT steps, not only the total hydrogen content in the 

films is increased but the amount of hydrogen bonded as strong Si-H bonds is also increased 

(Fig. 3.6). The band gap is thus increased as Si-H bonds have larger energy compared to Si-Si 
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bonds and the valence band is lowered in the films [40]. Figure 3.17 shows the increase in band 

gap with total hydrogen content in the films.  It is observed that the band gap increases almost 

linearly with the total hydrogen content. The peak amplitude of < 𝜀2 > is also found to increase 

with 𝐶𝐻 and broadening parameter is reduced (Fig. 3.17).   The thickness of the film (Fig. 3.8) 

decreases with increasing plasma treatment steps due to i) etching of the amorphous phase and 

ii) lower growth rate of nc-Si:H phase [41]. Initially, when a large portion of amorphous phase 

is to be etched out, thickness decreases rapidly, however, when a major portion of the a-Si:H 

phase is etched out by subsequent plasma treatment and a stable nc-Si phase remains, the rate 

of decrease of total thickness is lowered. The microvoids in a-Si:H films have been identified 

as the source of light induced degradation in a-Si:H films. A decrease in its density upon one-

time plasma treatment without changing the amorphous nature of the films is expected to 

improve the stability of these films against exposure to light [42].   

 

Fig. 3.17. TL model parameters (𝐴, 𝐸0, 𝐸𝑔 and 𝐶 ) of HP_0-HP_3 films as a function of hydrogen 

content (𝐶𝐻). 

3.2.6. Morphology studies by AFM 

To study the morphology of the films, AFM measurements were performed in non-contact 

mode on the films deposited on corning glass. Fig. 3.18 show the surface morphology of the 

HP_0 to HP_3 on 2x2 µm2 area of the films. It is clearly observed that films are very uniform 

throughout the area. The small size grains are observed in HP_0 and HP_1 films with grain 

size increasing in HP_2, HP_3 films. This is due to changes in nucleation and growth process 

in the films by HPT. The RMS surface roughness (𝑑𝑅𝑀𝑆) values of the films obtained from 
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AFM measurements are found to be 1.55, 1.92, 3.73 and 7.47 nm corresponding to HP_0 to 

HP_3 films respectively and also listed in Table 3.4. 

 

Fig. 3.18 (a-d). Surface morphology of HP_0 - HP_3 films measured from AFM measurements. 

3.2.7. Electrical conductivity 

The dark (𝜎𝑑) and photo (𝜎𝑝ℎ) conductivity of films deposited on corning substrate were 

measured in a coplanar geometry using 100 W halogen lamp at incident power density of 100 

mW/cm2 (Eq. 2.22). The dark and photoconductivity of these films at 300 K are shown in Fig. 

3.18. All the films show about 4 orders of magnitude change in conductivity under illumination. 

The temperature dependence of the conductivity for these films is shown in Fig. 3.19. At room 

temperature, both dark and photoconductivity are found to be nearly same for all the films. The 

films have good photosensitivity at 475 K also, with highest value for HP_1 which can be 

attributed to the improvement in structural ordering of this films after one step HPT, while 

films being still amorphous in nature.  With increased number of HPT steps, though the 

structural ordering is improved, however nanocrystalline phase also develops, which lowers 

the photosensitivity at higher temperature as compared to one step HPT. The estimated 
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activation energy (𝐸𝐴) in the range of 370-430 K (Eq. 2.23) of films obtained from cooling data 

of dark conductivity is 0.49, 0.50, 0.56 and 0.62 eV correspond to HP_0 to HP_3 films 

respectively. 

 

Fig. 3.19. Room temperature conductivity of films as a function of number of H2 plasma 

steps. 

 

Fig. 3.20. The dark and photo conductivity of HP_0 to HP_3 films as a function of 

temperature.  

This is for the first time, when thin a-Si:H films with improved microstructure are deposited 

using the hydrogen plasma treatment followed by subsequent silane plasma.  In the work 

reported in literature, no subsequent silane plasma was introduced to deposit the a-Si:H films 

on hydrogen plasma treated surface. In order to achieve nc-Si:H films, most of researchers 

deposited thin a-Si:H films and subjected it to HPT followed by high temperature annealing 

[18,20,43]. Pangal et.al reported that the HPT had created seed nuclei of microcrystalline 

silicon. These seed nuclei enhanced the overall crystallization rate[18].  

3.3. Conclusion  

Thick nc-Si:H films were deposited with intermittent H2 plasma treatment during the 

deposition of a-Si:H films in continuous process, with a small time gap between the two steps, 
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silane plasma and hydrogen plasma. The influence of hydrogen plasma treatment on the 

microstructure of a-Si:H films is studied. It is observed that exposure to hydrogen plasma 

during deposition of a-Si:H films improves the microstructure of the films by etching the 

amorphous phase and replacing the weak Si-Si bonds and Si-H2 bonds by strong Si-H bonds. 

We observed that microstructure factor is directly related to void fraction in the films and also 

to the amplitude of the imaginary part of pseudo dielectric function. The single TL model could 

not give accurate results in case of mixed phase films and TL+Gauss model has been used to 

calculate the optical constants, thickness and band gap of the those mixed phase films. Further, 

results obtained from the TL+Gauss model have been compared with those obtained using 

TL+BEMA for accuracy of the model. These estimated optical constants, thickness and band 

gap of the films match well with those obtained from the analysis of UV-Vis-NIR Transmission 

data. Further the void, amorphous and crystalline volume fractions and surface roughness of 

the films from BEMA model values are well correlated with those obtained from FTIR, Raman 

and AFM measurements results. The overall deposition rate of these nc-Si films is higher 

without any annealing than that obtained by hydrogen dilution of silane for similar films. 

Process of H2 plasma treatment of a-Si:H films is used to fabricate stable c-Si/a-Si:H solar cells 

presented in Chapter 6 and Chapter 7 and also to increase the efficiency of c-Si/a-Si:H 

heterojunction solar cells by reducing the interface defects and improving the passivation of 

coordination defects.  
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Chapter 4 

Influence of Hydrogen Flow Rate on Microstructural and 

Optical Properties of a-Si:H(p) and a-Si:H(n) Thin Films 

 

 

This chapter presents influence of hydrogen flow rate on the microstructure and optical 

properties of boron and phosphorous doped hydrogenated amorphous silicon (a-Si:H(p) and a-

Si:H(n)) films. The quality of a-Si:H(p) and a-Si:H(n) layer is very crucial to improve the 

performance of c-Si/a-Si:H heterojunction solar cells, which have demonstrated very 

promising performance [1–4]. The essential requirements for the p and n-layer in silicon based 

heterojunction solar cells are high conductivity and wide bandgap [5]. The high conductivity 

reduces the series resistance between the p/n-layer and the transparent conducting oxide (TCO) 

layer, while a wide bandgap allows more sunlight transmitting through the p/n-layer and being 

absorbed by the c-Si respectively [5,6].  This can be achieved by tuning the deposition 

parameters, such as hydrogen flow rate, substrate temperature and rf power. With this 

motivation, a series of a-Si:H(p) and a-Si:H(n) films were deposited using RFPECVD 

technique by varying the hydrogen flow rate in the range of 30-70 SCCM and 30-80 SCCM 

respectively. The SE measurements have been performed on these films to study 

microstructure, thickness, optical bandgap and volume fractions (void, amorphous and 

crystalline) and also surface roughness. Further these results were compared with UV-Vis-NIR 

and AFM measurements. 

4.1. Experimental details 

Boron doped hydrogenated amorphous silicon (a-Si:H(p)) thin films were deposited on corning 

1737 glass substrate at hydrogen flow rate (HFR) of 30 to 70 SCCM using RFPECVD in 

multichamber system with diborane (B2H6) (2% of B2H6 diluted in H2) flow rate of 6 SCCM, 

pure silane (SiH4) flow rate of 4 SCCM, RF power of 30 W, process pressure of 0.42 mbar and 

deposition temperature of 200 oC. For phosphorous doped hydrogenated amorphous silicon (a-

Si:H(n)) films, phosphine (PH3) (1% of PH3 diluted in H2) flow rate (PFR) was fixed at 6 

SCCM, hydrogen flow rate was varied from 30-80 SCCM and other parameters were 

maintained same as those for p-layer. The films labelled as MP120-MP124 and MN87-MN92 
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correspond to a-Si:H(p) with HFR of 30-70 SCCM and a-Si:H(n) with HFR of 30-80 SCCM 

respectively. 

The a-Si:H(p) and a-Si:H(n) thin films deposited on corning 1737 glass were characterised by 

Ex-situ SE techniques in the photon energy range of 2-5.5 eV and 70o of incident angle. SEA 

software is used to analyse the data of films. The UV-Vis-NIR spectrometer is used to record 

the transmission spectra of the p and n- thin films in the wavelength range of 200 to 2500 nm 

and the optical band gap of the films is estimated from this transmission data. The surface 

morphology of a-Si:H(p) and a-Si:H(n)) thin films was studied by atomic force microscopy. 

4.2. Results and discussion 

4.2.1. Influence of hydrogen flow rate on a-Si:H(p) films 

4.2.1.1. SE studies 

Fig. 4.1 (a, b) show the measured spectra of real (< 𝜀1 >)  and imaginary (< 𝜀2 >) part of 

pseudo dielectric function (Eq. 2.7) of a-Si:H(p) films deposited with different HFR and also 

c-Si substrate (normalized by a factor of two) as a function of photon energy.  The intense peak 

around 2 eV is due to interference of reflected light from the different interfaces and surface of 

film [7].  The position of this peak in < 𝜀1 > and < 𝜀2 > spectra has shifted from 2 to 2.5 eV 

with increase in hydrogen flow rate of a-Si:H(p) films. This indicates a change in thickness of 

the films with variation in hydrogen flow rate. In case of c-Si, the peak and dip in < 𝜀1 > and 

two peaks in < 𝜀2 >  spectra at 3.4 eV and 4.2 eV correspond to direct band to band transition 

[8]. Similar features have also been reported for nc-Si:H and µc-Si:H films [9,10] and a-Si:H 

films in Chapter 3. 

The < 𝜀2 >  spectra of MP120-MP122 films deposited at lower HFR show broad peak at 3.6 

eV and which shifts to 3.9 eV in case of MP123 and MP124 films deposited at higher hydrogen 

dilution. The magnitude of  < 𝜀1 > and < 𝜀2 >  is highest for MP123 film. The broad peak 

around 3.6 eV corresponds to direct band to band transitions in the a-Si:H films [7,11,12]. 

Presence of this peak confirms that p-layer is amorphous in nature. For films deposited with 

higher H2 flow rate (MP123 and MP124), the broad peak shift from 3.6 to 3.99 eV with 

signature of a shoulder peak at 3.4 eV. This is an indication of change in microstructure of the 

films from pure amorphous phase to that near the onset of nanocrystalline phase [7,13–16]. A 

systematic increase in the amplitude of < 𝜀2 >  spectra is also observed from MP120 to MP123 

films, which decreases for MP124 film. The amplitude of < 𝜀2 >  spectra represents the film 
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density, void fraction in films and also type of bonding configuration such as Si-H, Si-H2 and 

Si-Hn in a-Si:H network [8].  A decrease in broadening accompanied by a higher amplitude in 

these spectra suggests an improvement in density and decrease in disorder in the a-Si:H(p) 

films deposited at higher H2 flow rate or higher H2 dilution. 

 

Fig. 4.1. a) Real (< 𝜀1 >) and b) Imaginary (< 𝜀2 >) part of pseudo dielectric function measured as a 

function of photon energy of a-Si:H(p) films along with c-Si substrate. In case of c-Si, the spectra are 

normalised by a factor of two to fit in the range. 

 

Fig. 4.2. (a, b). Measured and fitted (TL model) values of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part 

of pseudo dielectric function of a-Si:H(p) films as a function of photon energy. 

The Tauc-Lorentz (TL) model has been applied to calculate the thickness and optical bandgap 

of a-Si:H(p) films as described in section 2.2.3.1, Chapter 2 (Eq. 2.9 and Eq. 2.10) [7,11,12]. 

We have used two-layer structure (substrate / bulk layer/surface roughness layer/air) to 

determine the thickness, optical band gap and also volume fractions of void, amorphous and 

crystalline and surface roughness of a-Si:H(p) films as described in section 2.2.3, Chapter 2. 
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Fig. 4.2(a, b) show the measured and fitted (TL model) values of real (< 𝜀1 >) and imaginary 

(< 𝜀2 >) part of pseudo dielectric function of a-Si:H(p) films as a function of photon energy. 

Estimated thickness and optical band gap values are listed in Table 4.1. The quality of fitting 

(goodness of fitting) (𝑅2) is 99% and estimated errors are included in corresponding figures. 

Table 4.1. TL model fitted parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) and estimated thickness of a-Si:H(p) films. 

Sample 
HFR 

(SCCM) 

Thickness 

(nm) 
𝐴 

(eV) 
𝐸0 

(eV) 
𝐶 

(eV) 

𝐸𝑔 

(eV) 

𝑑𝑠 
(nm) 

𝐸𝑔(eV) 

(UV-Vis-NIR) 

MP120 30 105 176 3.65 2.99 1.82 2.09 1.81 

MP121 40 105 193 3.75 2.90 1.82 1.82 1.82 

MP122 50 92 194 3.72 2.85 1.84 1.11 1.83 

MP123 60 74 210 3.99 2.67 1.85 1.50 1.85 

MP124 70 67 186 4.10 2.79 1.87 2.16 1.87 

Fig. 4.3 shows the TL model fitted parameters of a-Si:H(p) films as a function of hydrogen 

flow rate. Amplitude parameter (𝐴) increases whereas the broadening parameter (𝐶) decreases, 

with increase in the hydrogen flow rate for a-Si:H(p) film except MP124 film. The main reason 

for this change is that large flux of atomic hydrogen has passivated co-ordination defects and 

decreased the band tail states in a-Si:H network. The atomic hydrogen  also diffused deeper in 

to the film and replaced weak Si-Si and Si-H2 bonds with strong Si-Si and Si-H bonds thus 

increased the density of the films and also improved the microstructure [12,16,17]. For MP124 

film, the value of  𝐴 has decreased and 𝐶 has increased. At HFR of 70 SCCM, hydrogen 

concentration in the chamber is considerably increased and hydrogen precursors made number 

of collisions with neighbouring H2 and SiH4 molecules, which resulted in an increase in defect 

density, bond density of Si-H2 and void fraction in the films.  

 

Fig. 4.3. TL model fitted parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) of a-Si:H(p) film as a function of HFR. 
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In order to estimate the amorphous, crystalline and void fraction in the films, BEMA model 

was used as described in section 2.2.3.2, Chapter 2 (Eq. 2.11) [7,18–20]. Fig. 4.4 show 

measured and fitted spectra of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of pseudo dielectric 

function of a-Si:H(p) films as a function of photon energy. Estimated volume fractions and 

surface roughness of films are given in Table 4.2. 

  

Fig. 4.4(a, b). Measured and fitted (BEMA model) values of < 𝜀1 > and < 𝜀2 > of a-Si:H(p) films as 

a function of photon energy. 

Table 4.2. The estimated void (𝑓𝑣), amorphous (𝑓𝑎) and crystalline (𝑓𝑐) volume fractions, thickness 

and surface roughness (ds) of a-Si:H(p) films. 

Sample 
HFR 

(SCCM) 

Thickness 

(nm) 
𝑓𝑣  (%) 𝑓𝑎  (%) 𝑓𝑐  (%) 

𝑑𝑠 
(nm) 

𝑑𝑅𝑀𝑆 (nm) 

(AFM) 

MP120 30 111 15.42 83.50 1.05 1.23 1.10 

MP121 40 101 14.85 84.10 1.05 1.56 1.27 

MP122 50 93 9.16 87.80 3.02 2.19 1.89 

MP123 60 73 7.14 84.35 8.50 2.46 2.12 

MP124 70 67 13.22 74.40 12.37 3.19 3.11 

Fig. 4.5 shows the estimated void (𝑓𝑣), amorphous (𝑓𝑎) and crystalline (𝑓𝑐) volume fractions of 

a-Si:H(p) films as a function of hydrogen flow rate. It is observed that void fraction has 

decreased up to 60 SCCM of HFR and then increased at 70 SCCM of HFR. The least void 

fraction of 7.14% was observed at 60 SCCM of HFR (MP123), whereas crystalline fraction 

has continuously increased. The maximum crystalline fraction of 12.37% was observed at 70 

SCCM of HFR. The amorphous fraction has increased up to 50 SCCM of HFR and then 

decreased with further increase in HFR. The surface roughness of the films is found to increase 

from 1 to 3 nm with increase in HFR due to increased ion bombardment on growing surface of 

the films. 
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Fig. 4.5. Void, amorphous and crystalline volume fractions of a-Si:H(p) film corresponding to HFR. 

4.2.1.2. UV-Vis-NIR studies 

Fig. 4.6 shows the UV-Vis-NIR transmission spectra of MP120-MP124 films. In Fig. 4.6, a 

clear shift in absorption edge of transmission spectra of films, towards higher energy is 

observed with increase in HFR. The optical band gap of the films was calculated using Tauc’s 

plot (Eq. 2.21) [21,22] and the values are listed in Table 4.1. These values are in good 

agreement with those estimated from SE analysis. It is observed that thickness of the films has 

decreased and band gap has increased with increase in hydrogen flow rate during deposition. 

 

Fig. 4.6. Transmission spectra of a-Si:H(p) thin films. 

4.2.1.3. AFM morphology studies 

Fig. 4.7(a-e) show the AFM surface morphology of MP120-MP123 thin films. It is observed 

that all the films are uniform throughout the sample and voids are formed in films at lower 

HFR. The RMS surface roughness (𝑑𝑅𝑀𝑆) values are found to be 1.1 to 3.1 nm corresponding 

to MP120-MP123 films respectively and listed in Table 4.2. The roughness of the films from 
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the AFM measurements is comparable with the estimated surface roughness of the films from 

SE measurements. 

  

  

Fig. 4.7(a-e). AFM surface morphology of MP120-MP124 films.                                                                                       

4.2.2. Influence of hydrogen flow rate on a-Si:H(n) films 

4.2.2.1. SE studies 

Fig. 4.8 (a, b) show the measured spectra of real (< 𝜀1 >) and imaginary (< 𝜀2 >)  part of 

pseudo dielectric function (Eq. 2.7) of a-Si:H(n) films and also c-Si as a function of photon 

energy.  The intense peak around 2 eV corresponds to interference of reflected light from the 

interface and surface of film and its position depends upon the thickness and refractive index 

of the films.  The interference peak position in < 𝜀1 > and < 𝜀2 > spectra has shifted from 2 

to 2.5 eV with increase in HFR of a-Si:H(n) films. This indicates a change in thickness of the 

films with variation of HFR.  

The < 𝜀2 >  spectra of MN87-MN89 (HFR of 30-50 SCCM) films show broad peak at 3.6 eV 

corresponding to direct band to band transitions in the a-Si:H films [7,11,12] and this peak is 

shifted to 3.7 eV for MN90 (60 SCCM) film. For films deposited at HFR of 70 and 80 SCCM 

(MN91 and MN92), the broad peak is further shifted to 3.9 and 4.1 eV with signature of a 

shoulder peak at 3.4 eV respectively. This is an indication of change in microstructure of the 

films from pure amorphous phase to that near the onset of nanocrystalline phase [7,13–16]. In 

case of MN91 and MN92, the peak at 4.2 eV was integrated with more dominating peak at 2.5 
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eV (interference fringe due to thickness of films). A systematic increase in the amplitude of <

𝜀2 >  spectra is also observed from MN87-MN91 films, which has decreased for MN92 film. 

The magnitude of  < 𝜀1 > and < 𝜀2 >  is highest for MN91 film.  A decrease in broadening 

along with higher amplitude in these < 𝜀1 > and < 𝜀2 > spectra suggests decrease in disorder 

and an improvement in density of the a-Si:H(n) films deposited at higher H2 flow rate. 

 

Fig. 4.8. a) Real (< 𝜀1 >) and b) Imaginary (< 𝜀2 >) part of pseudo dielectric function measured as a 

function of photon energy for a-Si:H(n) films along with c-Si substrate. 

The thickness and optical bandgap of a-Si:H(n) films were estimated by TL model [7,11,12] 

using two-layer model structure similar to that used for a-Si:H(p) films. Fig. 4.9(a, b) show the 

measured and fitted (TL model) values of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of pseudo 

dielectric function of a-Si:H(n) films as a function of photon energy. Estimated thickness and 

optical band gap values are listed in Table 4.3. The quality of fitting (goodness of fitting) (𝑅2) 

is 99% and estimated errors are included in corresponding figures. 

  

Fig. 4.9(a, b): Measured and fitted (TL model) values of < 𝜀1 > and < 𝜀2 > of a-Si:H(n) films as a 

function of photon energy. 
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Table 4.3. TL model fitted parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) and estimated thickness of a-Si:H(n) films. 

Sample 
HFR 

(SCCM) 

Thickness 

(nm) 
𝐴 

(eV) 
𝐸0 

(eV) 
𝐶 

(eV) 

𝐸𝑔 

(eV) 

𝑑𝑠 
(nm) 

𝐸𝑔(eV) 

(UV-Vis-NIR) 

MN87 30 109 225 3.50 2.87 1.80 1.76 1.81 

MN88 40 98 225 3.54 2.78 1.81 1.82 1.82 

MN89 50 75 227 3.61 2.75 1.84 1.33 1.83 

MN90 60 67 232 3.70 2.67 1.85 1.50 1.85 

MN91 70 62 247 3.94 2.55 1.86 1.35 1.87 

MN92 80 53 245 4.11 2.80 1.86 1.54 1.87 

Fig. 4.10 shows the TL model fitted parameters of a-Si:H(n) films as a function of hydrogen 

flow rate. Amplitude parameter 𝐴  has increased and broadening factor 𝐶 has decreased with 

increase in the HFR of a-Si:H(n) film except for MN92 film. For MN92 (80 SCCM) film, the 

value of  𝐴 has slightly decreased and 𝐶 value has increased. At HFR of 80 SCCM, hydrogen 

concentration in the chamber is considerably high, thus hydrogen makes frequent collisions 

with neighbouring precursors. As a result, some of growth precursors may not be able to reach 

to surface as well bulk of the films and also do not occupy stable position on growing surface. 

This leads to increase in defect density, bond density of Si-H2 (formation of higher hydride) 

and void fraction in the films, when HFR is very high (80 SCCM). 

 

Fig. 4.10. TL model fitted parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) of a-Si:H(n) film as a function of HFR. 

BEMA model was used to estimate the amorphous, crystalline and void volume fraction in the 

films as described in section 2.2.3.2, Chapter 2 (Eq. 2.11) [7,18–20]. Fig. 4.11(a, b) show 

measured and fitted (BEMA model) spectra of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of 

pseudo dielectric function of a-Si:H(n) films as a function of photon energy. Estimated volume 

fractions and surface roughness of films are given in the Table 4.4. 
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Fig. 4.11(a, b). Measured and fitted (BEMA model) values of < 𝜀1 > and < 𝜀2 > of a-Si:H(n) films 

as a function of photon energy. 

Table 4.4. The estimated void (𝑓𝑣), amorphous (𝑓𝑎) and crystalline (𝑓𝑐) volume fractions, thickness and 

surface roughness (ds) of a-Si:H(n) films. 

Sample 
HFR 

(SCCM) 

Thickness 

(nm) 
𝑓𝑣  (%) 𝑓𝑎  (%) 𝑓𝑐  (%) 

𝑑𝑠 
(nm) 

𝑑𝑅𝑀𝑆 (nm) 

(AFM) 

MN87 30 109 17.59 80.86 1.53 1.46 1.6 

MN88 40 98 16.86 81.92 1.21 1.82 1.8 

MN89 50 75 15.94 80.95 3.10 2.03 2.0 

MN90 60 67 14.67 79.83 5.50 2.50 2.1 

MN91 70 62 11.49 79.08 9.42 2.65 3.0 

MN92 80 53 13.35 72.89 13.98 3.14 3.3 

Fig. 4.12 shows the void (𝑓𝑣), amorphous (𝑓𝑎) and crystalline (𝑓𝑐) volume fractions of a-Si:H(n) 

films as a function of hydrogen flow rate. It is observed that void fraction has systematically 

decreased up to 70 SCCM of HFR and then increased at 80 SCCM of HFR. The least void 

fraction of 11.49% was observed at 70 SCCM of HFR (MN91), whereas crystalline fraction 

has continuously increased. The maximum crystalline fraction of 13.49% was observed at 80 

SCCM of HFR. The amorphous fraction is found to be nearly independent of HFR till 70 

SCCM and then decreased with further increase in HFR to 80 SCCM. The surface roughness 

of the films is found to increase from 1 to 3 nm with increase in HFR due to increased ion 

bombardment and number collisions among the neighbouring gas molecules of the films. The 

trend is similar to that observed for a-Si:H(p) films (Section 4.2.1.1). 
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Fig. 4.12. Void, amorphous and crystalline volume fractions of a-Si:H(n) film corresponding to HFR. 

4.2.2.2. UV-Vis-NIR studies 

Fig. 4.13 shows the UV-Vis-NIR transmission spectra of MN87-MN92 films. In Fig. 4.13, a 

clear shift in absorption edge of transmission spectra of films towards lower wavelength is 

observed with increase in HFR. The Tauc’s plot has been used to calculate the optical band gap 

of the films using Eq. 2.21 [21,22] and the values are listed in Table 4.3. These values are in 

good agreement with those estimated from SE analysis. It is observed that thickness of the 

films has decreased and band gap has increased with increase in HFR during deposition. The 

trend is similar to that reported for undoped and boron doped a-Si:H films (Sec. 4.2.1.2) 

[19,23]. 

 

Fig. 4.13. The UV-Vis-NIR transmission spectra of a-Si:H(n) thin films. 
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4.2.2.3. AFM morphology studies 

Fig. 4.14(a-f) show the AFM surface morphology of MN87-MN92 thin films measured on scan 

area of 2x2 µm2 in non-contact mode. It is observed that all the films are uniform throughout 

the sample and formation of voids took place at lower HFR of the films. The RMS surface 

roughness (𝑑𝑅𝑀𝑆) values are found to be 1.6 to 3.3 nm corresponding to MN87 to MN92 films 

respectively and also listed in Table 4.4. The grain size and roughness of the films has increased 

with increase in HFR of the films. The roughness of the films from the AFM studies is also 

quite similar to the estimated surface roughness of the films from SE measurements. 

 

Fig. 4.14(a-f). AFM surface morphology of MN87-MN92 films. 

During growth of a-Si:H films, most of the hydrogen atoms and molecules interact with 

growing film and make possible chemical reactions. Three main processes take place during 

growth of film with hydrogen dilution, which are i) hydrogen coverage on the growing surface, 

ii) chemical etching and cleaning, and iii) migration of adsorbed precursors on surface [24–

26]. The atomic hydrogen diffuses on growing surface as well as into the bulk of the films. The 

atomic hydrogen enhances surface diffusion of precursors such as SiH3 and produce local 

heating through hydrogen exchange reactions on the growing surface [25]. These energetic 

precursors occupy more stable and favourable sites. Strong Si-Si and Si-H bonds are formed 

by removing weak Si-Si, Si-H2 bonds. The hydrogen atoms also etch out some amorphous 

fraction [25,27]. This results in structural transition from amorphous to nano/micro crystalline 

phase depending on hydrogen dilution of the precursor gases. After certain hydrogen dilution, 
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film quality start to degrade and defects formation starts in growing film. The films deposited 

at 30-50 SCCM for a-Si:H(p) and 30-60 SCCM for a-Si:H(n) of HFR are amorphous in nature 

and have disordered Si network with most of the Si atoms bonded as Si-H2. SE analysis 

revealed that these films have low 𝐴, high 𝐶 value and higher void fraction, which are estimated 

by TL and BEMA model respectively. In our case, film microstructure, bonding arrangement 

and Si-H bonding configuration have improved up to 60 SCCM and 70 SCCM of HFR for a-

Si:H(p) and a-Si:H(n) films respectively. This observed variation in HFR of films for similar 

type of microstructure is mainly due to higher hydrogen concentration in B2H6 than PH3 gas. 

Beyond these flow rates, further increase in atomic hydrogen flux increases the rate of ion 

bombardment resulting in formation of microvoids and the reduced compactness of the films. 

However, crystallinity has enhanced due to increase in hydrogen radical density. This is 

confirmed by SE analysis; peak position and amplitude of < 𝜀2 >  spectra has changed with 

variation of hydrogen flow rate during deposition of films. Films deposited at 60 SCCM (a-

Si:H(p)) and 70 SCCM (a-Si:H(n)) of HFR have best device quality microstructural properties 

and onset of nanocrystalline phase, which are used for p and n-layer of c-Si/a-Si:H 

heterojunction solar cells. 

4.3. Conclusion 

Influence of hydrogen flow rate on microstructure, optical properties of a-Si:H(p) and a-Si:H(n) 

films was studied by SE measurements. It is observed that microstructure of a-Si:H(p) and a-

Si:H(n) films changes from amorphous to nano crystalline phase by increasing hydrogen flow 

rate during film growth. This phase transition is confirmed by SE analysis; shift in peak 

position of pseudo dielectric function of these films from 3.6 eV (for pure a-Si:H) to 4.1 eV 

with a shoulder peak at 3.4 eV (near onset of nanocrystalline) is observed as the hydrogen flow 

rate is increased. The bandgap, surface roughness and crystallinity of the films has increased 

with increase in HFR for the films. It is found that less defective a-Si:H films with smaller void 

fraction and improved Si-H bond density are obtained at 60 SCCM and 70 SCCM of HFR for 

a-Si:H(p) and a-Si:H(n) films respectively.  This optimised parameters leading to films with 

improved microstructure and near the onset of nanocrystalline phase are used for fabrication 

of c-Si/a-Si:H heterojunction solar cells in Chapter 6 and Chapter 7. 
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Chapter 5 

Influence of Deposition Temperature on Structural, Optical 

and Electrical Properties of ITO Thin Films   

 

 

This chapter presents the influence of deposition temperature on microstructure, morphology, 

optical and electrical properties of Indium tin oxide (ITO) thin films. The transparent 

conductive oxide (TCO) layer is an important layer to improve the efficiency of solar cells. 

Indium tin oxide (ITO), Zinc oxide (ZnO), Alumina doped zinc oxide (ZnO:Al) are most 

commonly used TCO layers in solar cells. Indium tin oxide (ITO) thin films are used in many 

electronic devices such as solar cells [1–3], liquid crystal displays (LCDs) [4], light emitting 

diodes (LEDs) [5,6] and also in biology to determine glucose concentration due to 

electroluminescent properties of ITO films [7]. The ITO thin films have significant importance 

in solar cells as transparent conducting oxide and antireflection layer [1,8–10]. In order to 

improve performance of solar cells, the key requirements of ITO films are high transparency 

in visible region, high conductivity and low sheet resistance [2,11–13]. In order to optimize the 

deposition parameters to get high quality TCO, indium tin oxide (ITO) thin films were 

deposited on corning1737 glass substrate at deposition temperature ranging from 50 to 200 oC 

using RF Sputtering technique. The X-ray diffraction (XRD) was used to study the structure, 

crystallite size and micro strain of the ITO films. Transmission spectra of the ITO thin films 

were measured with UV-Vis-NIR spectrometer in the wavelength range of 200 to 1500 nm and 

used to estimate band gap of the films. Atomic Force Microscope (AFM) and Field Emission 

Scanning Electron Microscope (FESEM) measurements were used to study the surface 

morphology of the films. The sheet resistance of ITO films was measured using four probe 

current-voltage (I-V) measurements. 

5.1. Experimental details 

Indium tin oxide (ITO) thin films were deposited on corning 1737 glass substrate using radio 

frequency sputtering (RF Sputtering) technique. The parameters used for deposition of ITO 

films were: Argon flow rate (AFR) of 7 SCCM, RF power of 80 W, process pressure (PP) of 
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0.062 mbar and substrate temperature varied from 50 to 200 oC. The samples SP335-SP338 

correspond to deposition temperature of 50-200 oC respectively. 

5.2. Results and discussion 

5.2.1. X-Ray diffraction analysis 

Fig. 5.1(a, b) show the XRD pattern of SP335-SP338 ITO films and Lorentzian peak fitting of 

SP338 film respectively. It is observed that the films deposited at 50oC were nanocrystalline in 

nature. The film crystallinity was improved as deposition temperature was increased and films 

were completely crystallized at 150 oC. The intensity of the diffraction peaks was also increased 

with increasing deposition temperature. This indicates that films deposited at higher 

temperature are highly crystalline and oriented with reduced crystalline defects [14–16]. The 

preferential direction of growth for films deposited at 50 and 100 oC is [222], whereas for films 

deposited at higher temperature 150 and 200 oC, growth direction corresponds to [400]. Here 

2θ represents the angle between the direct X-ray beam and scattered beam.   

 

Fig. 5.1. (a) XRD pattern of SP335-SP338 ITO films, (b) Fitted peaks in SP338 film. 

The Williamson-Hall (W-H) method has been used to calculate accurate crystallite size and 

microstrain in the films using Eq.2.15 given in section 2.2.4, Chapter 2 [17,18]. Fig. 5.2 shows 

the W-H plot of SP338 film deposited at 200 oC. The values of estimated crystallite size and 

micro strain of the ITO films are listed in Table 5.1.  It was observed that the crystallite size of 

films has increased and micro strain in the films has decreased with increase in deposition 
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temperature from 50 to 200 oC. The ITO films have completely crystallized at 150 oC and then 

saturated at deposition temperature of 200 oC. The SP337(150 oC) and SP338(200 oC) films 

have crystallite size of 26.86 and 27.50 nm and very less micro strain of 0.1% in the films. The 

SP336 (100 oC) showed crystallite size of 21.12 nm and also slightly higher micro strain than 

other films. The crystallite size of 1.57 nm of SP335 at 50 oC film was calculated from Debye-

Sherrer formula (Eq. 2.14) [19]. 

 

Fig. 5.2. Williamson-Hall plot of SP338 ITO thin film. 

Table 5.1. Calculated crystallite size (𝑑𝑋𝑅𝐷) and micro strain (𝜖) in the films. 

Sample Dep. temp (oC) 𝑑𝑋𝑅𝐷 (nm) Strain (%) 

SP338 200 27.50±1.4 0.1 

SP337 150 26.86±1.3 0.1 

SP336 100 21.72±1.1 0.2 

SP335 50 1.57±0.1 - 

5.2.2. UV-Vis-NIR spectroscopy studies 

Fig. 5.3a shows the UV-Vis-NIR transmission spectra of SP335-SP338 films. All the films 

show high transmission of 90-98% in the wavelength range of 400-1500 nm. Fig. 5.3b shows 

the linear fit of (𝛼ℎ𝜈)2 as function of ℎ𝜈 to estimate the optical bandgap. The optical bandgap 

of films has been estimated using Tauc’s plot (Eq. 2.21) [20] and values are given in Table 5.2.  

It is clearly observed that absorption edge of the films has shifted to lower wavelength side 

with increase in deposition temperature (Fig. 5.3). These highly transparent ITO filmswith high 

bandgap allow most of the photons to reach the absorber layer in solar cells. Thickness of the 

ITO films was estimated by stylus profilometer. The estimated deposition rates are 10 nm/min, 

9.1 nm/min, 8.2 nm/min and 7.8 nm/min correspond to SP335 to SP388(50-200oC) films 

respectively. The optical bandgap of the ITO films has increased and thickness has slightly 

decreased as deposition temperature is increased.  
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Fig 5.3. (a). UV-Vis-NIR transmission spectra, (b). Plot of (𝛼ℎ𝜈)2 as function of ℎ𝜈 of ITO films. 

5.2.3. FESEM morphology studies 

Fig. 5.4(a-d) show the FESEM surface morphology of the SP335-SP338 (50-200 oC) ITO films 

respectively. It is clearly observed that the growth and surface morphology of the films changes 

with change in deposition temperature. The films are uniform and the grain size of the films 

has increased with increase in deposition temperature. 

  

   

Fig. 5.4(a-d). FESEM surface morphology of the SP335-SP338 (50-200 oC) ITO films. 
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Table 5.2. Estimated thickness, optical bandgap (𝐸𝑔), surface roughness (𝑑𝑅𝑀𝑆), resistivity (𝜌) and 

sheet resistance (𝑅𝑠ℎ𝑒𝑒𝑡) of films. 

 Profilometer 
UV-Vis-

NIR 
AFM I-V measurement 

Sample        
Thickness 

(nm) 

𝐸𝑔  

(eV) 

𝑑𝑅𝑀𝑆  
(nm) 

𝜌  
(Ωcm)( x10-5) 

𝑅𝑠ℎ𝑒𝑒𝑡 
  (Ω/□) 

SP338  86±7 3.98±0.02 10.77±0.4 6.4±0.2 7.49±0.3 

SP337  90±8 3.85±0.01 6.11±0.5 6.7±0.1 7.51±0.2 

SP336  100±7 3.74±0.01 13.81±0.4 25.0±0.4 25.01±0.3 

SP335  110±6 3.55±0.02 14.38±0.6 37.3 ±0.2 33.94±0.5 

 

5.2.4. AFM morphology studies 

Fig. 5.5(a-d) show the AFM surface morphology of the ITO films deposited at 50-200 oC 

respectively. It is observed that at lower deposition temperature (50 and 100 oC), films are not 

uniform, with voids in the films and high surface roughness. With further increase in deposition 

temperature, uniform films are grown with less surface roughness. 

 

  

Fig. 5.5(a-d). AFM morphology of ITO films. 
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Measured RMS roughness values are 14.38, 13.81, 6.11 and 10.77 nm corresponding to 

deposition temperature 50, 100, 150 and 200oC respectively (Table 5.2). At lower deposition 

temperature, atoms have less energy to occupy stable position, which create path to formation 

of voids and rough films. At higher deposition temperature of 150 oC and above, atoms have 

sufficient energy to diffuse on surface as well as in the bulk of the films.  This results in strong 

bonds with neighbouring atoms and very uniform films. It is observed that surface roughness 

of SP338 film is higher than SP337 film, this could be due to increased grain size and 

desorption of atoms from the growing surface at deposition temperature of 200 oC.  

5.2.5. Four probe I-V measurements 

Resistivity and sheet resistance of ITO films were estimated from four probe I-V measurements 

using Eq. 2.24 and Eq. 2.25 and values are given in Table 5.2. The separation between each 

probe was 1 mm and detailed description of four probe method was given in section 2.2.9.2, 

Chapter 2.  It is found that sheet resistance and resistivity have decreased with increase in 

deposition temperature.  The low sheet resistance of 7.5 Ω/□ and 7.4 Ω/□ and resistivity of 

6.7x10-5 Ωcm and 6.4x10-5 Ωcm are obtained for films deposited at 150 and 200 oC 

respectively. These resistivity and sheet resistance values are one order of magnitude lower 

than films deposited at 50 and 100 oC.  

5.3. Conclusion 

Indium tin oxide (ITO) thin films were deposited by RF sputtering technique with varying 

deposition temperature of 50 to 200 oC. It is observed that the films deposited at 50oC were 

nanocrystalline in nature. The film crystallinity was enhanced with increases in deposition 

temperature and saturated at 150 oC. Williamson-Hall plot has been used to estimate crystallite 

size of the ITO films, which are 21.7, 26.8 and 27.5 nm corresponding to films deposited at 

100, 150 and 200 oC respectively. It is found that films deposited at 150 oC have high 

transmission of 91-98% in the wavelength range of 400-1500 nm, low sheet resistance of 7.5 

Ω/□ and surface roughness of 6.1 nm. These highly crystallized, transparent, low sheet 

resistance and low temperature ITO films were used for improving the interface properties 

between ITO and doped layers and efficiency of c-Si/a-Si:H heterojunction solar cells 

presented in Chapter 6 and Chapter 7.  
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Chapter 6 

Influence of a-Si:H(i) Layer Thickness on the Performance of 

c-Si/a-Si:H Heterojunction Solar Cells    

 

 

This chapter presents the influence of a-Si:H(i) thickness layer on the performance of the c-

Si/a-Si:H heterojunction solar cells. Our main goal has been to achieve the high open circuit 

voltage and high efficiency with single side c-Si/a-Si:H heterojunction solar cells. As most of 

the research groups are focused on double side silicon heterojunction (SHJ) solar cells to 

improve the performance of the devices, less attention is paid to the single side solar cells. 

Number of processing steps and time are less in fabrication of single side c-Si/a-Si:H 

heterojunction solar cells. With this aim one sided c-Si/a-Si:H heterojunction solar cells 

(Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag) were fabricated on double side polished n- type c-

Si wafer by RFPECVD technique in multi-chamber system. To control the thickness of a-

Si:H(i) layer, which plays a main role in the performance of solar cells, the cells were fabricated 

with hydrogen plasma treatment of a-Si:H(i) layer of different thicknesses prior to the 

deposition of top a-Si:H(p) layer. The thickness, optical band gap and microstructure of 

different a-Si:H layers in the cells were estimated using Spectroscopic ellipsometry.  Influence 

of hydrogen plasma treatment of a-Si:H(i) layer on thickness, microstructure of the films and 

passivation of the interface defects was also studied in detail.  This chapter also presents 

influence of H2 plasma treatment (HPT) on the open circuit voltage (𝑉𝑜𝑐), short circuit current 

density (𝐽𝑠𝑐) and fill factor (𝐹𝐹) and then performance of solar cells. Surface morphology of c-

Si wafer and a-Si:H films with and without HPT was studied by FESEM and AFM 

measurements. Spectral response of the solar cells was measured by quantum efficiency (QE) 

technique.  

6.1. Experimental details 

6.1.1. Fabrication of c-Si/a-Si:H heterojunction solar cells 

One sided c-Si/a-Si:H heterojunction solar cells (Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag) 

were fabricated by RFPECVD in multi chamber system. After standard RCA cleaning of the 
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c-Si wafer (detailed cleaning procedure is given in the section 2.1.3.1, Chapter 2) [1,2], 

aluminium (Al) was deposited by thermal evaporation on one surface of wafer. The wafers 

were subsequently annealed at 400 oC in high vacuum (10-6-10-7 mbar) for 1 hr to ensure the 

diffusion of Al in Si for good back contact. The top surface of Si wafer was subjected to 10 

min H2 plasma and then a-Si:H(i) layer of varying thickness i.e 50, 45, 40 and 35 nm was 

deposited. The Si wafers were shifted to a-Si:H(p) layer deposition chamber, where the a-

Si:H(i) layers were subjected to 2 min HPT prior to the deposition of top a-Si:H(p) layer. 

Subsequently 20 nm thick a-Si:H(p) layer was deposited to complete the cell. Deposition 

parameters used were: H2 gas flow rate of 50 SCCM, pure SiH4 flow rate of 4 SCCM, process 

pressure of 0.42 mbar, rf power of 30 W and deposition temperature of 200 oC for a-Si:H(i) 

layer. For a-Si:H(p) layer, B2H6 (2% of B2H6 diluted in H2) gas at a flow rate of 6 SCCM along 

with H2 (60 SCCM) was introduced with other parameters same as those for i-layer. For H2 

plasma treatment, only H2 at a gas flow rate of 50 SCCM was used with other parameters; rf 

power, substrate temperature, process pressure maintained same as those for i and p- layers.  In 

silicon heterojunction (SHJ) solar cells, the thickness of i- and p-layer is typically 5-10 nm 

[3,4]. However, it is very challenging to deposit very thin (5-10 nm) a-Si:H films with device 

quality.  For this reason, thick a-Si:H(i) layers were deposited and then subjected to HPT to 

etch the film, as well as improve the quality of a-Si:H(i) layer and passivate defect states at the 

interface. After the deposition of a-Si:H(p) layer, 80 nm of ITO layer on top of the a-Si:H(p) 

and silver (Ag) layer on back side of wafer were deposited by RF sputtering. Finally, front Ag 

metal grid electrodes were made on cell with silver paste. The cells with initial thickness of i-

layer being 50, 45, 40 and 35 nm have been named as nip1, nip2, nip3 and nip4 respectively. 

One more cell (nip0) was fabricated for comparison without any plasma treatment on c-Si(n) 

surface and 10 nm thick a-Si:H(i) layer, with same deposition conditions as those of other cells. 

In order to study influence of HPT on a-Si:H(i) thin films and also to compare and correlate 

with the properties of i-layer of cells, additional two set of samples having 35 and 50 nm thick 

a-Si:H(i) films with and without 2 min HPT, but without any top a-Si:H(p) layer, were 

deposited on identically treated c-Si substrate (c-Si subjected to 10 min HPT before a-Si:H(i) 

layer in both cases). The optimized deposition conditions for a-Si:H(p) and ITO layer in 

previous Chapters 4 and 5 were used in fabrication of solar cells. 

Ex-situ SE measurements were carried out on cells (c-Si(n)/a-Si:H(i)/a-Si:H(p) structure) in 

the range of 1.5- 5.5 eV at an incident angle of 75o to determine thickness, optical constants 

such as refractive index, bandgap and microstructure (void, amorphous and crystalline volume 
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fractions) of each layer in the solar cell simultaneously (Section 2.2.3, Chapter 2). The FESEM 

and AFM measurements were performed on a-Si:H(i) films deposited on c-Si substrate without 

any a-Si:H(p) layer and also on c-Si(n) substrate before and after HPT. The conditions for a-

Si:H(i) layer deposition and HPT were identical to those used for fabrication of solar cells. The 

cell I-V characteristics were measured under AM1.5 conditions and 100 mW/cm2 of incident 

power density using 100 W Xenon lamp. External Quantum Efficiency (EQE) measurements 

were performed on the cells in the range of 350-1100 nm.  Si photo diode calibrated for global 

AM1.5 spectra was used as reference to estimate the EQE of the solar cells (Section 2.2.10, 

Chapter 2).  

6.2. Results and discussion 

6.2.1. Spectroscopic ellipsometry analysis 

SE measurements were performed on c-Si(n)/a-Si:H(i)/a-Si:H(p) solar cells to determine the 

thickness, optical constants such as refractive index, bandgap and microstructure (void, 

amorphous and crystalline fractions) of each layer in the solar cell simultaneously. Fig. 6.1 (a, 

b) show the measured spectra of real (< 𝜀1 >) and imaginary (< 𝜀2 >)  part of pseudo 

dielectric function (Eq. 2.7) of solar cells and also c-Si substrate as a function of photon energy.  

The spectra for solar cells are characterised by peaks around 1.7-2.0 eV, which are due to 

interference of reflected beam from different interfaces (its position depends upon the thickness 

of different layers) and around 3.6 eV arising from the direct band to band transition in a-Si:H 

layers. The intensity and broadening of these peaks depend upon the quality of the films. In 

case of c-Si, the peak and dip in < 𝜀1 > and two peaks in < 𝜀2 > spectra at 3.4 eV and 4.2 eV 

correspond to direct band to band transition [5]. Similar features have also been reported for 

nc-Si:H and µc-Si:H films [6,7]. 

The < 𝜀2 >  spectra of nip1 cells show broad peak at 3.6 eV which is shifted to 3.7 eV in case 

of nip2 cells with an increase in its intensity. This broad peak around 3.6 eV corresponds to 

direct band to band transitions in the a-Si:H films [8–10]. Presence of this peak confirms that 

both i-layer and p-layer are amorphous in nature for these solar cells. For nip3 and nip4 cells, 

this broad peak has shifted to 3.80 and 3.83 eV respectively. This indicate that the structure of 

a-Si:H films in these cells has shifted to transition region between amorphous and nano 

crystalline phase [10–14]. A systematic increase in the amplitude of < 𝜀2 >  spectra is also 

observed from nip1 to nip4 cells. The amplitude of < 𝜀2 >  spectra represents the film density, 

void fraction in films and also type of bonding configuration such as Si-H, Si-H2 and Si-Hn in 
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a-Si:H network [5]. The broadening of curve describes the disorder in the films.  Higher 

amplitude accompanied with a lower broadening correspond to improved density and less 

disorder in the a-Si:H layers for nip3 and nip4 cells. 

 

Fig. 6.1. a) Real (< 𝜀1 >) and b) Imaginary (< 𝜀2 >) part of pseudo dielectric function measured as a 

function of photon energy for nip1 to nip4 solar cells along with c-Si substrate. In case of c-Si, the 

spectra are normalised by a factor of two to fit in the range. 

The Tauc-Lorentz (TL) model has been applied to calculate the thickness and optical bandgap 

of a-Si:H (i) and a-Si:H(p) layers of the cells and details of model is given in section 2.2.3.1. 

Chapter 2  [8,10]. Fig. 6.2a shows the schematic structure of four-layer model (substrate 

/interface layer 1 (i1)/ a-Si:H(i) layer/interface layer 2 (i2)/ a-Si:H(p) layer/air) which has been 

used to determine the thickness and optical bandgap of each a-Si:H layer in the cells for TL 

model. The refractive index and extinction coefficient (n-k) file from the library of the software 

has been used to find out thickness of these interface layers. Void (𝑓𝑣), amorphous (𝑓𝑎) and 

crystalline (𝑓𝑐) volume fractions of each a-Si:H layer and interface layer in the cell have been 

estimated using BEMA model along with thickness of these layers and detailed description of 

model is given in Chapter 2 [10,15], the schematic is shown in Fig. 6.2b. 

   

Fig. 6.2: Schematic four-layer model for a) TL and b) BEMA model. 

Fig. 6.3 (a-d) show the measured and fitted real < 𝜀1 >  and imaginary < 𝜀2 >   part of pseudo 

dielectric function of nip1 to nip4 solar cells with TL model respectively. The fitted TL 
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parameters of a-Si:H layer along with estimated thickness of individual layers and band gap of 

a-Si:H(i) and a-Si:H(p) layers are listed in Table 6.1. The quality of fitting (goodness of fitting) 

(𝑅2) is 99% and estimated errors are within 1% of fitted results of all measurements.  

 

 

Fig. 6.3: Measured and fitted (TL model) values of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of 

pseudo dielectric function as a function of photon energy, (a)-(d) nip1-nip4 solar cells.  

Table 6.1. TL model fitted parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) and estimated thickness of different layers of 

nip1-nip4 solar cells. 

 TL model: a-Si:H(i) TL model: a-Si:H(p) i1 i2 

Cell 
𝐴 

(eV) 
𝐸0 

(eV) 
𝐶 

(eV) 

𝐸𝑔 

(eV) 

𝑑𝑖 
(nm) 

𝐴 
(eV) 

𝐸0 
(eV) 

𝐶 
(eV) 

𝐸𝑔 

(eV) 

𝑑𝑝 

(nm) 

Thickness 

(nm) 

nip1 212 3.64 2.45 1.79 22.74 232 3.76 2.32 1.84 21.68 1.8 2.1 

nip2 217 3.74  2.44 1.80 16.65 234 3.77  2.31 1.84 20.60 1.5 2.2 

nip3 234 3.82 2.27 1.82 11.43 235 3.80 2.29 1.85 20.54 1.4 2.0 

nip4 237 3.84 2.21 1.82 6.56 236 3.80 2.28 1.85 19.07 1.2 1.6 

It is observed that the thickness of a-Si:H(i) layer has decreased from as deposited value of 50, 

45, 40 and 35 nm to 22.74, 16.65, 11.43 and 6.56 nm respectively with 2 min HPT prior to the 

deposition of a-Si:H(p) layer, though not much significant change in thickness of a-Si:H(p) 

layer is observed. Thickness of the interface (a-Si:H) layers is found to be 1-2 nm for all the 

cells. Thickness of interface layer i1 has decreased monotonically from nip1 to nip4, whereas 

that of i2 is nearly same for all the cells. SE measurements revealed that 2 min of HPT had 
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etched approximately 25±2 nm of i-layer and also changed the quality of films. The small 

variation in thickness of a-Si:H(i) layer of cells after HPT could be due to variation in thickness 

of initially deposited i-layer, which was estimated from the deposition rate of films deposited 

separately. 

Fig. 6.4 shows the TL model fitted parameters of a-Si:H(i) layer of cells as a function of 

estimated thickness of a-Si:H(i) layer. Amplitude parameter (𝐴) increases, whereas the 

broadening parameter (𝐶) decreases with decrease in the thickness of a-Si:H(i) layer. This can 

be attributed to improvement in bonding arrangement and microstructure of these films.   

 

Fig. 6.4. TL model parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) of a-Si:H(i) layer of nip1-nip4 cells as a function of 

estimated thickness of a-Si:H(i) layer. 

During HPT, large flux of atomic hydrogen not only etches out the top layers of a-Si:H, but 

also diffuses deeper in to the film and replaces weak Si-Si and Si-H2 bonds with strong bonds 

thus increasing the density of the films and improving the microstructure [9,14,16]. When the 

thickness of a-Si:H(i) layer is more (nip1 and nip2), atomic hydrogen is not able to reach the 

underlying layers close to interface to decrease the coordination defects there or replace the 

weak bond with strong bonds and films are still amorphous. On the other hand, when the 

thickness of a-Si:H(i) layer is low (nip3 and nip4), the atomic hydrogen diffuses in to 

underlying layers near the n/i interface and replaces weak bonds with strong bonds resulting in 

films with less disorder and coordination defects.  This is also reflected as a shift in peak energy 

in < 𝜀2 >  and an increase in band gap of a-Si:H(i) layer. The TL model fitted parameters of 

a-Si:H(p) layer of cells do not vary significantly. These values are listed in the Table 6.1. Slight 
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changes in TL parameters of a-Si:H(p) layer could be due to improvement in structural ordering 

of underneath a-Si:H(i) layer after HPT.  

Fig. 6.5 (a-d) show the measured and fitted < 𝜀1 >  and < 𝜀2 >   spectra of nip1 to nip4 solar 

cells with BEMA model respectively. The estimated thickness and volume fractions of 

different phases of each layer are given in Table 6.2.  It is observed that the thickness of 

individual layers in two models is almost similar. 

Fig. 6.5: Measured and fitted values of real (< 𝜀1 >) and imaginary (< 𝜀2 >) part of pseudo dielectric 

function as a function of photon energy, (a)-(d) nip1-nip4 solar cells (fitted with BEMA model). 

The void, amorphous and crystalline volume fraction of a-Si:H(i & p) layers of cells are shown 

in Fig. 6.6(a, b).  It is found that void fraction of a-Si:H(i) layer (Fig. 6.6a) has decreased with 

decrease in its thickness, indicating that higher thickness cells have lower density.  The 

observation is consistent with the lower amplitude of peak in  < 𝜀2 >  spectra for nip1 and nip2 

cells, which have higher thickness of a-Si:H(i) layer. This decrease in void fraction is 

accompanied by a simultaneous increase in crystalline fraction of a-Si:H(i) layer. No 

significant change in the void or crystalline fraction of the a-Si:H (p) layer is observed for these 

cells (Fig. 6.6b). 
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Fig. 6.6. The volume fraction of a-Si:H a) intrinsic and b) p layers of nip1-nip4 cells.  

Fig. 6.7(a, b) show the void, amorphous and crystalline volume fractions of interface layers i1 

and i2 for nip1-nip4 cells.  For n/i interface, the void and amorphous volume fraction  are found 

to decrease with decrease in thickness of a-Si:H(i) layer along with corresponding increase in 

crystalline volume fraction (Fig. 6.7a). In case of i/p interface, a small decrease in void fraction 

is observed (Fig. 6.7b). The void fraction of interfaces has reduced to about 4-6%. This lower 

void fraction is a result of decrease in interface defect density and concentration of Si-H2 and 

other higher hydride bonds, which are responsible for formation of micro voids in the films 

[17,18].  The micro voids in a-Si:H films cause the light induced degradation effect in a-Si:H 

films [19,20]. A decrease in its density upon 2 min HPT is expected to improve the stability of 

these cells against exposure to light. These observations indicate that HPT is quite beneficial 

for n/i, & i/p interfaces by reducing the void fraction of these layers. 

    

Fig. 6.7(a, b). The volume fraction of interface (i1, i2) layers of nip1-nip4 cells. 
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Table 6.2. Thickness (𝑑𝑙𝑎𝑦𝑒𝑟), void (𝑓𝑣), amorphous (𝑓𝑎) and crystalline 𝑓𝑐 fraction of layers of cells 

calculated from SE measurements. 

Cell 𝑑𝑙𝑎𝑦𝑒𝑟 (nm) 𝑓𝑣 (%) 𝑓𝑎  (%) 𝑓𝑐  (%) layer 

nip1 

20.85 9.73 84.16 6.10 p 

2.34 4.57 70.24 25.18 i2 

21.03 23.91 72.84 3.24 i 

1.72 6.47 43.53 50.0 i1 

nip2 

21.90 9.69 84.10 6.21 p 

2.20 3.90 69.96 26.14 i2 

16.37 20.9 73.83 5.27 i 

1.46 5.01 37.98 57.02 i1 

nip3 

21.85 9.44 84.46 6.10 p 

2.01 3.90 69.96 26.14 i2 

11.78 15.89 76.18 7.92 i 

1.36 4.01 38.97 57.02 i1 

nip4 

21.91 9.07 84.55 6.38 p 

1.61 3.59 70.0 26.41 i2 

6.16 13.91 73.84 12.25 i 

1.22 4.0 38.97 57.02 i1 

 

In order to study influence of HPT on a-Si:H(i) films and also to compare the properties of 

these films with i-layer of cells, SE measurements were performed on identically deposited 35 

and 50 nm thick a-Si:H(i) films before and after exposure to 2 min H2 plasma. Fig. 6.8(a-d) 

show the measured spectra of < 𝜀1 > and  < 𝜀2 > of 35 and 50 nm thick films before and after 

2 min HPT respectively.  The < 𝜀2 >  spectra for both the films without any HPT is 

characterised by a peak at 3.5 eV corresponding to the amorphous nature of the films. The 

amplitude of the peak is also nearly same for both the films.  After 2 min of HPT, a change in 

the spectra of 35 nm film has been observed whereas that of 50 nm thick film spectra remained 

nearly same as before. In addition to the enhancement of amplitude of < 𝜀2 > spectra, a 

shoulder near 4.1 eV appeared after 2 min HPT of 35 nm thick film which indicates the 

formation of nanocrystalline phase. To estimate thickness and bandgap of these a-Si:H(i) films, 

TL and BEMA model have been used; the schematic three layer model is shown in Fig. 6.9. 
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Fig. 6.8(a-d). Real (< 𝜀1 >) and  Imaginary (< 𝜀2 >) part of pseudo dielectric function measured as a 

function of photon energy for 35 and 50 nm thick a-Si:H(i) films before and after 2 min HPT. 

 

Fig. 6.9. Schematics model for TL and BEMA fitting.  

Fig. 6.10 (a-d) show the measured and fitted (TL model) spectra of < 𝜀1 > and < 𝜀2 > as a 

function of photon energy for 35 and 50 nm thick a-Si:H(i) films before and after 2 min HPT. 

The estimated values of bandgap and thickness of a-Si:H(i) and interface layers are given in 

the Table 6.3. These values for hydrogen plasma treated films listed in Table 6.3 match well 

with those for corresponding layers in solar cells given in Table 6.1.  
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Fig. 6.10(a-d): Measured and fitted (TL model) values of < 𝜀1 > and < 𝜀2 > as a function of photon 

energy for 35 and 50 nm thick a-Si:H(i) films before and after 2 min HPT.  

Table 6.3. TL model fitted parameters (𝐴, 𝐸0, 𝐶 and 𝐸𝑔) and estimated thickness of interface and a-

Si:H(i) layers. 

 TL model: a-Si:H(i) i1 i2 

Sample 
𝐴 

(eV) 

𝐸0 

(eV) 

𝐶 

(eV) 

𝐸𝑔 

(eV) 

Thickness 

(nm) 

Thickness 

(nm) 

Thickness 

(nm) 

35nm + 2min HPT 232 3.83 2.30 1.82 7.11 1.3 1.9 

35nm + No HPT 210 3.56 2.45 1.80 33.0 1.4 2.0 

50nm + 2min HPT 215 3.45 2.43 1.79 22.25 2.6 1.8 

50nm + No HPT 219 3.55 2.54 1.79 47.33 1.5 1.2 

 

Fig. 6.11(a-d) show measured and fitted (BEMA model) spectra of real (< 𝜀1 >) and imaginary 

(< 𝜀2 >) part of pseudo dielectric function as a function of photon energy for 35 and 50 nm 

thick a-Si:H(i) films before and after 2 min HPT. The estimated thickness, void, amorphous 

and crystalline volume fraction of a-Si:H(i) and interface layers are given in the Table 6.4. The 

bandgap, thickness, void, amorphous and crystalline volume fractions of a-Si:H(i) films and 

interfaces are very consistent with those for a-Si:H(i) and interface layers of cells (Table 6.2).  
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Fig. 6.11(a-d): Measured and fitted (BEMA  model) values of < 𝜀1 > and < 𝜀2 > a function of 

photon energy for 35 and 50nm thick a-Si:H(i) films before and after 2 min HPT.  

Table 6.4. Thickness, void, amorphous and crystalline fraction of interface and a-Si:H(i) layers 

calculated from BEMA model. 

Sample 
𝑑𝑙𝑎𝑦𝑒𝑟 

(nm) 
𝑓𝑣 (%) 𝑓𝑎  (%) 𝑓𝑐  (%) layer 

35nm + 2min HPT 

1.81 8.57 60.22 31.18 i2 

6.91 13.67 74.56 11.77 i 

1.12 5.05 40.04 54.90 i1 

35nm + No HPT 

1.70 25.01 71.82 3.08 i2 

33.0 20.90 75.05 3.75 i 

1.54 4.85 42.11 53.01 i1 

50 nm + 2min HPT 

2.55 10.98 66.74 22.28 i2 

22.25 24.43 72.60 2.92 i 

1.75 6.03 42.40 51.57 i1 

50nm + No HPT 

1.22 26 72.57 1.43 i2 

47.17 25.75 71.60 2.80 i 

1.59 5.40 42.45 52.15 i1 

 

6.2.2. FESEM morphology studies 

In order to understand the influence of H2 plasma treatment on the surface of the c-Si(n) 

absorber wafer and a-Si:H layers, the FESEM was performed on c-Si(n) and a-Si:H(i) films. 
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Fig. 6.12 (a-d) show the FESEM image of c-Si(n) and a-Si:H(i) layer before and after H2 plasma 

treatment respectively. From these figures, one can clearly see that the surface morphology of 

c-Si(n) wafer has not changed even after 10 min H2 plasma treatment (Fig. 6.12b); though it 

might have etched out the top layer of c-Si wafer and passivated Si dangling bonds by forming 

strong Si-H bonds on the surface [21].  In case of a-Si:H layer, a fraction of amorphous phase 

has been etched out and small nano sized grains have formed by 2 min HPT (Fig. 6.12d) 

[14,22].  The growth of small nano size grains help in growth of more ordered structure during 

subsequent growth of a-Si:H(p) layer near the transition region of amorphous and 

nanocrystalline phase with lower void volume fraction, which is confirmed by SE 

measurements.  

 

  

Fig. 6.12. FESEM image of i) c-Si(n) substrate a) before and b) after 10 min H2 plasma; ii) a-Si:H(i) 

films (35nm thick) on c-Si c) before and d) after 2 minutes H2 plasma treatment. 

6.2.3. AFM morphology studies 

The surface morphology of c-Si and a-Si:H films with and without HPT was also studied using 

AFM and shown in Fig. 6.13(a-d). The RMS roughness values obtained for c-Si substrate 

before and after 10 min HPT are found to be 0.29 nm and 0.43 nm respectively. The values for 
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a-Si:H(i) films before and after 2 min HPT are 0.36 nm and 0.62 nm respectively. It is observed 

that surface of the substrate is smooth enough for the growth of the a-Si:H films. 

 

Fig. 6.13. AFM image of i) c-Si(n) substrate a) before and b) after 10 min H2 plasma; ii) a-Si:H(i) 

films (35nm thick) on c-Si c) before and d) after 2 minutes H2 plasma treatment. 

6.2.4. Current-Voltage measurement 

Fig. 6.14 shows the dark current density-voltage (J-V) characteristics of the nip0, nip2, nip3 

and nip4 cells. The reverse saturation current density (𝐽0) for nip0 cell is more than one order 

of magnitude higher than that of nip3 and nip4 cells. For nip2 cell, 𝐽0 is more than that of nip4 

cell, though it is smaller compared to nip0 cell. The lowest 𝐽0 is obtained for nip3 cell. The 

forward to reverse bias current density ratio is also higher for nip3 and nip4 cells as compared 

to that for nip0 and nip2 cells. The high injection region started around 700 mV for nip3 and 

nip4 cells.  
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Fig. 6.14. Dark J-V characteristics of nip0, nip2, nip3 and nip4 cells (open symbols represent 

reverse bias, whereas filled symbols represent forward bias). 

Fig. 6.15 show the J-V characteristics of c-Si/a-Si:H based hetero-junction nip1-nip4 solar cells 

under AM1.5 illumination. The dark J-V characteristic of nip3 and nip4 cells is also shown in 

Fig. 6.15. For comparison, the J-V characteristics under illumination of nip0 cell, which was 

not subjected to any hydrogen plasma and having 10 nm thick a-Si:H(i) layer, is also included 

in this figure. The values of 𝐽𝑠𝑐, 𝑉𝑜𝑐, 𝐹𝐹 (Eq. 2.29) and efficiency (𝜂) (Eq. 2.30) for all the cells 

are estimated and listed in Table 6.5. A systematic increase in these values are observed from 

nip0 to nip4 cells. This improvement in 𝐽𝑠𝑐 and 𝑉𝑜𝑐 values is due to the systematic decrease in 

thickness of a-Si:H(i) layer, reduction in void fractions of n/i and i/p interface layers and overall 

improvement in microstructure of a-Si:H  layers, which is reflected as a shift in position of 

peak < 𝜀2 > in SE spectra [22]. A crossover of J-V characteristic in dark and under 

illumination is observed around 700 mV for the nip3 and nip4 cells. For these cells, the dark 

current density near 𝑉𝑜𝑐 is slightly low compared to 𝐽𝑠𝑐 value for corresponding cells.  

The open circuit voltage for nip3 and nip 4 cells are 711 and 703 mV respectively, which are 

best among the values (628-635 mV) reported so far for single sided hetero-junction solar cells 

on n type c-Si [23–26]. To the best of our knowledge, the highest 𝑉𝑜𝑐 of 652 mV has been 

reported for single side c-Si/a-Si:H on p-type c-Si(FZ) by Wang et.al [27,28]. Though 𝑉𝑜𝑐 as 

high as 750 mV has been reported on double side heterojunction cells on thin n-type c-Si 

substrates [29]. For nip2 cell, the 𝑉𝑜𝑐 is 645 mV, which is close to the values reported for such 

cells. For this cell (nip2), though 𝐽𝑠𝑐 is not very different than that of nip3 and nip4 cell, the 𝑉𝑜𝑐 

is low due to relatively higher value of 𝐽0.  
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Fig. 6.15. J-V characteristics of c-Si/a-Si:H heterojunction solar cells. 

It is very challenging to achieve such high open circuit voltage with one side c-Si/a-Si:H solar 

cells.  However, in our case, it could be achieved since 10 min H2 plasma treatment on c-Si(n) 

absorber layer has passivated most of the surface dangling bonds and reduced the defect density 

at n/i interface. This less defective interface layer further helped the growth of a-Si:H layer 

having an improved microstructure [30,31]. The 2 min H2 plasma treatment on a-Si:H(i) layer 

has also improved the n/i interface when a-Si:H(i) layer thickness was low (nip3 and nip4 cells) 

and atomic hydrogen could diffuse to the interface layer and removed the weak Si-Si bonds. 

The hydrogen plasma treatment of a-Si:H(i) layer also improved the i/p interface by removing 

the weak Si-Si bonds and surface defects before the a-Si:H(p) layer was deposited [31,32].  It 

can be seen from Table 6.2, that for nip3 and nip4 cells, the void fraction of all the layers is 

significantly low compared to that for nip1 and nip2 cells. This has resulted in reduced 

recombination losses of photo generated carriers for nip3 and nip4 cells having good interfaces 

and transport properties [33]. The nip1 and nip2 cells have low 𝑉𝑜𝑐 values, though these values 

are close to those reported for single side SHJ solar cells, due to higher density of defects at 

interface and also in bulk of the layers as the thickness of a-Si:H layer is still high. The short 

circuit current density value has increased with decrease in thickness of a-Si:H(i) layer due to 

lower absorption of photons in the a-Si:H(i) layer and also smaller path length of photo 

generated carriers to reach metal contacts [23,34]. Our best 𝐹𝐹 values are 0.63 and 0.66 

corresponding to the nip3 and nip4 cells respectively. The 𝐹𝐹 mainly depends on shunt and 

series resistance and void fraction in the different layers and also on micro voids and defects 

in band tail states [35–37]. The interface and a-Si:H layers of nip3 and nip4 cells have less void 

fraction as estimated from SE.  In case of nip1 and nip2, the thickness of a-Si:H(i) layer as well 

as void fraction are more, which has increased the series resistance of the device and a lower 
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value of 𝐹𝐹 is observed. The 𝐽𝑠𝑐, 𝑉𝑜𝑐, 𝐹𝐹 and 𝜂 values of nip0 cell are very low compared to 

plasma treated cells due to unpassivated surface, defective interface and a-Si:H(i) layers. It is 

found that the efficiency and 𝐹𝐹 of cells are directly related to the amplitude of  < 𝜀2 > spectra 

of cells (Fig. 6.16) which is in agreement with the reports in literature [37]. The shunt (𝑅𝑠ℎ) 

and series (𝑅𝑠) resistance values are estimated from the J-V curve of the cells using Eq. 2.31 

and Eq. 2.32 and listed in the Table 6.5. The series resistance has decreased, whereas shunt 

resistance has increased from nip0 to nip4 cells due to reduction in thickness of a-Si:H(i) layer 

and micro voids in the cells which has created path to shunting of device.  

 

Fig. 6.16. The maximum of < 𝜀2 > spectra, fill factor and efficiency of nip1-nip4 cells. 

Table 6.5. The estimated solar cell parameters for nip1-nip4 c-Si/a-Si:H heterojunction solar cells. 

cell 

J-V measurement 
EQE 

measurement 

𝐽𝑠𝑐 

(mA/cm2) 

𝑉𝑜𝑐   

(mV)               

𝐽𝑚𝑎𝑥 

(mA/cm2) 

𝑉𝑚𝑎𝑥 

(mV)               
𝐹𝐹 

𝜂 

(%) 

𝑅𝑠ℎ 

(Ωcm2) 

𝑅𝑠 

(Ωcm2) 

𝐽𝑠𝑐 

(mA/cm2) 

𝜂 

(%) 

nip4 21.53 703 17.71 563 0.66 9.97 235     4.4 20.87 9.68 

nip3 20.64 711 16.72 553 0.63 9.25 233 5.7 19.07 8.55 

nip2 20.0  645 15.20 504 0.59 7.66 223 6.5 18  6.86 

nip1 15.15 614 11.33 456 0.56 5.15 187 10.3 14 4.81 

nip0 6.27 436 3.70 305 0.42 1.14 115 26.3 6.94 1.27 

6.2.5. Quantum efficiency measurement 

Fig. 6.17 shows the EQE of c-Si/a-Si:H heterojunction nip0-nip4 solar cells. The EQE of the 

cells was estimated using Eq. 2.33. The highest quantum efficiency of nip1-nip4 cells is around 

75-80%.  The nip0 cell, which was directly fabricated on c-Si without any hydrogen plasma 

treatment, shows a very poor response with EQE values less than 30%. For nip1-nip4 cells, 

both low as well as high wavelength response has improved as the thickness of a-Si:H(i) layer 

is reduced. The enhanced response in the low wavelength region with decrease in thickness of 

a-Si:H(i) layer corresponds to better passivation of interfaces and less absorption in i-layers. 

The EQE is around 75-80% over a broad range of wavelength (550-850 nm) for nip4 cell, 
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which has the least thickness of a-Si:H(i) layer. The EQE has increased on either side of the 

wavelengths and is more than 50% at 450 and 900 nm respectively. This is a signature of the 

good quality abrupt junction [38], which has also resulted in higher 𝑉𝑜𝑐 for these cells. This 

good response of spectra is mainly due to reduction in defect density and void fraction at n/i, 

p/i interface and a-Si:H layers, which are confirmed by SE measurements. The EQE of nip3 

cell is slightly lower (72-76%) as compared to nip4 cell. The blue, red response and broadening 

of EQE of nip3 spectra is also slightly less as compared to that of nip4 cell. This may be 

attributed to slightly higher thickness of a-Si:H(i) layer [23]. The nip1 and nip2 cells show high 

EQE of 80% in the range of 550-700 nm which has dropped sharply at lower and higher 

wavelength regions. The broadening of spectra is less as compared to nip3 and nip4 cells. The 

poor response of these cells (nip1 and nip2) in the short and long wavelength range is mainly 

due to recombination losses of photo generated carries at i/p and n/i interface, absorption of 

photons in the a-Si:H(i) layer and reduced charge carrier collection in these cells. In the 

intermediate wavelength (550-700 nm) range, the possible reason for better performance of 

nip2 cell could be due to improved microstructure of a-Si:H(i) layer after HPT. The electron- 

hole pair generated by the absorption of photons in relatively thick i-layer could separate and 

reached the respective interface/electrodes without recombining in the i-layer. In case of nip3 

and nip4 cells, where the i-layer thickness is less, the mid-range photons are mostly absorbed 

in c-Si near i/n interface.  The integrated short circuit current density of the nip0-nip4 cells was 

calculated using Eq. 2.35 from EQE measurement and values are listed in Table 6.5. The 

efficiency of the cells was again calculated with the 𝐽𝑠𝑐 values obtained from EQE spectra and 

𝑉𝑜𝑐, 𝐹𝐹 values from J-V measurements. The estimated efficiency of cells is also listed in Table 

6.5.  These calculated value of efficiency of cells are well matched with those estimated from 

J-V measurements. 

 

Fig. 6.17. EQE spectra of c-Si/a-Si:H heterojunction solar cells. 
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6.3. Conclusion 

c-Si/a-Si:H single side heterojunction solar cells with open circuit voltage as high as 711 mV 

were fabricated successfully. This high 𝑉𝑜𝑐, which is highest among those reported so far for 

single side c-Si/a-Si:H heterojunction cells, could be achieved because of improvement in 

microstructure of a-Si:H(i) layer and interface layers by the hydrogen plasma treatment of this 

layer prior to the deposition of a-Si:H(p) layer. The SE studies confirmed that H2 plasma 

treatment of a-Si:H(i) layer not only etched out the significant amorphous fraction of this layer 

but also reduced the void fraction. The hydrogen plasma treatment has also passivated and 

improved the n/i, i/p interfaces and a-Si:H layers without deteriorating the electronic quality of 

layers. The microstructure of a-Si:H(i) layer move to near transition region of amorphous to 

crystalline phase. This is confirmed by SE, as the peak energy is shifted towards higher energy 

side of 3.83 eV. We found that the efficiency and fill factor of cells have a direct correlation 

with the amplitude of < 𝜀2 > spectra of cells. Our results suggest H2 plasma treatment as an 

effective approach to achieve surface passivation and improve the open circuit voltage of c-

Si/a-Si:H heterojunction solar cells. 
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Influence of Boron Doping and Thickness of a-Si:H(p) Layer 

on the Performance of c-Si/a-Si:H Heterojunction Solar Cells 

 

 

In this chapter, influence of boron doping concentration and thickness of a-Si:H(p) layer on the 

performance of the c-Si/a-Si:H heterojunction solar cells has been presented. High open circuit 

voltage of 711 mV and efficiency of 10% for single side c-Si(n)/a-Si:H(p) solar cells are 

presented in the previous Chapter 6. This efficiency is still low compared to those reported 

silicon heterojunction solar cells. However, this 𝑉𝑜𝑐 is almost comparable with double side SHJ 

solar cells [1–6]. Low doping of a-Si:H(p) layer could not provide enough electric field at the 

interface, which results in recombination losses of photo-generated charge carriers before 

reaching to contacts and higher thickness of a-Si:H(p) layer adds resistance and optical losses 

[3,7,8]. With the motivation to sort out these problems and improve the efficiency of c-Si/a-

Si:H solar cells, one sided c-Si/a-Si:H heterojunction solar cells (Ag/Al/c-Si(n)/a-Si:H(i)/a-

Si:H(p)/ITO/Ag) were fabricated by tuning the thickness and doping of a-Si:H(p) layer by 

RFPECVD technique. A systematic investigation has been caried out to study the influence of 

diborane flow rate and thickness of i and p- layers to identify the role of doping and thickness 

of a-Si:H(p) layer on the performance of c-Si/a-Si:H heterojunction solar cells. The open circuit 

voltage (𝑉𝑜𝑐), short circuit density (𝐽𝑠𝑐), fill factor (𝐹𝐹) and efficiency (𝜂) of solar cells were 

estimated by I-V measurements. EQE measurements were carried out on the cells with and 

without external reverse bias to study interface properties and significance of electric field at 

interface.  

7.1. Experimental details 

7.1.1. Fabrication of c-Si/a-Si:H heterojunction solar cells 

One sided c-Si/a-Si:H heterojunction solar cells (Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag) 

were fabricated by RFPECVD in multichamber system. For fabrication of solar cells,  we have 

followed standard RCA cleaning of Si wafers [9,10] (Chapter 2) and other process for c-Si (Al 

deposition, annealing at 400 oC and 10 min HPT of c-Si wafer) presented in Chapter 6. 
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Subsequently, a-Si:H(i) layer of varying thickness i.e 35/33 nm was deposited. The Si wafers 

were then shifted to a-Si:H(p) layer deposition chamber, where the a-Si:H(i) layers were 

subjected to 2 min HPT prior to the deposition of top a-Si:H(p) layer. Subsequently 10 or 7 nm 

thick a-Si:H(p) layer with different boron doping concentration was deposited to complete the 

cells. Deposition conditions for c-Si/a-Si:H heterojunction solar cells are listed in Table 7.1. 

For H2 plasma treatment, only hydrogen at flow rate of 50 SCCM was used with other 

parameters; rf power, substrate temperature, process pressure maintained same as those for i-

layer. We have adopted similar procedure for deposition of ITO layer and Ag contacts as 

presented in Chapter 6.  

Table 7.1. Deposition conditions for c-Si/a-Si:H heterojunction solar cells. 

Cell Layer 
H2 

(SCCM) 

SiH4 

(SCCM) 

B2H6 

(SCCM) 

PP 

(mbar) 

Dep.temp. 

(oC) 

Layer 

thickness (nm) 

nip5 
a-Si:H(p) 60 

4 

6 

0.42 200 

10 

a-Si:H(i) 50 - 7 

nip6 
a-Si:H(p) 60 10 10 

a-Si:H(i) 50 - 7 

nip7 
a-Si:H(p) 60 14 10 

a-Si:H(i) 50 - 7 

nip8 
a-Si:H(p) 60 14 10 

a-Si:H(i) 50 - 5 

nip9 
a-Si:H(p) 60 20 10 

a-Si:H(i) 50 - 5 

nip10 
a-Si:H(p) 60 20 7 

a-Si:H(i) 50 - 5 

 

The I-V characteristics measurements on c-Si/a-Si:H heterojunction solar cells were done under 

100 mW/cm2 of incident power density from a Xenon lamp with AM1.5 conditions. External 

Quantum Efficiency (EQE) measurements were carried out in the range 350-1100 nm.  Si photo 

diode calibrated for global AM1.5 spectra was used as reference to estimate the EQE of the 

cells as discussed in section 2.2.10, Chapter 2 and reported in our publication [11–13].  

7.2. Results and discussion 

7.2.1. Current voltage measurement of solar cells  

Fig. 7.1 shows the dark current density-voltage (J-V) characteristics of all the c-Si/a-Si:H 

heterojunction solar cells under reverse and forward bias conditions. A systematic decrease in 

reverse saturation current density (𝐽0) of cells is observed from nip5 to nip10; as the diborane 

flow rate is increased and/or thickness of the a-Si:H(i) and a-Si:H(p) layer is decreased. The 
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lowest value of 𝐽0 is obtained for the nip10 cell, which was fabricated with diborane flow rate 

at 20 SCCM and a-Si:H(i) and a-Si:H(p) layers being 5 and 7 nm thick respectively.  For all 

the cells, the high injection region started at a forward bias of about 700 mV. This is an 

indication that the solar cells are likely to have a high 𝑉𝑜𝑐 of ~700 mV and  increase in efficiency 

with increase in the doping of the a-Si:H(p) layer and reduction in thickness of a-Si:H layers.   

 
 Fig. 7.1. Dark J-V characteristics of cells under reverse and forward bias condition. 

Fig. 7.2 shows the J-V characteristics of c-Si/a-Si:H solar cells under AM1.5 illumination. The 

dark J-V characteristic of two cells (nip5 and nip10) has also been included in Fig. 7.2 for quick 

reference.  The values of solar cell parameter; 𝐽𝑠𝑐, 𝑉𝑜𝑐, 𝐹𝐹 (Eq. 2.29), and efficiency (𝜂) (Eq. 

2.30) for all the cells calculated from the J-V curve are listed in Table 7.2. A systematic increase 

in these values is observed from nip5 to nip10 cells. This improvement in 𝐽𝑠𝑐 and 𝑉𝑜𝑐 values is 

due to the systematic increase of doping of a-Si:H(p) and decrease in thickness of a-Si:H(i) and 

a-Si:H(p) layer accompanied with the reduction in void fraction at n/i and i/p interfaces and 

overall improvement in microstructure of a-Si:H layers. A crossover of J-V characteristic in 

dark and under illumination is observed around 700 mV for the nip5-nip10 cells. We have 

achieved high 𝑉𝑜𝑐 of 705 mV and efficiency of 17.3% for single side c-Si/a-Si:H heterojunction 

solar cells fabricated at diborane flow rate at 20 SCCM and a-Si:H(i) and a-Si:H(p) layers being 

5 and 7 nm thick respectively.  
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Fig. 7.2. J-V characteristics of Ag/Al/c-Si(n)/a-Si:H(i)/a-Si:H(p)/ITO/Ag heterojunction solar cells. 

Table 7.2: The solar cell parameters of c-Si/a-Si:H heterojunction solar cells. 

 J-V measurement 
EQE 

measurement 

Cell 
𝐽𝑠𝑐 

(mA/cm2) 

𝑉𝑜𝑐   

(mV)               

𝐽𝑚𝑎𝑥 

(mA/cm2) 

𝑉𝑚𝑎𝑥 

(mV)               
𝐹𝐹 

𝜂 

(%) 

𝑅𝑠ℎ 

(Ωcm2) 

𝑅𝑠 

(Ωcm2) 

𝐽𝑠𝑐 

(mA/cm2) 

𝜂  

(%) 

nip5 24.81 694 20.10 519 0.60 10.43 185 7.6 23.47 9.87 

nip6 26.23 694 22.85 533 0.67 12.18 323 4.3 24.92 11.60 

nip7 27.15  695 23.06 563 0.69 12.98 307 3.8 26.33 12.61 

nip8 28.65 698 24.03 483 0.70 14.01 305 3.0 28.20 13.79 

nip9 31.07 705 26.83 602 0.74 16.15 315 2.5 30.69 15.96 

nip10 32.72 705 28.11 620 0.75 17.30 583 2.0 32.11 16.97 

The open circuit voltage has systematically increased from 694 to 705 mV for nip5 to nip10 

cells respectively. These values are slightly lower than reported value of 711 mV in Chapter 6 

[11], however still the present 𝑉𝑜𝑐 values are higher than values reported by other groups so far 

for single sided heterojunction solar cells on n-and p- type c-Si [14–19].  

The detailed studies of influence of HPT on c-Si and a-Si:H layer were presented in previous 

Chapter 6. These results suggest that HPT has passivated c-Si surface, a-Si:H(i) layer, 

interfaces and also improve the microstructure of a-Si:H layers of c-Si/a-Si:H heterojunction 

solar cells. Therefore, recombination losses of photo generated carriers are reduced for nip5-

nip10 cells having good interfaces and transport properties [20]. The 𝑉𝑜𝑐 of cells has increased 
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with increase in boron doping of a-Si:H(p) layer. In this series of cells, we have obtained high 

𝑉𝑜𝑐 of 705 mV for nip9 and nip10 cells. The 𝐽𝑠𝑐 of these cells is systematically increased due 

to increase in doping of a-Si:H(p) layer, which provided enough charge density in the depletion 

region to overcome any field distortion at the interface. An increase in electric field at the 

interface also helped in quick separation of photo-generated charge carriers before these 

recombine, which further increased the 𝐽𝑠𝑐. In case of cells (nip5) prepared at low boron 

concentration (DBFR 6 SCCM), the 𝐽𝑠𝑐 of 24.81 mA/cm2 was obtained, which was enhanced 

to 26.23 and 27.15 mA/cm2 for nip6 (DBFR 10 SCCM) and nip7 (DBFR 14 SCCM) cells 

respectively along with a systematic increase in 𝐹𝐹.  To further improve 𝐽𝑠𝑐, thickness of i-

layer was decreased to 5 nm from 7 nm for nip8 keeping the DBFR at 14 SCCM. The 𝐽𝑠𝑐  of 

nip8 has further improved to 28.65 mA/cm2 due to lower absorption of photons in the less thick 

a-Si:H(i) layer than nip7 and also smaller path length of photo generated carriers to reach metal 

contacts [5,14].  This 𝐽𝑠𝑐 value (28.65 mA/cm2) is still lower than that expected in SHJ solar 

cells [1,21,22].  In an attempt to increase the 𝐽𝑠𝑐 further, DBFR was again increased to 20 

SCCM to increase the doping of a-Si:H(p) layer. This increase in doping resulted in the 

decrease of series resistance of the cell; 𝐽𝑠𝑐 value was increased to 31.07 mA/cm2 for nip9 cell 

along with the 𝑉𝑜𝑐 of 705 mV and 𝐹𝐹 of 0.74. To further increase the 𝐽𝑠𝑐, another solar cell 

(nip10) was fabricated with a lower thickness (7 nm) of a-Si:H(p) keeping DBFR at 20 SCCM 

and thickness of a-Si:H(i) layer at 5 nm. The 𝐽𝑠𝑐 for this cell (nip10) was 32.72 mA/cm2 with a 

𝑉𝑜𝑐 of 705 mV and 𝐹𝐹 of 0.75. This increment in 𝐽𝑠𝑐 is mainly due to improvement in the 

generation and collection of free charge carriers, reducing the resistance losses and decreasing 

the minority carrier path length by  decreasing the thickness of i- and p- layers. Our best 𝐹𝐹 

values are 0.74 and 0.75 corresponding to the nip9 and nip10 cells respectively. The 𝐹𝐹 mainly 

depends on shunt and series resistance and also void fraction in the different layers [23–25]. 

Table 7.2 lists the shunt (𝑅𝑠ℎ) and series (𝑅𝑠) resistance values estimated from the J-V curve 

of the cells using Eq. 2.31 and Eq. 2.32. As evident from the Table 7.2, a systematic decrease 

in series resistance and increase in shunt resistance is observed as the DBFR is increased and 

thickness of a-Si:H(i) and a-Si:H(p) layer is decreased from nip5 to nip10 cells. The 

improvement in 𝑉𝑜𝑐, 𝐽𝑠𝑐 and 𝐹𝐹 resulted in improvement in the efficiency of solar cells. We 

have achieved best efficiency of 17.3% for nip10 cell. 

7.2.2. Quantum efficiency measurement of solar cells 

Fig. 7.3 shows the EQE of c-Si/a-Si:H heterojunction nip5-nip10 solar cells. The EQE of the 

cells was estimated using Eq. 2.33. The highest quantum efficiency of nip10 cells is nearly 94 
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to 96% over a broad spectral range (450-850 nm). For nip5 cell EQE is ~ 77% in the spectral 

range of 550-800 nm. The EQE has slightly enhanced for nip6 cell as compared to nip5 cell. 

For nip7 cell, EQE has further improved in lower (450-550 nm) and mid (550-800 nm) 

wavelength range. This is due to better collection of charge carriers and smaller series 

resistance with increase in doping of a-Si:H(p) layer.  A significant improvement in EQE 

(~87%), over a broad spectral range (500-850 nm), for nip8 is observed. The cell was fabricated 

with the same DBFR (14 SCCM) as that for nip7, but with a lower thickness of a-Si:H(i) layer. 

For this cell, the EQE is more than 70%, both in the low wavelength region (~450 nm) as well 

as high wavelength region (~900 nm). For nip9 and nip10, where the doping of a-Si:H(p) layer 

was increased along with a decrease in thickness of p layer keeping the thickness of the a-

Si:H(i) layer same as that for nip8, EQE crossed 90% in the mid wavelength range along with 

a significant improvement in both low as well as high wavelength range. The EQE for these 

cells is ~80% at 450 nm as well as 850 nm.  The improvement at low wavelength range is 

mainly due to decrease in thickness of p- and i-layer, which helped more photons to be absorbed 

in the c-Si wafer. A significant improvement in EQE in both low and high wavelength range is 

a signature of good quality abrupt junction [26]. The EQE spectra are used to estimate the 

integrated short circuit current density 𝐽𝑠𝑐  for AM1.5G spectra using Eq. 2.35 and the values 

are listed in Table 7.2. It is evident that 𝐽𝑠𝑐 values obtained from J-V measurements and 

calculated from EQE spectra are in good agreement. Table 7.2 also lists the efficiency of these 

solar cells calculated using the 𝐽𝑠𝑐  values from EQE spectra and 𝑉𝑜𝑐 and 𝐹𝐹 obtained from J-V 

measurements. 

 

Fig. 7.3. EQE spectra of c-Si/a-Si:H heterojunction solar cells. 
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In order to check if the improvement in EQE is due to only less absorption of photons in p and 

i-layer, or whether the increase in doping concentration had any role in improving the electric 

field at the p/i and i/n interfaces, the EQE spectra were measured under slight reverse bias 

condition (-1V). Fig. 7.4 show these spectra under no bias as well as under reverse bias 

conditions for each of the cell fabricated for this study.   

 

   

Fig. 7.4(a-f). EQE spectra of c-Si/a-Si:H heterojunction solar cells with and without reverse biasing. 

It can be seen from these spectra that for nip5 to nip8 cells, the EQE measured under reverse 

bias conditions is more than that under no bias condition (Fig. 7.4(a-d)). This clearly indicates 
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that with increase in doping of p-layer, though, we have been able to collect more carriers to 

the respective electrodes, the electric field at the interface and in the i-layer is still not sufficient 

to sweep all the carriers to the respective electrodes. By decreasing the thickness of i-layer in 

nip8 cell (Fig. 7.4d), response in the mid wavelength range, as well as in the low and high 

wavelength range was significantly improved as compared to nip7 cell, which has the same 

doping and thickness of p layer. This is due to less absorption of photons in the i-layer. When 

the doping of p-layer is further increased for nip9, not only EQE has increased, the response 

under zero bias condition and reverse bias condition has also been almost same (Fig. 7.4e).  For 

nip10 cell, for which the thickness of p-layer was decreased to 7 nm, the EQE is almost ~94-

96% in a broad wavelength range with an increase in response below 400 nm and no change in 

EQE under reverse bias conditions (Fig. 7.4f).  The increase in response below 400 nm for 

nip10 cell is attributed to the less absorption in p-layer. The observations also suggest that the 

p-layer deposited with a DBFR of 20 SCCM provides enough electric field at the interface to 

sweep all the photo-generated charge carriers to the respective electrodes and reduce 

recombination loss at bulk of layer and the i/p as well as p/ITO interfaces. 

7.3. Conclusion 

Single side c-Si/a-Si:H heterojunction solar cells were fabricated by varying doping and 

thickness of a-Si:H(p) layer. We have achieved high open circuit voltage of 705 mV and 

efficiency of 17.3% on n-type c-Si substrates. These high performance device results are 

obtained by H2 plasma treatment on c-Si and a-Si:H(i) layer, increase of doping and decrease 

of thickness of a-Si:H(p) layer. These values are highest so far among those reported by other 

groups for single side c-Si/a-Si:H solar cells. Electric field at the junction of solar cells has 

enhanced significantly with increase in doping of p-layer. Generated electron-hole pairs are 

separated immediately and swept to metal contacts without any recombination losses at the 

interfaces and bulk of a-Si:H layers by enhanced electric field. Further, this is confirmed by 

EQE measurements with and without external biasing conditions. 
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Conclusions and Future Scope 

 

 

The main aim of the work presented in this thesis was to fabricate high efficiency and high 

open circuit voltage single side c-Si(n)/a-Si:H(p) heterojunction solar cells. In order to improve 

the device performance, we have studied the influence of hydrogen plasma treatment and 

hydrogen flow rate on the microstructural, optical and electrical properties of intrinsic and 

doped a-Si:H films. Solar cells were fabricated with optimized parameters for best quality a-

Si:H films. Properties of interfaces and each layer of solar cells were studied with different 

characterization tools. We have achieved high open circuit voltage and efficiency for single 

side c-Si/a-Si:H heterojunction solar cells, which are highest among those reported so far for 

single side c-Si/a-Si:H heterojunction cells. The overall conclusions of the thesis work and 

future research scope are presented in this chapter. 

8.1. Thesis conclusions 

1. The influence of intermittent hydrogen plasma treatment on the microstructure of a-

Si:H films was studied. It was observed that exposure to hydrogen plasma during 

deposition of a-Si:H films improves the microstructure of the films by etching the 

amorphous phase and replacing the weak Si-Si and Si-H2 bonds by strong Si-H bonds.  

2. We observed that microstructure factor is directly related to the void volume fraction 

in the films and also to the amplitude of the imaginary part of pseudo dielectric function. 

The single TL model could not give accurate results in case of mixed phase of a-Si:H 

and nc-Si:H films and TL+Gauss model has to be used to calculate the optical constants, 

thickness and band gap of the films. Further, results obtained from the TL+Gauss model 

had been compared with those obtained using TL+BEMA for accuracy of the model.  

3. Estimated optical constants, thickness and band gap of the a-Si:H films match well with 

those obtained from the analysis of UV-Vis-NIR transmission data.  

4. The void, amorphous and crystalline volume fractions and surface roughness of the 

films from BEMA model values are well correlated with those obtained from FTIR, 
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Raman and AFM measurements results. The overall deposition rate of these nc-Si films 

was higher than that obtained by hydrogen dilution of silane for similar films.  

5. Process of H2 plasma treatment is used to fabricate stable c-Si/a-Si:H solar cells and 

also to increase the efficiency of c-Si/a-Si:H heterojunction solar cells by reducing the 

interface defects and improving the passivation of coordination defects.  

6. Influence of hydrogen flow rate on microstructure, optical properties of a-Si:H(p) and 

a-Si:H(n) films was studied by SE measurements. It is observed that microstructure of 

a-Si:H(p) and a-Si:H(n) films changes from amorphous to nano crystalline phase by 

increasing the hydrogen dilution.  

7. The phase transition is confirmed by SE analysis; shift in peak position of pseudo 

dielectric function of these films from 3.6 eV (for pure a-Si:H) to 4.1 eV with a shoulder 

peak at 3.4 eV (near onset of nanocrystalline) as the hydrogen flow rate is increased. 

The bandgap, surface roughness and crystallinity of the films has increased with 

increase in HFR of the films.  

8. It is found that less defective a-Si:H films with smaller void fraction and improved Si-

H bond density are obtained at 60 SCCM and 70 SCCM of HFR for a-Si:H(p) and a-

Si:H(p) films respectively.  This optimised parameters were used to deposit a-Si:H(p) 

films with improved microstructure for fabrication and improve the performance of c-

Si/a-Si:H solar cells. 

9. Indium tin oxide (ITO) thin films were deposited by RF Sputtering technique by 

varying deposition temperature of 50 to 200 oC. It is observed that the films deposited 

at 50oC were nanocrystalline in nature. The film crystallinity was enhanced with 

increases in deposition temperature and saturated at 150 oC. Williamson-Hall plot has 

been used to estimate crystallite size of the ITO films, which are 21.7, 26.8 and 27.5 

nm corresponding to films deposited at 100, 150 and 200 oC respectively.  

10. It is found that films deposited at 150 oC have high transmission of 91-98% in the 

wavelength range of 400-1500 nm, low sheet resistance of 7.5 Ω/□ and surface 

roughness of 6.1 nm. These highly crystallized, transparent, low sheet resistance ITO 

films deposited at low temperature are used for improving the interface properties and 

efficiency of solar cells.  

11.  Single side c-Si(n)/a-Si:H(p) heterojunction solar cells with open circuit voltage as 

high as 711 mV were fabricated successfully. This high 𝑉𝑜𝑐, which is highest among 

those reported so far for single side c-Si/a-Si:H heterojunction cells, could be achieved 
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because of improvement in microstructure of a-Si:H(i) layer and interface layers by the 

hydrogen plasma treatment of this layer prior to the deposition of a-Si:H(p) layer.  

12. The SE studies confirmed that H2 plasma treatment of a-Si:H(i) layer not only etched 

out the significant amorphous fraction of this layer but also reduced the void fraction. 

The hydrogen plasma treatment has also passivated and improved the n/i, i/p interfaces 

and a-Si:H layers without deteriorating the electronic quality of layers. The HPT is also 

used to control the thickness of a-Si:H(i) layer, where is otherwise very difficult to 

control. 

13. It is observed that the efficiency and fill factor of cells have a direct correlation with 

the amplitude of < 𝜀2 > spectra of cells. The results suggest H2 plasma treatment as 

an approach to achieve surface passivation and improve the open circuit voltage of c-

Si/a-Si:H heterojunction solar cells. 

14. High open circuit voltage of 705 mV and efficiency of 17.3% for single side c-Si(n)/a-

Si:H(p) heterojunction solar cells is achieved by varying boron doping and thickness of 

a-Si:H(p) layer.  

15. High performance device results are obtained mainly due to H2 plasma treatment on c-

Si and a-Si:H(i) layer, increase of doping and decrease of thickness of a-Si:H(p) layer.  

16. EQE measurements were done on the c-Si/a-Si:H heterojunction solar cells with and 

without external biasing conditions to investigate spectral response and interface 

properties of the cells.  

17. Electric field at the junction of solar cells has enhanced significantly with increase in 

doping of p-layer. Generated electron-hole pair are separated immediately and swept to 

metal contacts without any recombination losses at the interfaces and bulk of a-Si:H 

layers by enhanced electric field. Further, this is confirmed by EQE measurements with 

and without external biasing conditions. 

8.2. Future scope 

Present thesis is mainly focused on improvement of the interface properties, open circuit 

voltage and efficiency of single side c-Si(n)/a-Si:H(p) heterojunction solar cells. The present 

work can be extended in several ways, as described below. 

1. Surface texturing can be done to improve the short circuit current density of solar cells 

by reducing the absorption losses, reducing the reflection of light at front surface and 

increasing internal reflection on the rear side. 
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2. Passivation of surface and interface can be improved by deposited very thin silicon 

oxide or silicon nitride layers along with hydrogen plasma treatment.  

3. Efficiency of solar cells can be improved by deposited a-Si:H back surface field and 

also double side silicon heterojunction solar cells.  

4. Fabrication of tunnel oxide passivated contact silicon (TOPCon), interdigitated back 

contact silicon heterojunction (IBC-SHJ) solar cells with hydrogen plasma treatment to 

improve the efficiency of solar cells.  

5. In order to reduce the cost of Si wafer, thinner wafers and multi crystalline Si (mc-Si) 

can be used for fabrication of solar cells. Efficiency of solar cells on mc-Si wafers can 

be improved by different processes.  
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Appendix I 

 

Tauc-Lorentz model 

An expression for the real part of the dielectric function is obtained by Kramers-kroning 

integration, given by Eq. A.1 

 < 𝜀1(𝐸) >= 𝜀1(∞) +
2

𝜋
𝑃 ∫

𝜉𝜀2(𝜉)

𝜉2−𝐸2

∞

𝐸𝑔
𝑑𝜉                                                                  ------------- (A.1) 

Where P represents the Cauchy principal part of the integral and 𝜀1(∞) is additional fitting 

parameter. 

After solving above express, the real part of the dielectric function is given by 
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Tauc et.al [1] derived an expression for imaginary part of the dielectric function which describes 

inter-band transitions above the band edge and is given by Eq. A.2. 
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𝜀2,𝑇(𝐸 > 𝐸𝑔) = 𝐴𝑇 ∙ (
𝐸−𝐸𝑔

𝐸
)

2

                                                                             ------------- (A.2) 

The imaginary part of dielectric function from the Lorentz oscillator model [2] is given by 

Eq.A.3 

𝜀2,𝐿(𝐸) =
𝐴𝐿∙𝐸0∙𝐶∙𝐸

(𝐸2−𝐸0
2)

2
+𝐶2𝐸2

                                                                                      ------------- (2.10) 

The expression for the imaginary part of the dielectric function in Tauc Lorentz model [3] is 

given by Eq.A.4 (multiplying Eq.A.2 and Eq.A.3 ) 

𝜀2,𝑇𝐿(𝐸) = {
[

𝐴𝐸0𝐶(𝐸−𝐸𝑔)
2

(𝐸2−𝐸0
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2
+𝐶2𝐸2

1

𝐸
] for 𝐸 > 𝐸𝑔

0                            for 𝐸 ≤ 𝐸𝑔

                                                          ------------- (A.4)                                          

Where 𝐴 is oscillator strength, 𝐸0 is peak transition energy, 𝐸𝑔 is optical band gap and C is 

broadening parameter.  
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