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PREFACE 

 
In recent years, the use of flexible substrate is becoming a great interest in various 

applications viz. transistors, sensors, solar cells. The flexible substrates have additional 

advantages such as bendable, less weight, non-breakable, low cost and compatibility with 

roll-to-roll printing process along with the ease of handling and transportation etc. A few 

commonly used flexible substrates are polyethylene terephthalate (PET), polyethylene 

naphthalene (PEN), polyimide (PI), polytetrafluoro-ethylene (PTFE), stainless steel (SS) and 

paper etc. These substrates need a low deposition temperature (Ts) due to its low deformation 

temperature and high coefficient of thermal expansion (CTE) limiting the efficiency of solar 

cells based on materials such as CdTe, CIGS, perovskite and Si. In a-Si:H based thin films 

deposited at low Ts can exhibit poor optoelectronic properties due to voids formation and 

other effects. In order to improve the a-Si:H film quality deposition parameters such as 

hydrogen dilution, process pressure and rf power etc. are to be optimized. 

The main motivation of the present thesis work had been to fabricate a-Si:H based solar cells 

on low cost flexible substrates such as PI, PET and photo paper at low processing 

temperature (<200
o
C). Based on this motivation, the objective of the present thesis work had 

been: 

 Deposition of device quality a-Si:H films (both intrinsic and doped) at low substrate 

temperature on flexible substrates by tuning the other deposition parameters such as rf 

power, hydrogen dilution and substrate temperature  in the range of 70-150 
o
C. 

 Direct fabrication of n-i-p solar cells on both glass and flexible substrates at low 

temperature (≤150 
o
C). 

 Improvement of overall solar cell efficiency using back reflector, H2 plasma treatment 

at interfaces and amorphous silicon carbide as a window layer. 

The present thesis consists of seven (07) chapters. Chapter 1 is the Introduction chapter. 

Chapter 2 gives the brief description of RF-PECVD system which has been used for the 

deposition of a-Si:H single layers and fabrication of solar cells. This chapter also contains a 

brief description of different characterization techniques used for the study of different 

properties of single layer thin films and solar cells. Chapter 3 presents the detail studies on 

the influence of deposition parameters on structural and optoelectronics properties of intrinsic 

hydrogenated amorphous silicon thin films. Three different series of films were prepared 

varying one deposition parameter at a time while keeping all the other parameter fixed; 
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Series (I): Variation of Substrate temperature (Ts) in the temperature range 70-200°C. Series 

(II): Variation of H2 flow rate (HFR) during SiH4 plasma at Ts = 150°C. Series (III): 

Variation of rf power during silane plasma at Ts = 110°C. Chapter 4 deals with studies on the 

structural and optoelectronics properties of doped films. Two different series of boron doped 

and one series of phosphine doped amorphous silicon films were prepared by RF-PECVD 

technique. Series (I), rf power variation of a-Si:H(p) thin films at low substrate temperature 

Ts (=110°C). Series (II), Methane CH4 flow rate (MFR) variation of a-Si:H(p) thin films at 

low Ts (Ts=110°C). Series (III), Substrate temperature (Ts=90-150°C) variation of a-Si:H(n) 

thin films. Chapter 5 describes the studies on structural and optoelectronic properties of 

indium-tin-oxide (ITO) thin films. Two different series of ITO films are prepared Ts at 100°C 

by rf-sputtering technique. Series (I): Variation of process pressure and Series (II): Variation 

of Ar flow rate during deposition of ITO films. Chapter 6 presents the direct fabrication of 

amorphous silicon solar cells (n-i-p) on flexible substrates. The influence of intrinsic layer 

thickness, back reflector, hydrogen plasma treatment (HPT) at n/i and i/p interface and a-

SiC:H (p) as a window layer on solar cell parameters viz. short circuit current density (Jsc), 

open circuit voltage (Voc), fill factor (FF), and efficiency ((%)) is presented in this chapter. 

Chapter 7 is the final chapter of the thesis, which summarizes the contents of each chapter 

and gives the final conclusion based on the work reported in this thesis. The thesis work is 

concluded with the scope for future work from the present investigation. 
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Chapter 1 

Introduction 
 

 

Solar energy is one of the alternatives for renewable energy generation. It is extracted directly 

in the form of electrical energy from solar radiation using photovoltaic (PV) solar cells. The 

PV market is dominated by crystalline-silicon based solar cells. However, thin-film solar cells 

are becoming increasingly important, because these are deposited at relatively low 

temperatures and as such offer the possibility to produce flexible and light-weight solar 

panels. The later can be applied, for instance on the roofs of buildings. An important new 

application area for solar cells is building-integrated photovoltaics (BIPV), allowing for 

individual buildings to generate their own solar power. In BIPV, installation cost is reduced 

greatly since flexible PV laminates can be directly bonded to roofing materials and hence no 

land is required for installation [1]. In recent years, the use of flexible substrate is becoming a 

great interest in various electronic applications. The flexible substrates have additional 

advantages such as bendable, less weight, non-breakable, low cost and compatibility with 

roll-to-roll printing process along with the ease of handling and transportation etc. A few 

commonly used flexible substrates are polyethylene terephthalate (PET), polyethylene 

naphthalene (PEN), polyimide (PI), polytetrafluoro-ethylene (PTFE), stainless steel (SS) and 

paper etc. Various types of devices like thin film transistors (TFT) [2, 3], light emitting diode 

(LED) [4, 5], photo detectors [6], humidity sensors [7] etc. are being made on flexible 

substrates. Photo paper (PP) also belongs to this category; it is also inexpensive, 

biodegradable, recyclable etc. In the recent years, a number of devices are fabricated on 

different type of papers as a substrate like TFT [8-11], humidity sensors [12], batteries [13, 

14], LED [15-18] and solar cells [19-22] etc. 

A major fraction of solar cells being fabricated worldwide use c-Si wafers which are very 

expensive. As an effective strategy to reduce the cost of solar cell is to use inexpensive 

substrates such as glass sheets, metal foils and plastic films for the fabrication of solar cells 

[23-28]. By using these substrates and a thin layer of silicon, it is possible to significantly 

reduce the fabrication costs. A number of new materials and technologies like dye 

synthesized solar cell (DSSC) [29, 30], organic photovoltaic (OPV) [31, 32], perovskite [33, 
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34], based solar cells are being explored as a cheaper alternative to c-Si based solar cells with 

relatively high efficiencies. The main bottleneck in commercializing these technologies are, 

its very short life time (2-3 hours to about one week), low area (<1 cm2) and more than 2 or 3 

different layer processing. The a-Si based solar cells thus hold the promise as a cheaper 

alternative for different applications because of its very long life time (~25 years). Other thin 

film solar cells like Cadmium telluride [35, 36] and Copper Indium Gallium Selenide (CIGS) 

[37] solar cells have inherent difficulties like toxic nature of Cd and scarcity of Indium to 

make these technologies widely acceptable. 

1.1 Issues with flexible substrates 

For a number of applications, for example power driven toys, etc. where the life of products 

itself is not very long (~ 1year), use of solar cells on eco-friendly low cost flexible substrate 

is desired as these may not contribute much to the waste generated and its subsequent 

management. Among the flexible substrates, there are several challenges in fabricating thin 

film solar cells on low cost flexible substrates. These substrates need a low deposition 

temperature (Ts) due to its low deformation temperature and high coefficient of thermal 

expansion (CTE); low deformation temperature limiting the Ts for high efficiency solar cells 

based on materials such as CdTe, CIGS, perovskite and Si [38]. Flexible substrates with high 

CTE may develop stress and strain in the deposited thin films thus leading to poor device 

performance or failure of device. However, PI and PET have advantage over other substrates 

such as lower CTE, low water absorption and are less affected from humidity changes. It is 

important to point out that plastic substrates face certain other issues that need to be 

addressed for this to be a commercial success. These include stress in the film that causes 

curling of the substrate and cracking the film [39, 40]. In addition to that, ion bombardment 

during plasma deposition and sputtering during TCO deposition also cause stress in a-Si film. 

In addition, a-Si based thin films deposited at low Ts can exhibit poor optoelectronic 

properties due to voids formation and other effects. In order to improve the a-Si:H film 

quality deposition parameters such as hydrogen dilution, process pressure and rf power etc. 

are to be optimized.  

1.2 Hydrogenated amorphous silicon 

In crystalline silicon (c-Si) structure, each silicon atom is covalently bonded to four 

neighbour atoms. The symmetrical atomic arrangement in c-Si structure leads to a long-range 

order and the bond lengths and band angles between the bonds are equal. In amorphous 
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silicon (a-Si), there is no regular atomic arrangement over a long range due to deviations in 

coordination number, bond lengths and bond angles between neighbour atoms. As a result 

this material often considered having a short range ordered structure [41]. The fluctuations in 

bond angles and bond lengths between the neighboring atoms in a-Si result in weak bonds 

and a small thermal energy can easily break these weak bonds. This process leads to the 

formation of coordination defects in the atomic network. The coordination defects in a-Si are 

mainly due to Si atoms with threefold coordinated bond, where a Si atom is covalently 

bonded to only three neighboring atoms leaving behind an unpaired electron. These unpaired 

electrons are called dangling bonds [42]. In a-Si, the concentration of these dangling bonds is 

the order of 1021 cm-3, which results in poor optoelectronic properties to fabricate any device. 

However, with incorporation of hydrogen (H2) gas into the amorphous silicon atomic 

network during deposition, the dangling bonds are passivated with atomic hydrogen. In this 

process, the concentration of dangling bonds is reduced to ≤1016cm-3. The material is usually 

named as hydrogenated amorphous silicon (a-Si:H). This a-Si:H material show good 

optoelectronic properties to fabricate devices. The main difference between a-Si:H and c-Si is 

the density of states. The schematic diagram of density of states versus energy for c-Si and a-

Si:H is shown in Figure 1.1.  

 

Figure 1.1: Schematic diagram of density of states vs energy plot for c-Si and a-Si:H [41, 42]. 

In c-Si, optical band gap (Eg) is well defined due to the long-range order of the atomic 

structure. It is defined as the energy difference between the maximum of the valence band 

(VB) and minimum of the conduction band (CB). But in case of a-Si:H, the bonding disorder 

in the material causes spreading of the VB and CB states into the Eg. This forms regions of 

localized states that are called as band tails. In addition to these band tails, coordination 
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defects create some deep energy states between the VB and CB edges. Due to the localized 

nature of these states, the charge carrier mobility in these energy regions is much smaller than 

that in the extended states beyond the VB and CB edges. Consequently, the threshold energy 

levels which characterize this mobility difference is used to define the optical band gap (Eg) 

with a typical value of 1.7-1.9 eV in a-Si:H [41]. 

Several deposition techniques have been established to prepare amorphous silicon films 

including Sputtering [43], Pulsed laser deposition (PLD) [44], Remote plasma CVD (RP-

CVD) [45], Microwave plasma enhanced chemical vapour deposition (MW-PECVD) [46], 

Photo CVD [47], Very high frequency plasma enhanced CVD (VHF-PECVD) [39], Hot wire 

CVD (HWCVD) [48] and Radio frequency plasma enhanced CVD (RF-PECVD) [49]. 

Among them, RF-PECVD is the promising and widely used deposition technique for the 

preparation of amorphous silicon films as well as other alloys of silicon. The scientific 

community has adapted a standard frequency of 13.56 MHz for this technique which is used 

for industrial applications also [50-52]. The advantage of this technique is that high quality 

films are deposited uniformly over a large area at low substrate temperature. The technique 

thus has a potential for industrial applications. 

The a-Si:H films consist of different silicon phases (polymorphous, nanocrystalline and 

microcrystalline, etc.) [53]. The growth of different phases depends upon the deposition 

parameters which control the structural and optoelectronic properties of these films. 

Hydrogen dilution improves the material quality by passivating dangling bonds; however 

deposition rates are drastically reduced [54]. Heavy hydrogen dilution may result in change 

of phase of films from pure amorphous to microcrystalline. The silicon films prepared in the 

regime of amorphous to microcrystalline transition have attracted a great deal of attention 

because solar cells with stable performance can be prepared at a hydrogen dilution ratio just 

below the onset of microcrystallinity [55]. A specific phase of amorphous silicon, in which 

nanocrystallites are embedded in amorphous matrix, also called as polymorphous 

hydrogenated amorphous silicon (pm-Si:H) or proto type hydrogenated amorphous silicon, 

exhibits lower density of states in the gap in comparison to amorphous silicon film [56, 57]. 

Presence of nanocrystallites in the amorphous matrix results in improvement in short and 

medium range order and thus these films have superior optoelectronic transport and structural 

properties and also a dense homogeneous amorphous network as compared to pure a-Si:H 

[58]. Figure 1.2 shows the phase diagram for the growth of silicon film with the dilution ratio 
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and thickness [59]. The phase transition is also possible with dilution with gases like Argon 

[60]. The optoelectronic properties of these nanocrystallites embedded films are less 

influenced by Staebler-Wronski (S-W) effect [61] (optoelectronic properties of a-Si:H films 

are changed when exposed to the light for a long time. During this process, weak Si-Si bonds 

break as a result the defect density in the film increases). In order to optimize the preparation 

conditions to make device quality films the correlation between the preparation conditions 

and the structure of the material, the hydrogen configuration and optoelectronic properties as 

well as stability of the material need to be studied carefully.  

 

Figure 1.2: phase diagram of a-Si:H film with hydrogen dilution [59]. 

Thin films deposited at low Ts are often porous and more disordered and exhibit poor 

optoelectronic properties though the quality of the films deposited at low Ts can be improved 

by changing the deposition parameters such as rf power and hydrogen dilution in SiH4 by RF-

PECVD technique. It is believed that SiH3 radical is the main precursor responsible for the 

growth of a-Si:H and μc-Si:H films however the exact microstructure depends upon the 

relative concentration of short lived species like SiH, SiH2, Si and long lived SiH3 radical 

plasma during growth [62, 63]. The concentration of different radical in the plasma depends 

upon the growth parameters like SiH4 flow rate, rf power and process pressure. In addition, 

density of atomic hydrogen in plasma, which primarily depends upon the H2/SiH4 ratio also 

controls the growth of a-Si:H/nc-Si:H phases [62]. The atomic hydrogen arriving at the 

surface of growing films breaks the weak Si-Si bonds through etching and replaces it with 

strong Si-Si bonds. Atomic hydrogen can also diffuse into the film and rearrange the bonding 

thus favors the growth of more ordered a-Si:H films and also nc-Si:H films[62]. The rate of 

impingement and diffusion of incoming species and their desorption determine the overall 
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microstructure and thus the optoelectronic properties of the films [64]. In addition to 

hydrogen dilution, rf power mainly control, the rate of dissociation of the gas and also the 

deposition rate. Verkeek et al [65] reported that total ion energy carried to growing silicon 

film was strongly reduced when the deposition temperature was lowered from 200°C to 39°C 

at a constant silane concentration. Long et al [66] reported that plasma density and ion energy 

both increase with increasing applied rf power. At low rf powers, most of ions lose their 

energy through ion-neutral collisions, whereas at high rf powers some of the ions, after 

colliding with neutrals, are energetic even after collision. The strong sheath field accelerates 

these ions towards substrate leading to strong ion bombardment. Increase of high rf power 

also leads to generation of higher silane radicals and powder formation. In order to provide a 

device graded a-Si:H thin film, an optimum rf power is required. Film properties also depend 

upon choice of substrate. 

A number of models have been proposed to understand the growth of amorphous silicon 

films with different phases by depositing films under different deposition conditions [64, 67, 

68]. It is difficult to experimentally probe growing surface on nanoscopic level and observe 

the physio-chemical process that take place during deposition, especially in RF-PECVD 

process where a number of species impinge on the growing surface and the flux of these 

species depends upon the deposition conditions and film properties may vary significantly 

[62]. The growth of a-Si:H and μc-Si:H/nc-Si:H films has also been studied using molecular 

dynamics (MD) simulations and by correlating the microstructure and optoelectronic 

properties of these films deposited under different deposition conditions [69, 70]. These 

models predict that when SiH3 is the sole precursor, the films are much smooth and exhibit 

superior optoelectronic properties. 

1.3 Thin film silicon solar cell structure  

Solar cell, also called as photovoltaic cell generates electricity directly from visible light by 

means of the photovoltaic effect. In principle, solar cell consists of a junction between p- type 

and n- type semiconductors. In hydrogenated amorphous silicon solar cells, doping of 

amorphous material creates a large concentration of defects and reduces the diffusion length 

of minority carriers. Due to short diffusion length of photo-generated carriers, they would 

recombine in the doped layers before reaching the depletion region at p-n junction. Addition 

of intrinsic layer between p- and n- layers can resolve the above mentioned problem. In n-i-p 

or p-i-n structure, the intrinsic layer acts as an absorber layer. The thin doped layers build 

upon internal electric field across the absorber layer. In these configurations, electron-hole 
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pairs are mainly generated in the intrinsic layer and encounter the internal electric field, 

which facilitate separation of electrons and holes and, thus, avoids their recombination. The 

field assisted travel distance is given by the drift length.  The separated electrons and holes 

move towards the doped layers and are collected by the respective electrode. 

 

Figure 1.3: Schematic diagram of superstrate (p-i-n) and substrate (n-i-p) structure of solar cell. 

The structure of solar cells is defined on the basis of sequence of doped and undoped layers. 

In silicon based solar cells two different structures are possible; (1) p-i-n structure 

(superstrate structure), (2) n-i-p structure (substrate structure). The schematic diagram of p-i-

n and n-i-p structures is shown in Figure 1.3 (Superstrate and substrate).  

In p-i-n structure, the p-i-n layers are sequentially deposited on transparent conducting oxide 

(TCO) coated substrate. In this structure, front contact and substrate should be transparent. In 

the case of n-i-p structure, the sequence of n-i-p layers is grown on the opaque substrate. In 

both structures, i- layer is the main absorber layer which is inserted between p- and n- layer 

for optimum utilization of incident light. The electric field must extend through the entire cell 

thickness. The typical thickness of each layer in both configuration is; p- layer ~20-30 nm, i- 

layer ~ 300-400 nm, n- layer ~ 20-25 nm, TCO ~ 250 nm and Ag ~ 100 nm for contacts [71-

74]. The doping levels of p- and n- layers should be high enough to ensure ohmic contacts 

and high electric fields.  The optimization of p- layer is very challenging step, because sun 

light enters through p-layer, which serves as a window layer. This window layer allows 

transmission of the maximum portion of photons incident on it to reach the absorber layer to 
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generate charge carriers. If p- layer thickness is too less, it may not be possible to sustain 

electric field over the intrinsic region of the solar cell. In this case, collection of generated 

carriers will be reduced. At higher thickness, high defect density has determinable effect on 

the incoming light. Photon absorption in doped layers leads to photo-generated carriers which 

cannot be collected. The short wavelength generated carriers recombine in with the p- layer. 

As a result, people try to minimize the thickness of these layers and make them as transparent 

as possible to the incoming photons.  

Another essential layer in solar cell is transparent conducting oxide (TCO) layer. Solar cells 

require a wide bandgap transparent conductor as window electrode for efficient light 

transmission as well as extraction of photocurrent. The TCOs have good electrical 

conductivity and high transmission (>90%) in the visible spectrum. The most commonly used 

TCOs for front electrode are zinc oxide (ZnO) [75], Aluminum doped zinc oxide (ZnO:Al), 

tin dioxide (SnO2) [76] and indium tin oxide (ITO). Different methods are used for ITO thin 

film deposition including spray pyrolysis [77], chemical vapor deposition [78], radio 

frequency (RF) sputtering [79], direct current (DC) sputtering [80], etc. In case of thin film 

solar cells RF sputtering method shows better uniformity and better adhesion to the substrates 

as compared to other deposition methods [81]. 

1.4 Technology overview 

Fabrication of thin film a-Si:H based solar cells on flexible substrates started in early 1980s 

and gaining significant importance now a days. Table 1.1 provides overview of solar cells 

fabricated on different flexible substrates. Okaniwa et al [82] has reported the first fabrication 

of n-i-p a-Si:H solar cells on PI (Kapton ®) substrates in 1982. They achieved a low short-

circuit current density due to the surface defects of PI films. To solve this problem, M. Yano 

et al [83] suggested using PET instead of PI films, as the PET substrates had a much 

smoother surface than PI films. Finally, they succeeded in fabrication of solar cells with 

efficiency of 5.5%. Until 2002, researchers have employed amorphous silicon as the active 

layer in their solar cells. Generally, due to the light-induced degradation effects, the 

efficiency of amorphous silicon solar cells is low (5-7%). Microcrystalline silicon has a much 

moderate form of light induced degradation. Moreover, due to the lower bandgap of this 

material compared to the amorphous silicon, it has a high capacity for absorption in the near 

infrared region. Mase et al. [40] employed this new material to fabricate a single junction n-i-

p solar cell on Ethylene-Tetracyclododecene (E/TD) copolymer and they achieved an 
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efficiency of 6% with thick (~1µm) microcrystalline silicon absorbing layer order. By using 

proper light management techniques such as substrate texturing, one can increase the 

effective optical path within the solar cell. Using this method, T. Takeda et al. [84] obtained 

an efficiency of 8.1% and a high short-circuit current of 25.8 mA/cm2 in a single junction n-i-

p structure.  

Table 1.1: Substrate, solar cell structure, substrate temperature and parameters of thin film silicon 

solar cells on flexible substrates 

Substrate structure Ts 

(oC) 

i- layer Jsc 

(mA/cm2) 

Voc 

(mV) 

FF  

(%) 

Ref. 

PI p-i-n 300 a-Si 10.42 898 0.62 6.38 [82] 

PI p-i-n 180 a-Si 8.50 823 0.62 4.30 [85] 

PI n-i-p 240 a-Si 15.10 906 0.64 8.70 [86] 

PI n-i-p N/A a-Si/a-SiGe 7.06 2097 N/A 9.86 [87] 

PI n-i-p 150 a-Si 17.20 397 0.33 2.20 [88] 

PI n-i-p N/A µc-Si 23.10 475 0.68 7.50 [89] 

PI n-i-p 150 a-Si 10.40 850 0.52 4.63 [73] 

PEN n-i-p 100 a-Si 10.40 920 0.58 5.52 [39] 

PEN n-i-p <200 a-Si 14.40 895 0.67 8.70 [24] 

PEN n-i-p 150 nc-Si 12.50 900 0.57 6.30 [90] 

PET p-i-n N/A a-Si 15.30 880 0.67 9.00 [83] 

PET n-i-p N/A a-Si 12.50 877 0.69 7.62 [91] 

PET n-i-p N/A µc-Si 17.90 501 0.72 6.46 [91] 

PET n-i-p N/A a-Si/ µc-Si 9.4/12.1 1330 0.68 8.30 [91] 

PET n-i-p N/A µc-Si 12.50 850 0.54 5.80 [92] 

PET p-i-n 110 a-Si 8.80 908 0.61 4.90 [38] 

PET n-i-p 150 µc-Si 23.10 512 0.73 8.70 [93] 

PET p-i-n 125 a-Si 6.82 980 0.69 4.60 [94] 

PET n-i-p 100 a-Si 11.13 910 0.55 5.56 [39] 

SS n-i-p N/A µc-Si 20.23 459 0.59 5.50 [95] 

SS n-i-p N/A µc-Si 20.22 503 0.59 6.01 [95] 

SS n-i-p 100 µc-Si 11.20 840 0.52 5.30 [96] 
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Recently a process has been developed for texturization on polyimide (PI) substrates [97]. In 

this process, textured SnO2:F/glass from Asahi-U has been used as the template. A 100 nm 

SiOx buffer layer was coated onto a textured template and then the PI film was coated over 

the textured SiOx buffer layer surface using a slot/blade coating technique. After curing, PI 

film of 40 nm thick was peeled off from the template and then pasted onto a glass substrate. 

The initial efficiency of 6.74% was reported for cells, which are fabricated on textured PI 

substrate. Yukimi Ichikawa et al.[98] have reported efficiency of 4.9% single junction cells 

on untextured PET substrate at 110oC. Later the same group has reported stabilized efficiency 

of 8.1% in a-Si:H/a-Si:H tandem cells, while for multijunction cells an initial efficiency 

between 13 and 15% has been reported. Karen Wilken et al. [99] have reported 6 % 

efficiency with nanoimprint on PET substrate. Rath et al. [39] have reported 5.9 % and 7.7 % 

efficiencies of a-Si:H  based single junction solar cells fabricated directly on polymer 

substrate as well as by transfer process using Helianthos concept respectively. In transfer 

process, solar cells were first fabricated on temporary substrate at high temperature and then 

transferred to a permanent polymer substrate. The transfer of the cell from a temporary to 

permanent substrate is a sophisticated and critical issue here. 

1.5 Motivation and content of the present thesis 

As mentioned above fabrication of solar cells on flexible substrates is challenging because 

flexible substrates have low glass transition temperature. At low Ts, amorphous silicon film 

exhibit poor optoelectronic properties. In this sense, RF-PECVD technique has finite 

advantage to deposit amorphous silicon layers at low Ts with good opto-electronic properties 

as well as fabrication of solar cells. Though a few reports are available on direct fabrication 

of a-Si:H based solar cells on flexible substrate by RF-PECVD technique. The main 

motivation of the present thesis work had been to fabricate a-Si:H based solar cells on low 

cost flexible substrates such as PI, PET and photo paper at low processing temperature 

(<200oC). Based on this motivation, the objective of the present Ph.D. thesis work had been: 

 Deposition of device quality a-Si:H films (both intrinsic and doped) at low substrate 

temperature on flexible substrates by tuning the other deposition parameters such as rf 

power, hydrogen dilution and substrate temperature  in the range of 70-150 oC. 

 Direct fabrication of n-i-p solar cells on both glass and flexible substrates at low 

temperature (≤150 oC). 
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 Improvement of overall solar cell efficiency using back reflector, H2 plasma treatment 

at interfaces and amorphous silicon carbide as a window layer. 

The present thesis consists of seven (07) chapters. Chapter 1 is the Introduction chapter. 

Chapter 2 gives the brief description of RF-PECVD system which has been used for the 

deposition of a-Si:H single layers and fabrication of solar cells. This chapter also contains a 

brief description of different characterization techniques used for the study of different 

properties of single layer thin films and solar cells. 

Chapter 3 presents the detail studies on the influence of deposition parameters on structural 

and optoelectronics properties of intrinsic hydrogenated amorphous silicon thin films. Three 

different series of films were prepared varying one deposition parameter at a time while 

keeping all the other parameter fixed; Series (I): Variation of Substrate temperature (Ts) in 

the temperature range 70-200°C. Series (II): Variation of H2 flow rate (HFR) during SiH4 

plasma at Ts = 150°C. Series (III): Variation of rf power during silane plasma at Ts = 110°C. 

Chapter 4 deals with studies on the structural and optoelectronics properties of doped films. 

Two different series of boron doped and one series of phosphine doped amorphous silicon 

films were prepared by RF-PECVD technique. Series (I), rf power variation of a-Si:H(p) thin 

films at low substrate temperature Ts (=110°C). Series (II), Methane CH4 flow rate (MFR) 

variation of a-Si:H(p) thin films at low Ts (Ts=110°C). Series (III), Substrate temperature 

(Ts=90-150°C) variation of a-Si:H(n) thin films. 

Chapter 5 describes the studies on structural and optoelectronic properties of indium-tin-

oxide (ITO) thin films. Two different series of ITO films are prepared Ts at 100°C by rf-

sputtering technique. Series (I): Variation of process pressure and Series (II): Variation of Ar 

flow rate during deposition of ITO films. 

Chapter 6 presents the direct fabrication of amorphous silicon solar cells (n-i-p) on flexible 

substrates. The influence of intrinsic layer thickness, back reflector, hydrogen plasma 

treatment (HPT) at n/i and i/p interface and a-SiC:H (p) as a window layer on solar cell 

parameters viz. short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), 

and efficiency ((%)) is presented in this chapter. 
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Chapter 7 is the final chapter of the thesis, which summarizes the contents of each chapter 

and gives the final conclusion based on the work reported in this thesis. The thesis work is 

concluded with the scope for future work from the present investigation. 
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Chapter 2 

 Experimental Details and Characterization Techniques 
 

 

In this chapter, we describe the detailed deposition techniques used for the deposition of undoped 

and doped hydrogenated amorphous silicon (a-Si:H) and indium tin oxide (ITO) films followed 

by the characterization of these films. Different characterization techniques used for the analysis 

of properties of films and characterization of solar cells are also described in this chapter. 

 

2.1 Film preparation and solar cell fabrication 

Intrinsic a-Si:H and doped (boron and phosphine) films were prepared in three different 

chambers using radio frequency plasma enhanced chemical vapour deposition (RF-PECVD) 

multi-chamber system. Indium-Tin-Oxide films and silver contacts were deposited by RF-

sputtering system. These methods are briefly described below. 

 

2.1.1 Radio frequency plasma enhanced chemical vapour deposition (RF PECVD)  

 

The RF-PECVD technique is most commonly used deposition method to produce device quality 

hydrogenated amorphous silicon (a-Si:H) thin films[1-3]. The role of the plasma in this 

technique is to provide a source of energy to dissociate silane (SiH4) molecules. SiH4 is 

dissociated into SiHn (n ≤ 3) as well as H2 and H [4]. Hydrogen molecules are also decomposed 

into atomic hydrogen. Excitation of the ground state electron to the vacuum state gives rise to 

ionization events, generating new electrons and ions to maintain the plasma. The plasma is 

confined between two parallel plates, one of which holds the substrate. Different radicals formed 

in dissociation of source gas silane, with the help of plasma are SiH, SiH2, SiH3, SiHx
+, SiHx

-H, 

H2 etc. The radicals so formed undergo secondary gas phase reactions, mostly with parent SiH4 

and H2 as mentioned below in Equation 2.1 [5-7]. 
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The radicals formed in secondary gas phase reactions and then get deposited on the substrate, 

yielding the film. As SiH3 is the least reactive species, its number density becomes much higher 

than the other radicals. Hence the main film-forming radical in PECVD method is SiH3 [6, 8]. 

Radio frequency plasma enhanced chemical vapour deposition (RF-PECVD) (13.56 MHz) multi-

chamber system (EXCEL instruments, Mumbai, India) has been used for the deposition of 

silicon thin films and fabrication of solar cells. Figure 2.1 (a) shows the schematic diagram of the 

RF-PECVD multi-chamber system and Figure 2.1 (b) show the real image of RF-PECVD multi-

chamber. The system consists of four cylindrical chambers made of stainless steel (SS304 

grade), three (PECVD) chambers and a central load lock cum hot wire chemical vapour 

deposition (HWCVD) chamber. Out of the three PECVD chambers, one is used for the 

deposition of intrinsic (undoped) amorphous silicon films, whereas other two are used to deposit 

n- type a-Si:H (phosphine as dopant gas) and p- type a-Si:H (diborane as dopant gas) in separate 

chambers respectively. All the three PECVD chambers are separated from load lock chamber 

(i.e. HWCVD) using CF100 gate valve. The substrate can be transferred from one PECVD 

chamber to other PECVD chamber through load-lock without breaking the vacuum. This 

prevents contamination of other chambers. All the process chambers are individually connected 

to a turbo-molecular pump (TMP) (Pfieffer, HIPAC 300) with a gate valve between them. The 

TMP is backed by a two-stage rotary pump (Pfieffer, PASCAL 2020SD). Exhaust line of each 

rotary pump is connected to the burn box. During deposition, burn box temperature is kept at 700 

oC and these burnt gases were dissolved in the soap water before going to atmosphere.  Cold 

water is supplied to the TMP and burn box and one fan was attached to each TMP to keep it 
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cool. Pirani and penning gauges are used to monitor the pressure inside the chambers. Separate 

gas lines are used to feed the reactant gases in these chambers.  

  

 

Figure 2.1:  (a) Schematic diagram of RF- PECVD multi-chamber system (b) real image of RF-PECVD 

multi-chamber 

2.1.2 RF sputtering  

 

In this thesis, indium-tin-oxide (ITO) and silver (Ag) materials have been chosen to make 

transparent conducting layer and electrical contacts respectively in the device fabrication [9, 10]. 

These layers were deposited by using RF sputtering. Sputtering is a physical vapor deposition 

(PVD) technique, basically the physical ejection of atoms from a solid source “target” due to 

energetic gas ions bombardment. Prior to the sputtering process, base pressure of ~10-7 mbar is 

created inside the chamber. Once the chamber reaches to its base pressure, the controlled flow of 

inert gas Ar is introduced into the deposition chamber. A high voltage between the electrodes 

(target/cathode, substrate/anode), leads to the ionization of Ar gas. The ionized gas is then 

accelerated towards the cathode. The energetic ions strike the target surface and sputter the target 

atoms. The ejected atoms are then moved towards the grounded anode and these stick onto the 

substrate in the form of a thin film.  
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2.2 Characterization techniques 

The thin films prepared using above-mentioned methods were characterized for studying its 

structural, optical and electrical properties using different experimental techniques described 

below. 

2.2.1 Amorphous silicon film characterization 

2.2.1.1 Raman Scattering Spectroscopy 

 Raman spectroscopy is one of the non-destructive and very powerful tools to study vibrational 

modes of a material for understanding the crystal structure and many other fundamental 

properties. Raman scattering is an inelastic scattering phenomena of photons by the fluctuations 

such as atomic vibrations, charge density and spin density and so on in the material. Positions of 

the peaks are related to the inter-atomic forces and distances, to their masses and chemical 

environments. Raman studies reported in this thesis were performed using HORIBA Jobin-Yvon 

LabRam HR Raman spectroscopy equipped with Ar-ion laser at a wavelength of 488 nm. 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. These studies were carried out at room temperature (RT) in the backscattering 

geometry. Raman mapping was recorded for an area of 17×22 μm2 on the sample surface. The 

image of the surface (Raman Mapping) was recorded with the charge coupled device (CCD) 

attached to the Raman spectrophotometer to identify different phases on the surface. The 

resolution and the recorded spectral range of Raman shifts are 1 cm-1 and 100–800 cm-1, 

respectively. The main Raman-active peaks observed in our films, i.e., a-Si:H film, correspond 

to several vibrational modes such as transverse acoustic (TA), longitudinal acoustic (LA), 

longitudinal optical (LO), transverse optic (TO) modes at ~ 150 cm-1, ~300-320 cm-1, ~ 410-440 

cm-1, ~ 470-520 cm-1, respectively [11-13]. The TO mode peak centered near ~480 cm-1 is the 

characteristic feature of amorphous silicon whereas peaks at 490-500 cm-1, ~510 cm-1, 520 cm-1 

correspond to grain boundaries, nanocrystalline silicon and crystalline silicon phase respectively 

[14, 15].  

The TO mode is sensitive to short-range order (SRO) which is a measure of rms deviation in the 

tetrahedral bond angle (ΔθB) and it can be obtained from the FWHM of amorphous TO mode. 

Lower deviation signifies better order in the film. As the bond angle deviation increases the 

material becomes more disordered with a broadening of the amorphous TO peak. The ΔθB  is 

calculated using linear equation 2.2 given below [16].  
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                                                  BΓ =15+6Δθ                                                                                                        (2.2) 

where Γ is full-width at half maxima (FWHM) of amorphous TO mode and ΔθB is the rms 

deviation in the tetrahedral bond angle.  

The medium range order (MRO) is given by the intensity ratio between the amorphous TA peak 

to the TO peak [17, 18]. A lower ratio corresponds to improved MRO. 

TA

TO

I
MRO

I
                                                                           (2.3) 

In case of nanocrystallites embedded amorphous films the crystalline peak shifts from 520 cm-1 

towards lower value due to the size limitation of the crystallites, smaller the crystallite size, 

larger is the shift. Hence the crystallite size can be calculated from the shift of crystalline peak 

from 520 cm-1. The crystallite size and crystalline fraction are estimated from the deconvoluted 

spectra corresponding to the nanocrystallite embedded phase. The crystallite size dRaman is 

calculated using Equation 2.4 [19]. 

2Raman

B
d

w


                                                                      
(2.4) 

where Δw is the shift in the nanocrystalline Raman peak with respect to c-Si and B is 2 cm-1 nm2.  

The total crystalline volume fraction is calculated using Equation 2.5 [19, 20]. 

                                      (%) 100
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c

nc gb am

I I
X

I I I


 

 
                                                              (2.5) 

where Inc, Igb and Iam are integrated intensities of TO phonon peaks corresponding to nanocry-

crystalline (~510 cm-1), grain boundary (~490-500 cm-1) and amorphous phases (~ 480 cm-1) 

respectively. 

 

2.2.1.2 Spectroscopic Ellipsometry 

 Spectroscopic ellipsometry (SE) is a nondestructive optical analysis technique to extract optical 

constants of the material. In SE, the variation in ellipsoidal shape between the incident and 

reflected lights is determined by relative reflection ratio (ρ) expressed in the following Equation 

2.6 [21]. 

tan
p i

s

r
e

r
   

                                                        (2.6)
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where r is the complex reflection coefficient, p and s represent p- polarized light and s- polarized 

light respectively, tanψ corresponds to relative amplitude ratio of p- polarized light to s-polarized 

light, and Δ represents relative phase difference between p- polarized light and s- polarized light. 

The experimental ellipsometry data ψ and Δ are converted into the pseudo-dielectric function 

<ε> using relation as defined in Equation 2.7 for a single interface [22]. The pseudo-dielectric 

function characterized by the whole system, i.e., substrate + film, reflects the light and reduces to 

the dielectric function () of the material when the reflecting sample has an infinite thickness and 

a smooth surface and Φ is an incident angle.

 2

2 21
sin 1

1
tan






  
                                                           (2.7) 

One of the well-established and widely used dispersion models to describe the optical properties 

of the amorphous materials is the Tauc-Lorentz model. To derive optical parameters, experiential 

data is fitted with Tauc-Lorentz model by constructing a two-layer model consisting of an 

ambient/rough surface layer/bulk a-Si:H layer/substrate. The Tauc-Lorentz model expression for 

<1> and <2> is given in Equation 2.8 & 2.9 [23].  
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where E0 is peak transition energy or resonance energy, Eg is an optical band gap, C is oscillator 

broadening parameter and A is amplitude factor, ε1(∞) is energy independent contribution to 

ε1(E) at infinite energy. ε1(∞) represents contribution of the optical transitions at higher energies 

and appears as an additional fitting parameter. P stands for the Cauchy principle part of the 

integral. 

In the present thesis spectroscopic ellipsometey (SE) measurements were performed using 

SOPRA GES5 spectroscopic ellipsometer in reflection mode film on Corning, polyimide (PI) 

and photo paper (PP) substrates. SE spectra were recorded at room temperature in the range of 2 

TH-1926_11612109



Chapter 2 

27 

 

- 5 eV photon energy on a-Si:H films on corning, PI and PP substrates. In the SE measurements, 

angle of incidence was fixed at 70o for films on corning, PI substrates whereas 72o for films on 

PP substrate. The size of the elliptical spot falling on the sample is 2 x 5 mm. In order to fit the 

raw data, we have used corning substrate refractive index and extinction coefficient (n-k) file in 

SE analyzer software (SEA 1.5.26). However, n-k file of PI and PP substrates are not listed in the 

SEA 1.5.26. Therefore, we recorded SE spectra on bare PI and PP substrates and determined 

corresponding n-k using SEA software. This n-k file has been used to determine the optical 

constants of deposited silicon films. To derive optical parameters of films, experimental data was 

fitted with T-L model by constructing a two-layer model consisting of ambient/rough surface 

layer/bulk a-Si:H layer/substrate. The expression for imaginary (<2>) and real (<1>) part of 

dielectric constant in T-L model is given in equation 2.8, 2.9 respectively. 

2.2.1.3 UV-Vis-NIR Spectroscopy 

 Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) spectrometry is very important characterization 

technique to measure the transmittance/absorbance of the films when the films are exposed to 

UV-Vis-NIR light. The transmission mode is used in the region of UV-Vis-NIR for the films 

deposited on corning 1737 glass with respect to air. These measurements are performed using 

Shimadzu UV 3101 PC in the range of 200-2500 nm. For a uniform thin film, the thickness of 

these films is estimated from the interference fringes in the transmission spectrum using 

Swanepoel method [24]. According to Swanepoel’s method, which is based on the idea of 

creating the envelopes of interference maxima and minima as a first approximation, the 

refractive index (nfilm) of the films in the regions of medium and weak absorption can be 

estimated using the expression 2.10 

 
1/2

1/2
2 2

film film filmn N N s   
  

                                                              (2.10) 
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N s
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And s, TM and Tm are the substrate refractive index, transmission maximum and the 

corresponding minimum at a certain wavelength (). 

The thickness of film was calculated using following relation 
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Where nfilm2 and nfilm1 are the refractive indices at two adjacent maxima or minima corresponding 

to 2 and 1 respectively 

The optical band gap (Eg) of the film is calculated using Tauc’s relation [25, 26] 

 
n

gh B h E                                                                     (2.13)  

Where h is the incident photo energy, Eg is optical band gap and B is proportionality constant. 

The values of exponent n are 2 and ½ for indirect and direct gap transition respectively. 

2.2.1.4 Surface profilometer 

A Surface profilometer is used to measure the thickness of deposited films. It is capable to scan 

area of tens of millimeters with a vertical range starting from hundreds of microns to a few 

nanometers. In the present thesis, measurements were carried out using Veeco-Dektak 150 stylus 

profilometer. Thickness measurement was performed for each film on corning 1737 glass at 

three different mask locations and those values were averaged to determine the thickness. These 

values are verified with thickness calculated using UV-Vis-NIR and spectroscopic ellipsometry 

measurements. 

2.2.1.5 Fourier transform infrared spectroscopy  

Fourier transform infrared (FTIR) spectroscopy is a non-destructive technique which can identify 

the bond configuration in the material. This instrument works based on the fact that each 

molecular bond has its own distinct quantized vibrational levels whose frequency lie usually in 

the mid-infrared region of 200 – 4000 cm-1. Once the frequency of an incident infrared radiation 

matches with the frequency of molecular vibration modes, radiation is absorbed by the 

molecules. A single beam ‘Perkin Elmer BX’ FTIR spectrometer is used to record the IR 

transmission spectra for all prepared samples. The films are deposited on IR transparent substrate 

such as both sides polished undoped monocrystalline Si (100) wafer. The spectrometer is 

operated using normal incidence with step size of 1 cm-1 and resolution of 4 cm-1 with average of 

sixty-four scans for each sample. In order to remove the absorption of a substrate, background 

correction was done with bare c-Si wafer. The a-Si:H film absorbs the IR radiation due to 

different modes of bond vibration at the positions listed in the Table 2.1 [3, 27]. 

The total hydrogen content in the film can be estimated from the following Equation 2.14 [28]. 
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Here the proportionality constant A630= 1.6 x 1019 cm-2 and atomic density of Si, NSi = 5.4×1022 

cm-3 [29]. In order to find the CH (%), FTIR data between 520-760 cm-1 was selected. In 

amorphous silicon, hydrogen is bonded to Si as Si-H, SiH2, Si-Hn etc. Though the vibrational 

frequency for stretching modes are different for different bonds, the rocking.bending mode 

frequency for the all the bonds is same as 630 cm-1.  Absorption band near 630 cm-1 is thus better 

choice to estimate total hydrogen content in the films [30]. 

Table 2.1: Different modes of silicon hydrogen bond vibration and the corresponding peak positions 

Bonding 

Configuration 

Vibrational Mode Peak Position 

(cm-1) 

Si-H 

 

Wagging 630 

Stretching 2000 

Si-H2 

 

Rocking 630 

Twist 820 

Wagging 850 

Scissor Bending 880 

Stretching 2100 

Si-H3 

 

Wagging 630 

Symmetric Deformation 862 

Degenerate Deformation 907 

Stretching 2140 

 

The bonded hydrogen in stretching mode has absorption band around 2000-2100 cm-1 and is 

deconvoluted into peaks near 2000 and 2100 cm-1 corresponding to Si-H and Si-H2 stretching 

bonding configurations respectively [31].  Microstructure factor (R*) can be defined as the 

fraction of integrated intensity of Si-H2 (I2100) to sum of integrated intensities of Si-H and Si-H2 

(I2000+I2100). The microstructure factor R* is given by Equation 2.15 [32]. 

2100

2000 2100

*
I

R
I I




                                                                 (2.15) 
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where I2000 and I2100 are the integrated intensities under the deconvoluted absorption bands at 

2000 and 2100 cm-1 respectively. 

2.2.1.6 Atomic force microscopy 

Atomic force microscopy (AFM) is one of the useful tool to observe surface topography of the 

films. AFM consists of a microscale cantilever with a sharp tip at its end that is used to scan the 

surface of the film. Cantilever is generally made with Silicon or silicon nitride. When the tip is 

brought close to the film surface, the force between film and tip leads to a deflection of the 

cantilever. The deflection is measured using a laser spot reflected from the top surface of the 

cantilever into an array of photodiodes. In this thesis, the measurements were performed with  

AFM (model Agilent, 5500 series) in tapping mode using silicon nitride cantilever with force 

constant 33 N/m and a resonance frequency of 304 KHz. The root mean square (RMS) roughness 

of films is calculated using “WSxM’’ software for the selected area of 2 μm x 2 μm. 

2.2.1.7 Field emission scanning electron microscopy (FESEM) 

Surface morphology of the films and cross sectional image of solar cells were recorded by field 

emission scanning electron microscopy (FESEM, model: ƩIGMA ZEISS). In this technique, a 

field emission cathode provides narrow electron beam of high energy which is focused on the 

sample and result in improvement of resolution of the image. FESEM was operated with an 

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

plasma to avoid charging effect during measurement.  

2.2.1.8 Conductivity measurements 

 Conductivity of a-Si:H films were measured using two probe method in coplanar geometry. 

Silver paint was used as electrodes for conductivity measurements. In coplanar geometry, if l is 

the length of electrodes, d is the separation between them, t is the thickness of the film, V is the 

applied voltage and I is the measured current then the conductivity is given by the following 

Equation 2.16 

 
I d

V l t





 
                                                          (2.16)                                                                                                                           

A 100 Watt halogen lamp was used for to illuminate the films during photoconductivity 

measurements. Photoconductivity was calculated from the photocurrent using the Equation 2.16. 

To measure temperature dependent conductivity, chamber was first evacuated to high vacuum of 
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the order of 10-5 mbar. The films were heated from room temperature to deposition temperature 

of the films under high vacuum. 

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

conductivity data using Arrhenius plot (Equation 2.17). The relation between the dark 

conductivity σd and activation energy Ea is given by [33]  

a
0d

E
exp

kT
 

 
  

                                                                (2.17) 

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

temperature (in Kelvin). 

2.2.2 Indium tin oxide (ITO) thin films characterization 

2.2.2.1 X-Ray Diffraction (XRD) 

 X-ray diffractometer, Rigaku TTRAX III, 18 kW with CuK radiation of 1.54 Å, was used for 

microstructure investigations of Indium-Tin-Oxide (ITO) thin films. XRD study was performed 

on the films deposited on Corning 1737 glass. The measurements were performed in 2θ thin film 

mode at a grazing angle of incidence of 3o. The films were scanned in the range of 10-70o with a 

step of 0.05o. The crystallite size in the film was calculated using Scherrer’s formula [34] 

(Equation 2.18) as follows     

1

0.9
XRD

hkl

d
B Cos




                                                                (2.18) 

where dXRD is the crystallite size,  is the wavelength of X-ray, B1 is the broadening due to 

crystallite size and θhkl is the peak position corresponding to the (hkl) plane.  

2.2.2.2 Four probe measurement  

Resistivity of ITO thin films was determined using four-point probe technique. Schematic 

diagram of four-probe measurement setup is shown in Figure 2.2. The four-point probe set up 

consists of four equally spaced tungsten metal strips with a finite radius. Two outer the probes 

are used to supply current (probe 1 and 4) and the other two probes (probe 2 and 3) are used to 

measure voltage difference. Four probe technique eliminates measurement errors due to the 

probe resistance, the spreading resistance of each probe, and the contact resistance between each 

metal probe and the semiconductor material.  

TH-1926_11612109



Chapter 2 

32 

 

 

Figure 2.2: Schematic diagram of four probe method of measuring resistivity of a sample 

We assume that the metal tip is infinitesimal and samples are semi infinitesimal in lateral 

dimensions. For bulk samples where the sample thickness, t>>s the expression for resistivity is 

2
V

s
I

 
 

  
 

. For thin films, where the sample thickness t << s, 
ln 2

t V

I




 
  

 
 [35]. This 

expression is independent of the probe spacing. Furthermore, this later expression is frequently 

used for characterization of semiconductor layers. In general, the sheet resistivity /sR t can 

be expressed as  
s

V
R k

I

 
  

 
 where the factor k is a geometric factor. In the case of a semi-

infinite thin sheet, k = 4.53. The factor k is different for non-ideal samples. 

2.3 Solar cell characterization 

2.3.1 Current density (J) – Voltage (V) measurement 

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

curve obtained by illuminating the solar cell with halogen lamp of 100W power. Intensity of 

light beam falling on the sample was about 100 mW/cm2. A Keithley 2450 Source meter 

controlled by a computer is used to provide voltage sweeps and record the corresponding current. 

Current density-voltage characteristic of solar cell is illustrated in Figure 2.3. 
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Figure 2.3: Current density (J) – voltage (V) characteristics of solar cell 

From the J-V curve, short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor 

(FF) are obtained. The solar cell efficiency (η) is defined as the ratio of maximum electrical 

energy output to the incident solar energy on the cell. The η (%) is determined by the following 

Equation 2.19 [36]. 

(%) 100sc oc

in

J V FF

P


 
                                         (2.19) 

max maxwhere
sc oc

J V
FF

J V




  

where Jsc, Voc, FF and Pin are short-circuit current density, open-circuit voltage, fill factor and 

input power. The Voc is the voltage at which no current flows through the external circuit; that is 

at J = 0. On the other hand, Jsc is current density at which voltage drop is zero across the solar 

cell. The FF is the ratio of the maximum power that can be obtained from the cell to the product 

of Jsc and Voc. It is a measure of ‘squareness’ of the J-V curve and describes the operating point 

at which the solar cell gives maximum power to the attached load. In order to estimate the series 

(Rs) and parallel (Rp) resistances of the solar cells, slope of J-V curve near short circuit and open 

circuit points were calculated using following Equations 2.20 & 2.21 .  

0

1
s

J

R
dJ

dV 


 
 
                                                                 (2.20)
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 
 
 

                                                                (2.21) 

2.3.2 External quantum efficiency (EQE) 

External quantum efficiency (EQE) measurements were performed at RT using an in-house built 

dual beam set up. Figure 2.4 shows the schematic diagram of the quantum efficiency 

measurement setup. The first part of the system, light source for the EQE measurements was a 

xenon lamp, which was fed into a monochromator (Horiba Jovin Yvon-Triax). The lamp was 

turned on at least half an hour before recording any measurements. This was found to be 

sufficient to produce a stable current output from an a-Si: H solar cell. 

 

Figure 2.4: Schematic diagram of quantum efficiency measurement setup 

Beam splitter was used to split the incident beam into two beams; one beam for reference 

calibrated diode and other beam for solar cell. During measurements, optical lens were used to 

focus the light from the monochromator onto the reference photodiode and solar cell to ensure 

optimum positioning. The slit width was kept at 3 mm diameter. 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. Optical chopper (Stanford Research Systems 

Model SR540) was used for periodically interrupting the light beam. The controller uses a phase 
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locked loop motor speed control design to precisely maintain the chopping speed and phase 

relative to the reference signal. In our experiments, a chopper was placed in front of the 

monochromator entrance slit. We used 6 slots blade set and chopper frequency was fixed at 17 

Hz. The optical chopper outputs were 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, the 

component of the signal at a specific reference frequency. Noise signals, at frequencies other 

than the reference frequency, are rejected and do not affect the measurements. LabVIEW 

program was used to control the monochromator, two lock-in amplifiers through general purpose 

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

and solar cell in terms of volts. 

 

External quantum efficiency can be obtained from Equation 2.22 [37, 38] 

Q (%) 100cell

h c
E E SR

q 


  


                                                   (2.22)

 

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 respecively.  

Spectral response of the measured solar cell can be obtained from the following Equation 2.23 

/

/

ref stdcell
cell ref

std ref cell

VV
SR SR

V V

  
      

   
                                             (2.23) 

where SRref, Vcell, Vstd, Vref/std and Vref/cell are respectively the spectral response of standard diode, 

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

voltage was measured and reference diode voltage when test cell voltage respectively. 
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Chapter 3 

Optimization of Intrinsic a-Si:H Thin Films at Low Substrate 

Temperature 

 

 

In a-Si:H based n-i-p or p-i-n solar cells, intrinsic layer is the main photon absorber layer. 

The performance of the solar cells depends upon the optolectronic properties of this layer. 

Since, the deposition parameters have a significant influence on the structural and 

optoelectronic properties of the a-Si:H layer, therefore, before fabricating the solar cells, it is 

necessary to optimize the deposition parameters of intrinsic layer to get the best quality films. 

In silicon based solar cells, the device grade silicon layers are generally deposited in 

temperature range ≥ 200-350 
o
C [1-3]. At the same time, the lower substrate temperature (Ts) 

is economically beneficial as this reduces the energy required to manufacture the devices as 

well as use of low cost flexible substrates is possible if fabrication temperature is lowered. 

Flexible substrates need a low deposition temperature due to its low deformation temperature 

and high coefficient of thermal expansion (CTE) [4]. The amorphous Si films deposited at 

low Ts are often porous, more disordered and exhibit poor optoelectronic properties limiting 

the performance of solar cells. The quality of the films deposited at low Ts can be improved 

by changing the deposition parameters such as rf power and hydrogen dilution in SiH4 etc. by 

RF-PECVD technique. The influence of deposition parameters on quality of a-Si:H films 

using RF-PECVD technique are still not clearly understood. With this motivation, three series 

of intrinsic a-Si:H thin films were prepared, by varying different deposition parameters, one 

deposition parameter at a time while keeping all the other parameters fixed. The chapter 

presents the systematic study of structural and optoelectronic properties of these films.  

The deposited films were characterized by Raman spectroscopy, spectroscopic ellipsometry 

(SE), atomic force microscopy (AFM), field emission scanning electron microscopy 

(FESEM), UV-Vis-NIR, profilometer, Fourier transform infrared spectroscopy (FTIR) and 

electrical transport measurements. The details of the characterization techniques used in the 

present study are mentioned in Chapter 2. 
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3.1 Deposition parameters for intrinsic a-Si:H film 

The intrinsic hydrogenated amorphous silicon (a-Si:H (i)) thin films were deposited by RF-

PECVD (13.56 MHz) in a multi-chamber system on Corning 1737 glass (Corning), 

polyimide (PI) (Kapton type, HN grade), photo paper (PP) (Kodak company, high gloss, 

white color, thickness 230 micrometer) and undoped c-Si substrates. Three different series of 

intrinsic films were prepared by varying one deposition parameter at a time while keeping all 

the other parameter fixed; Series (I): Variation of substrate temperature (Ts) in the range 70-

200°C. Series (II): Variation of H2 flow rate (HFR) during SiH4 plasma at Ts = 150°C. Series 

(III): Variation of rf power during silane plasma at Ts = 110°C. The deposition parameters for 

each series of films are listed in Table 3.1 

Table 3.1: Deposition parameters for intrinsic a-Si:H thin films by RF-PECVD technique 

Deposition parameters Ts series HFR series rf power series 

rf power (Watt) 40 40 40-70* 

H2 (sccm) 60 50-90* 60 

SiH4 (sccm) 5 5 5 

Process pressure (mbar) 0.72 0.72 0.72 

Substrate temperature (
o
C) 70-200* 150 110 

Deposition time (minute) 60 60 60 

*variable parameters 

3.2 Results and discussion 

3.2.1 Series (I): Variation of substrate temperature (Ts) in the temperature range 70-

200°C 

 In this study, intrinsic a-Si:H thin films were deposited by varying the substrate temperature 

(Ts) in the range of 70 – 200 
o
C on Corning 1737 glass (Corning) and c-Si substrates, whereas 

on photo paper (PP) and polyimide (PI) substrates, Ts was varied in the range of 70 – 150 
o
C. 

The deposition parameters for this study are listed in Table 3.1. 

3.2.1.1 Raman scattering  

Raman scattering is a nondestructive technique used to estimate the evolution of network 

structure due to its sensitivity to the structural disorder in solids. Raman spectra were 

recorded at several different positions on the surface of the films on Corning, PI and PP 

substrates. It was observed that for films deposited at low Ts (≤110
o
C), Raman spectra 
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corresponded to amorphous phase at all the locations probed, whereas when the substrate 

temperature was increased (≥130
o
C), Raman spectra showed amorphous phase at some places 

and nanocrystalline phase at other places. In order to understand the change in Raman spectra 

with position, image of the surface (Raman mapping) of the films were recorded to identify 

the different phases on the surface. Figure 3.1, Figure 3.2 and Figure 3.3 show Raman 

mapping of the films deposited at different Ts on Corning, PI and PP substrates respectively.  

 

Figure 3.1: (a-g) Raman mapping of intrinsic a-Si:H films prepared at different Ts on Corning 

substrate (h) optical image of film prepared Ts at 150oC on Corning. 

 

Figure 3.2: (a - e) Raman mapping of intrinsic a-Si:H films prepared at different Ts on polyimide 

substrate. 
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Figure 3.3: (a - e) Raman mapping of intrinsic a-Si:H films prepared at different Ts on photo paper 

substrate. 

The black color in the Raman mapped image corresponds to the amorphous region whereas 

white color represents nanocrystallites embedded region in amorphous matrix. Films 

prepared at Ts ≤ 110
o
C are completely amorphous in nature. The presence of white spots in 

Raman mapping of the sample prepared at Ts ≥ 130
o
C for Corning, PI and PP substrates 

(Figure 1 (d-g), Figure 2(d, e) and Figure 3(d, e)) indicates that formation of nanocrystallites 

in the amorphous matrix at these temperatures. The formation of nanocrystallites started in 

the amorphous film around 130
o
C and density of these nanocrystallites increased with further 

increase in Ts. The percentage area covered by nanocrystallites in films at Ts = 130, 150, 170 

and 200
o
C is 9, 30, 53 and 55% respectively on Corning substrate whereas on PI and PP 

substrates Ts=130 & 150
o
C it is found to be 3 & 18% and 4 & 10% respectively. Figure 

3.1(h) shows microscopic image of film deposited at Ts = 150
o
C on Corning substrate. In this 

image, nanocrystallites are appearing in black color where as these are shown in white color 

in the Raman image Figure 3.1(e).  Raman spectra were recorded by focusing the laser beam 

on the regions marked as 1(amorphous phase) and 2 (nanocrystalline phase) in Figure 3.1(d-

g), Figure 3.2 (d, e) and Figure 3.3 (d, e). The corresponding Raman spectra of amorphous 

and nanocrystalline phase are shown in Figure 3.4 (a-g), Figure 3.5 (a-e) and Figure 3.6 (a-e) 

respectively. Raman spectra of these films in different regions, dark and bright regions, (in 

Figure 3.1, Figure 3.2 and Figure 3.3) consists of peaks corresponding to several vibrational 

modes; transverse acoustic (TA), longitudinal acoustic (LA), longitudinal optical (LO), 

transverse optic (TO) modes of Si at~ 150 cm
-1

, ~300-320 cm
-1

, ~ 410-440 cm
-1

, ~ 470-520 
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cm
-1

 respectively [5-7]. The TO mode peak centered near ~480 cm
-1

 is the characteristic 

feature of amorphous silicon structure whereas peaks centered near ~490-500 cm
-1

, ~510 cm
-1

 

and 520 cm
-1

 correspond to grain boundaries, nanocrystalline silicon and crystalline silicon 

phase respectively [8, 9].  

 

Figure 3.4: (a-g) Raman spectra of intrinsic a-Si:H films prepared at different Ts on Corning 

substrate. Deconvoluted Raman spectra of a-Si:H film deposited at Ts= 170 oC on Corning (h) 

amorphous phase (on spot 1) (i) nanocrystalline phase (on spot 2). 

In order to find the different parameters like total crystalline fraction (Xc), crystallite size 

(dRaman), rms deviation of tetrahedral angle (ΔθB) and medium range order (MRO) each 

Raman spectra were deconvoluted in the range 100-570 cm
-1

 into different components. The 

detailed calculation procedure is mentioned in Chapter 2. 
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Figure 3.5: (a-e) Raman spectra of intrinsic a-Si:H films at different Ts on polyimide substrate. 

Deconvoluted Raman spectra of a-Si:H film deposited at Ts= 150 oC on Corning (f) amorphous phase 

(on spot 1) (g) nanocrystalline phase (on spot 2). 

 

The deconvoluted Raman spectra of amorphous and nanocrystalline phase of films on 

Corning, PI and PP substrates are shown in Figure 3.4 (h, i), Figure 3.5 (f, g) and Figure 3.6 

(f, g) respectively. The TO mode is sensitive to short-range order (SRO) which is measure of 

rms deviation in the tetrahedral bond angle (ΔθB) and it can be obtained from the full width at 

half maxima (FWHM) of amorphous TO mode. 

The FWHM is deduced from deconvoluted spectra for each sample and ΔθB is calculated for 

all the samples. The values of FWHM and the corresponding ΔθB are listed in Table 3.2. In 

the Table –am and –nc indicate that amorphous and crystalline phases respectively. A 

decrease in ΔθB from 7.38 to 6.73
o
 on Corning, 7.27 to 6.68

o
 on PI and 7.31 to 6.84

o
 on PP 

with increase in Ts indicates an improvement in structural ordering of amorphous network 

irrespective of substrate. As ITA/ ITO is a measure of dihedral angle variation, lower value 

indicates better medium range order (MRO). The ITA/ ITO values are found to be low for 
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amorphous network for films on Corning compared to films on PI and PP. In nanocrystalline 

phases also, low values of ITA/ITO are observed indicating an improvement of medium range 

order. It is further observed that size of the nanocrystallites (dRaman) and total crystalline 

fraction (Xc(%)) increases with increase in Ts. The calculated FWHM of TO mode, ΔθB, 

ITA/ITO, dRaman and Xc (%) [10-13] for each sample are listed in Table 3.2. 

 

Figure 3.6: (a-e) Raman spectra of intrinsic a-Si:H films at different Ts on photo paper substrate. 

Deconvoluted Raman spectrum of a-Si:H film deposited at Ts= 150 oC on Corning (f) amorphous 

phase (on spot 1) (g) nanocrystalline phase (on spot 2). 
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Table 3.2: Estimated values of full width at half maxima (FWHM) of TO mode, rms bond angle deviation ΔθB (
o
), crystallite size and total 

crystalline fraction Xc (%) from Raman spectra of the films on Corning, PI and PP substrates at different Ts. In the table –am and –nc indicate 

that amorphous and nanocrystalline phase respectively. 

Ts 

 (
o
C) 

FWHM of TO mode  

(cm
-1

) 

ΔθB  

(
o
) 

ITA/ITO Crystallite size (nm) Total crystalline 

fraction Xc (%) 

 Corning PI PP Corning PI PP Corning PI PP Corning PI PP Corning PI PP 

70-am 59.28 58.62 58.86 7.38 7.27 7.31 0.39 0.42 0.40 - - - - - - 

90-am 57.85 58.32 61.02 7.14 7.22 7.67 0.40 0.37 0.45 - - - - - - 

110-am 56.72 58.38 57.77 6.95 7.20 7.13 0.32 0.39 0.42 - - - - - - 

130-am 56.50 56.46 57.72 6.92 6.91 7.12 0.35 0.36 0.40 - - - - - - 

150-am 55.53 55.08 55.09 6.76 6.68 6.68 0.33 0.43 0.46 - - - - - - 

170-am 55.49 - - 6.75 - - 0.42 - - - - - - - - 

200-am 55.38 - - 6.73 - - 0.42 - - - - - - - - 

130-nc 50.17 50.28 48.03 5.86 5.88 5.51 0.29 0.35 0.44 2.37 2.09 1.68 44 49 48 

150-nc 48.98 43.74 50.16 5.66 4.79 5.86 0.23 0.32 0.48 3.97 2.29 2.96 68 67 52 

170-nc 39.88 - - 4.15 - - 0.30 - - 8.88 - - 74 - - 

200-nc 35.12 - - 3.35 - - 0.37 - - 8.88 - - 71 - - 
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3.2.1.2 Spectroscopic ellipsometry (SE) 

Spectroscopic ellipsometry (SE) is a nondestructive optical technique used to extract optical 

constants of the material. Figure 3.7 (a-f) show the experimental (open) and fitted (solid line) 

data of real <ε1> and imaginary <ε2> parts of the pseudo dielectric function of a-Si:H thin 

films deposited at different Ts on Corning, PI and PP substrates.  

 

Figure 3.7: The experimental (open) and fitted (solid line) data of (a, c, e) the pseudo dielectric 

function of real <ε1> and (b, d, f) imaginary <ε2> of intrinsic a-Si:H thin films deposited at different 

Ts on Corning, PI and PP substrates.  
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In order to fit experimental data, we have used Tauc-Lorentz model [14-17], one of the 

widely used dispersion model to describe the optical properties of the amorphous materials, 

by constructing a two-layer structure consisting of ambient/rough surface layer/bulk a-Si:H 

layer/substrate. The expressions for imaginary (<2>) and real (<1>) part of dielectric 

functions in T-L model are discussed in Chapter 2. 

Figure 3.7 show the experimental (open) and fitted (solid line) data of real <ε1> and 

imaginary <ε2> parts of pseudo dielectric function of a-Si:H thin films deposited at different 

Ts on Corning, PI and PP substrates. The T-L model fitted parameters (rough surface layer, 

amplitude (A), resonance energy (E0), broadening (C)) are shown in Figure 3.7 for films on 

Corning, PI and PP substrates respectively. A broad peak around ~3.5 eV in <2> versus 

photon energy plot is characteristic feature of the direct optical transition in amorphous 

silicon structure [18, 19]. In SE spectra, amplitude factor (A) is proportional to the maximum 

height of <2> and is related to the density of the film [20]. It can be seen that amplitude of 

the peak increases with increase in Ts, which indicates that denser film formation takes place 

at higher Ts. It is observed that position of maximum <2> (<2>max) remains at around 3.5 eV 

for films up to 130 
o
C and for Ts > 130

o
C, <2>max is shifted towards higher energy side 

(Figure 3.7 (b, d, f)). The shift in the <2>max is due to presence of a few nano meter sized 

crystallites in the film [21].This is in good agreement with results obtained from Raman 

measurements. However, it is observed that amplitude factor is smaller in case of 110 and 

130 
o
C films on Corning and 90 

o
C films on PI and PP substrate as compared to that for films 

deposited at other Ts. This could be due to higher porosity in these films, which causes 

decrease in <2>max without any significant shift in its peak energy position. Oscillator 

broadening parameter (C) is another parameter, which is directly related to Si-H2 fractions in 

the film. Higher fraction of Si-H2 bonds in the film signifies higher disorder in the material 

[15]. Decrease in the broadening of <2> peak with increase in Ts indicates a decrease in 

fraction of Si-H2 bonds in the films on Corning, PI and PP substrates. It is observed that films 

on PI and PP substrates have slightly higher broadening compared to film on Corning. The 

thickness of rough surface layer for the films on PI and PP are similar to those for films on 

Corning substrate. The variation in thickness of rough surface layer is ~ ±1 nm. The results 

suggest that the growth kinetics is similar in all the cases, though there is a difference in 

physical properties of the substrates. 
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Figure 3.8: T-L model fitting parameters of intrinsic a-Si:H films deposited at different Ts on 

Corning, PI and PP substrates 

3.2.1.3 UV-Vis-NIR 

Figure 3.9(a) shows UV-Vis-NIR transmission spectra of intrinsic a-Si:H films recorded on 

Corning substrate. The presence of large number of interference fringes indicate that the films 

are sufficiently thick and are of uniform thickness. Thickness of the film was calculated from 

Swanepoel’s method [22] using interference fringes. The optical band gap (Eg) was 

calculated using Tauc’s relation by plotting (h)
1/2

 versus hυ [23]. Figure 3.9 (b) shows the 

Tauc’s plot of sample prepared at different Ts. The intercept of the fitted line (in red colour) 

on the energy axis gives the Eg of the film. Since PI and PP are not transparent substrates, 

thickness and Eg of these films were estimated from SE measurements only. The calculated 

thickness and Eg of the films from different measurements are shown in Figure 3.9 (c, d) 
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Figure 3.9: (a) UV-Vis-NIR transmission spectra of a-Si:H thin films with different Ts. (b) Plot of 

(αhυ) 1/2 versus hυ for samples prepared at different Ts on Corning. (c) estimated thickness and (d)  

band gap from different measurements. 

The error bars in Figure 3.9 (c, d) indicate the uncertainty in the calculated thickness and Eg. 

The thickness is found to be in the range of 610±15–794±15 nm (70-200
o
C), 662±10–722±9 

nm and 656±13–751±15 nm (70-150
o
C) corresponding to film on Corning, PI and PP 

substrates respectively. At Ts<130 
o
C, thickness of the films increases with increase in Ts 

since the increase in the sticking probability of precursor radicals adsorbed on the growing 

surface of a-Si:H is more in comparison with rate of surface recombination reactions [24]. 
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When Ts is high (≥ 130 
o
C), more hydrogen radicals in plasma participate in selective etching 

of loosely bonded Si or strained Si atoms in the amorphous material leaving behind 

nanocrystalline silicon film, which  results in a decrease in thickness of the films [25]. The Eg 

increases at higher Ts due to narrowing of band tail width as a result of improved crystallinity 

in the samples. The thickness and band gap (Eg) energy values estimated from SE 

measurement are in agreement with UV-Vis-NIR measurement data. 

3.2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR transmission spectra of films deposited at different Ts on c-Si substrate are shown 

in Figure 3.10(a). It can be seen that the spectra have dips at ~630 cm
-1

, ~2000 cm
-1

, and 

~2100 cm
-1 

corresponding to Si-H wagging or rocking mode and stretching modes of Si-H 

and Si-H2 respectively [26, 27]. The hydrogen content (CH (%)) in the film was calculated 

from the total IR absorption intensity under the peak corresponding to wagging mode of 

silicon hydrogen bond, whereas microstructure factor (R*) is calculated from the fraction of 

Si-H2 bond density to (Si-H + Si-H2) bond density [28, 29]. The calculation details of CH (%) 

and R* have been discussed in chapter 2. 

 

Figure 3.10: (a) FTIR transmission spectra of the films deposited at different Ts on c-Si substrates, (b) 

Bonded hydrogen content and microstructural factor as a function of Ts. 

Figure 3.10 (b) shows variation of CH (%) and R* for film deposited at different Ts. The 

values of CH (%) are found to be in the range of 8.65±0.43-14.22±0.71. The results show that 

the total hydrogen concentration, as estimated from the dip near ~630 cm
-1

, gradually 

decreases with increase in Ts. From the Figure 3.10(a), it is also observed that dip near 2000 
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cm
-1

, corresponding to absorption in stretching mode, systematically shifts toward lower 

wavenumber. This indicates that hydrogen bonding in the amorphous network gradually 

shifts from (Si-H2)n or Si-H2 to Si-H with increase in Ts. The R* has been used to characterize 

the structural inhomogeneity of a-Si:H films. It is known that there is a close correlation 

between the infrared absorption at about 2100 cm
−1

 and disordered domains or microvoid 

structure; the absorption in this region is due to hydrogen bonded as (Si-H2)n or Si-H2 

configuration [30]. A continuous decrease of R* is observed with increasing Ts as shown in 

Figure 3.10 (b). The decrease of R* suggests that, the density of disordered domains is 

reduced in the amorphous network value with increasing Ts. During thin film deposition, the 

silicon atoms arriving at growing surface undergo surface diffusion and adsorption reaction 

[24]. The increase in Ts improves the surface mobility of silicon atoms allowing them to 

achieve a low energy site easily to form Si-Si bond. Consequently, the surface disorder of 

amorphous network reduces. In addition, the inhomogeneous regions could be decreased 

further as the strained Si-Si bonds are etched by the incident hydrogen atoms, the probability 

of which increases with the increase of Ts [24, 31]. Accompanying these processes, the total 

concentration of adsorbed hydrogen atoms on film surface is also decreased because the 

hydrogen desorption process is enhanced at higher Ts. From the SE measurements also, a 

decrease in broadening parameter C was observed at higher Ts. The broadening of <2> peak 

is directly related to Si-H2 bond fractions in the film. The SE results are well consistent with 

results obtained from FTIR measurements. These values of CH(%) and R* are in good 

agreement with literature values for amorphous and mixed phase films deposited by RF-

PECVD films [8, 32-35]. 

3.2.1.5 Atomic force microscopy (AFM) 

Surface topography of intrinsic a-Si:H films on Corning, PI and PP substrates was recorded 

using AFM in tapping mode. The area of scan size over the film was 2×2 μm
2
. Figure 3.11 

(a-g), Figure 3.12 (a-e) and Figure 3.13 (a-e) show the surface topographic images of intrinsic 

a-Si:H films on Corning, PI and PP substrates at different Ts respectively.  
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Figure 3.11: 2D surface morphologies of AFM images on Corning at different Ts (a) 70 oC (b) 90 oC 

(c) 110 oC (d) 130 oC (e) 150 oC (f) 750 oC and (g) 200 oC. 

 

 

Figure 3.12: 2D surface morphologies of AFM images on polyimide at different Ts (a) 70 oC (b) 90 oC 

(c) 110 oC (d) 130 oC and (e) 150 oC. 
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Figure 3.13: 2D surface morphologies of AFM images on photo paper at different Ts (a) 70 oC (b) 90 

oC (c) 110 oC (d) 130 oC and (e) 150 oC. 

The root mean square (RMS) roughness of intrinsic films deposited Ts at 70, 90, 110, 130, 

150, 170 and 200°C on Corning substrates are 2.07±0.06, 3.17±0.19, 4.09±0.11, 4.74±0.36, 

4.11±0.13, 4.12±0.05 and 4.52±0.09 nm respectively whereas on PI and PP substrate the 

corresponding values at Ts of 70, 90, 110, 130 and 150 are 2.45±0.11, 3.92±0.13, 1.76±0.23, 

2.35±0.31, 4.27±0.15 and 5.18±0.34, 5.97±0.12, 3.84±0.16, 6.70±0.36, 4.83±0.11 nm 

respectively. The RMS roughness of the bare Corning, PI and PP substrates are 0.36, 0.53 

and 6.56 nm respectively. The RMS roughness values of the films on PI and PP substrates are 

comparable with the films on Corning substrate. The RMS roughness values are also 

consistent with the rough surface layer thickness values obtained from SE results.  

3.2.1.6 Conductivity 

In order to study electronic transport properties of the films, dark (σd) and photo conductivity 

(σph) measurements were performed at room temperature. Figure 3.14 (a) shows the variation 

of room temperature σd and σph as a function of Ts. The σd values of all the films are found to 

be quite low, comparable with that reported for device quality films deposited at higher 

temperature on conventional rigid substrates [11, 36]. Slightly higher value of σd for the films 

on PP substrate compared to that on rigid Corning substrate could be due to higher surface 

roughness of bare PP. The σd changes slightly from 10
-11 

-
 
10

-10 
Ω

-1
cm

-1
 with increasing Ts. 
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On the other hand, σph increases with Ts up to 150 
o
C and after which it saturates and remain 

more or less constant for films deposited on Corning. The σph of the films changes from 10
-8

 - 

10
-6

 Ω
-1

cm
-1

. Photo sensitivity (σph/σd) observed is ~ 4 orders of magnitude up to Ts = 130 
o
C 

and ~ 6 orders of magnitude above this Ts. The higher σph/σd at higher Ts is due to presence of 

nanocrystallites and improvement in short range order, which also result in less broadening of 

peak in <2> spectra as compared to the films with pure amorphous phase. Temperature 

dependence of the conductivity was studied for films deposited at Ts = 150 
o
C. Figure 3.14(b) 

shows temperature dependence of dark and photo conductivity of films on Corning, PI and 

PP substrates. To deduce activation energy, the dark conductivity curve is fitted with 

Arrhenius equation. The activation (Ea) energy was found to be 0.95 eV, 0.98 eV and 0.91 eV 

for films deposited on Corning, PI and PP respectively. The Ea is approximately half of band 

gap energy. The high photosensitivity and purely intrinsic behavior as observed from the 

activation energy indicate that the films deposited at Ts = 150 
o
C are more or less defects free 

and suitable for photovoltaic and other device applications. 

 

Figure 3.14: (a) Room temperature dark and photo conductivities of films prepared at different Ts. (b) 

Temperature dependent conductivity of sample prepared at Ts = 150 oC on Corning, PI and PP. 

3.2.2 Series (II): Variation of H2 flow rate (HFR) during SiH4 plasma at Ts = 150°C  

In earlier substrate temperature variation series (section 3.2.1), it is observed that high photo 

sensitivity, improvement in short range order, less broadening of peak in <2> for films 

deposited at Ts =150
o
C are due to presence of few nanometer sized nanocrystallites 

embedded in amorphous matrix. In order to study the microstructural and optoelectronic 

properties with hydrogen dilution on these films, we kept Ts at 150°C and varied hydrogen 
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flow rate (HFR) from 50- 90 sccm. The other deposition parameters were kept constant. The 

films were deposited on three different substrates, viz. Corning 1737 glass (Corning), photo 

paper (PP) and c-Si. The deposition parameters for this series are listed in 3.1. 

3.2.2.1 Raman scattering  

Like in previous Ts series (section 3.2.1), Raman spectra were recorded at several different 

positions on the surface of the films on Corning and PP substrates. A variation in Raman 

spectra corresponding to pure amorphous phase and nanocrystalline silicon embedded 

amorphous phase was observed at different positions on the film surface. To identify the 

different phases on the surface of the film, the image of the surface was recorded through 

Raman Mapping. Figure 3.15 (a-e) and Figure 3.16 (a-e) show the Raman mapping of the 

films deposited at different HFR on Corning and PP substrates respectively.  

 

Figure 3.15: (a - e) Raman mapping of samples prepared at different hydrogen flow rates on Corning 

substrate. 

 

The black color in the image represents the amorphous phase whereas white color represents 

the region where nanocrystallites are embedded in amorphous matrix. The percentage area of 

the nanocrystallites embedded region for films deposited at HFR = 50, 60, 70, 80 and 90 

sccm are 7.27, 30.23, 7.18, 27.45 and 18.61 % respectively for films on Corning substrates 

whereas FOR film on PP, it was found to be 7, 10, 5, 25 and 23% respectively. Raman 

spectra were recorded on these films by focusing the laser beam at amorphous region 
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(marked as spot 1) and nanocrystallites embedded region (marked as spot 2). The 

corresponding to amorphous and nanocrystalline phases Raman spectra are shown in Figure 

3.17 (a) and 3.17 (b) for films on Corning and PP substrates respectively. 

 

 

Figure 3.16: (a - e) Raman mapping of samples prepared at different hydrogen flow rates on PP 

substrate. 

 

Figure 3.17 (a-b) shows the Raman spectra of films prepared at different HFR on Corning 

and PP. For the quantitative estimation of different parameters like rms deviation of 

tetrahedral angle (ΔθB), total crystalline fraction (Xc (%)), crystallite size (dRaman), the Raman 

spectra are deconvoluted in the range 100-570 cm
-1

 into different components similarly as 

described in earlier section 3.2.1. The deconvoluted Raman spectra of amorphous and 

nanocrystallites embedded phase of films prepared at HFR=80 sccm on Corning and PP 

substrates are shown in Figure 3.18 (a & c) and Figure 3.18(b & d) respectively.    

TH-1926_11612109



Chapter 3 

60 
 

 

Figure 3.17: Raman spectra of films prepared at different hydrogen dilution prepared on (a) Corning 

and (b) photo paper substrates 

The values of crystallite size under present studies are found to be in the range of 2.56 - 4.44 

nm for films on Corning and 2.46 - 6.28 nm for films on PP substrate respectively. It is 

observed that the crystallite size increases with increasing HFR on Corning and PP substrates. 

At high HFR, higher concentration of hydrogen in plasma helps in the full surface coverage 

and thus facilitates the surface diffusion of the film forming precursors like SiH3, SiH2, SiH 

and Si. Hence the adsorbed radicals find energetically favorable sites leading to improvement 

in order and also lead to the formation and growth of crystallites [24]. The atomic hydrogen 

also acts as etchant and breaks the weak Si-Si bonds on the growing film surface and thus 

helps in the creation of strong Si-Si bonds [37]. The atomic hydrogen not only acts on the top 

surface layer but it can also penetrate into few layers below the film surface where it helps in 

the formation of ordered structure by compensation of dangling bonds, breaking of weak 

bonds as well as reconstruction of strong bonds and the strain relaxation [38, 39]. Thus higher 

hydrogen flow rate results in increase in crystallite size. 
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Figure 3.18: Deconvoluted Raman spectra of a-Si:H film deposited at HFR at 80 sccm on Corning 

and photo paper substrates (a, c) amorphous (spot 1)and (b, d) nanocrystallite embeded phase (spot 

2). 

The rms bond angle deviations (ΔB) is calculated for all the films using FWHM of 

amorphous TO mode deduced from deconvoluted spectra. The FWHM and the corresponding 

ΔB values are listed in Table 3.3. It is observed that, ΔB values for amorphous phase is in 

the range of 6.76- 7.69° on Coning substrate whereas on PP substrate it is around 6.22-8.09°. 

The ΔB values are nearly independent of HFR. The low value of ΔB on Corning and PP 

suggest better SRO even in amorphous phase. The calculated ΔB values for nanocrystalline 

phase are also listed in Table. 3.3, which are very good numbers for nc-Si:H and a-Si:H films. 

The total crystalline volume fractions of the films on Corning and PP substrates with different 

HFR are listed in Table 3.3.  
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Table 3.3: Estimated values of full width at half maxima (FWHM) of TO mode, rms bond angle deviation ΔB (
o
), ITA/ITO, crystallite size and 

total crystalline fraction from Raman spectra of the films on Corning and PP substrates at different HFR. In the table –am and –nc indicate that 

amorphous and nanocrystalline phase respectively. 

H2 flow rate 

(sccm) 

FWHM of TO 

mode (cm
-1

) 

ΔθB  

(
o
) 

ITA/ITO Crystallite size (nm) Total crystalline 

fraction Xc (%) 

 Corning PP Corning PP Corning PP Corning PP Corning PP 

50-am 59.21 52.32 7.37 6.22 0.33 0.34 - - - - 

60-am 55.53 55.08 6.76 6.68 0.33 0.46 - - - - 

70-am 58.53 63.51 7.26 8.09 0.33 0.40 - - - - 

80-am 60.59 62.25 7.60 7.88 0.30 0.36 - - - - 

90-am 61.16 61.17 7.69 7.70 0.33 0.39 - - - - 

50-nc 45.13 50.56 5.02 5.93 0.29 0.47 2.56 2.46 85 80 

60-nc 48.98 50.16 5.66 5.86 0.23 0.48 3.97 2.96 68 52 

70-nc 44.36 38.65 4.89 3.94 0.32 0.27 2.96 2.67 73 84 

80-nc 44.02 35.23 4.84 3.37 0.31 0.21 3.14 3.97 49 86 

90-nc 43.52 47.93 4.75 5.49 0.30 0.23 4.44 6.28 59 63 
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3.2.2.2 Spectroscopic ellipsometry 

The optical parameters of intrinsic a-Si:H films were derived using spectroscopic 

ellipsometry (SE). The experiential data of <1> and <2> are fitted with T-L model by 

constructing two-layer model. The T-L model is discussed in in Chapter 2. Figure 3.19 show 

the experimental (open) and fitted (solid line) data real <ε1> part real (Figure 3.19 (a, c)) and 

imaginary <ε2> (Figure 3.19 (b, d)) part of pseudo dielectric function of a-Si:H(i) thin films 

deposited at different HFR (50-90 sccm) on Corning and PP substrates respectively. The T-L 

model fitted parameters (Thickness of bulk and rough surface layer, A, E0, C and Eg) are 

listed in Table 3.4 and 3.5, respectively, for films on Corning and PP substrates. 

 

Figure 3.19: (a & c) Plot of experimental (open) and fitted (solid line) data of real dielectric function 

<1> against photon energy, (b & d) Plot of imaginary dielectric function <2> against photon 

energy at different H2 flow rate on Corning and photo paper. 

The Amplitude factor (A) is proportional to the maximum height of <2> and is related to the 

density of the film. From the Figure 3.19 (b) we can observe that, the amplitude of <2> peak 

increases with increase in HFR on Corning substrate, which indicates that denser film 

formation takes place at higher HFR. On the other hand the amplitude of <2> peak decreases 
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with increase in HFR for films on PP substrate (Figure 3.19 (d)), which indicates film density 

decreases with increase in HFR for films on PP. Earlier for Ts variation series we have 

observed that, the film growth kinetics was not much influenced by the substrate. However 

this seems to be not true in the present case. Rao et al [40] reported that, the subsurface 

decomposition of radicals depend on the nature of the substrate. It has also been reported that 

the probability of incoming particle sticking to the substrate surface and particle distribution 

are different on rough surface and smooth surface.  

Table 3.4: Estimated values of rough surface layer thickness (nm), thickness of bulk layer (nm), 

amplitude factor A (eV), resonance energy E0 (eV), broadening parameter C (eV), optical bandgap Eg 

(eV) and constant ε1(∞) from ellipsometry on Corning. 

H2 flow 

rate 

(sccm) 

Thickness of 

rough surface 

layer (nm) 

Thickness  

of bulk 

layer (nm) 

A 

 (eV) 

E0 

 (eV) 

C  

(eV) 

Eg  

(eV) 

ε1(∞) 

50 4.56±0.01 744±05 182±03 3.51±0.01 2.52±0.01 1.85±0.01 0.43 

60 4.17±0.01 729±14 187±06 3.49±0.01 2.44±0.01 1.88±0.01 0.31 

70 5.77±0.01 747±09 178±02 3.45±0.01 2.53±0.01 1.87±0.01 1.05 

80 4.88±0.01 658±05 196±05 3.50±0.01 2.51±0.01 1.88±0.01 0.67 

90 5.28±0.01 616±08 207±03 3.52±0.01 2.54±0.01 1.89±0.01 1.23 

 

Table 3.5: Estimated values of rough surface layer thickness (nm), thickness of bulk layer (nm), 

amplitude factor A (eV), resonance energy E0 (eV), broadening parameter C (eV), optical bandgap Eg 

(eV) and constant ε1(∞)  from ellipsometry on PP. 

H2 flow 

rate 

(sccm) 

Thickness of 

rough surface 

layer (nm) 

Thickness  

of bulk 

layer (nm) 

A 

 (eV) 

E0 

 (eV) 

C  

(eV) 

Eg  

(eV) 

ε1(∞) 

50 4.41±0.01 700±10 183±03 3.43±0.01 2.51±0.01 1.82±0.01 1.13 

60 3.79±0.01 716±08 178±02 3.53±0.01 2.64±0.01 1.85±0.01 0.43 

70 4.43±0.01 714±06 171±03 3.50±0.01 2.73±0.01 1.83±0.01 1.26 

80 6.33±0.01 664±09 165±05 3.49±0.01 2.71±0.01 1.81±0.01 0.82 

90 4.86±0.01 580±11 176±06 3.50±0.01 2.75±0.01 1.80±0.01 1.62 

 

The position of maximum in <2> spectra (<ε2>max) is shifted towards higher energy side on 

both Corning and PP substrates with increase in HFR. The shift in position of <ε2>max 

towards higher energy side indicates the presence of small nanometer sized crystallites 

embedded in the film. The similar feature was also observed by Bouizem et al [20], Losurdo 

et al [21] and S-B Li et al [41] for a-Si:H films. The SE results presented in this study are in 
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good agreement with Raman spectroscopy results. The E0 values are found to be nearly 

independent of HFR on Corning and PP substrate. Broadening parameter (C) of <2> peak 

does not change much for films on Corning whereas for films on PP, it increases with HFR. 

Higher broadening of the <2> peak is related to higher fraction of Si-H2 bonds in these films. 

3.2.2.3 UV-Vis-NIR 

    

Figure 3.20: (a) UV-Vis-NIR transmission spectra of intrinsic a-Si:H thin films Corning with different 

HFR. (b) Plot of (αhυ) 1/2 versus hυ for samples prepared at different HFR on Corning (c) Estimated 

thickness and Eg from different measure measurements 

Figure 3.20 (a) show the UV-Vis-NIR transmission spectra of films, deposited on Corning 

substrate, as a function of HFR. The thickness of the films is calculated from interference 

fringes following Swanepoel’s [22] method and Eg is calculated from Tauc’s plot [23]. The 

(h)
0.5

 versus h plots for films deposited under different HFR are shown in Figure 3.20 
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(b). The calculated thickness and Eg of these films plotted as a function of HFR are shown in 

Figure. 3. 20 (c).  

The thickness and Eg values calculated from SE results match well with those estimated from 

UV-Vis-NIR transmission spectra. A decrease in thickness with increasing hydrogen dilution 

of silane can be attributed to the presence of atomic H in plasma, which leads to excessive 

etching and breaking of weak Si–Si bonds [42-44]. Moreover, the increase in HFR increases 

the hydrogen partial pressure in the deposition chamber, which increases the gas phase 

polymerization. This leads to increase in concentration of higher silicon hydride species with 

lower sticking coefficients, which further increases the etching probability. Therefore, the 

overall thickness decreases with increase in hydrogen dilution in silane. Hydrogen dilution 

does not effect the band gap of the films [11, 36].  The band gap of the films on PP is slightly 

(~0.1eV) less than that of films on Corning substrate. 

3.2.2.4 Fourier Transform Infrared Spectroscopy (FTIR)   

Figure 3.21 (a) show FTIR transmission spectra for films under present study. The dips in the 

transmission spectra near 630 cm
-1

 corresponds to the wagging mode of all types of silicon 

hydrogen bond vibration i.e., SiH, SiH2, SiH3 etc. whereas dips at ~2000 and 2100 cm
-1

 

correspond to stretching mode of Si-H and Si-H2 respectively . The absorption coefficients in 

the wagging mode and stretching mode are shown in Figure 3.21 (b, c) respectively. From 

Figure 3.21 (b) one can see that the shape of wagging mode (~630 cm
-1

) is losing its 

symmetry with increase in HFR and extra hump is observed at 665 cm
-1 

due to development 

of nanocrystallites in the amorphous film. Zhang et al and Halindintwali et al [45, 46] also 

observed the similar behavior with high H2 dilution in silane. This development of 

crystallinity in the film is in good agreement with Raman results discussed previously. The 

total hydrogen content CH (%) in the films is almost same up to HFR=70 sccm and decreases 

with further increase in HFR as shown in Figure 3.22 (a). The decrease in CH (%) at higher 

HFR is due to high concentration of hydrogen in the plasma resulting strong hydrogen 

etching in the growing film. These values of CH (%) are comparable with the reported values 

for hydrogen diluted amorphous films [8, 11, 47-49]. 
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Figure 3.21: (a) FTIR transmittance spectra for the films at different HFR, (b) & (c) absorption 

coefficients due to the wagging mode and stretching mode of silicon hydrogen bond vibration derived 

from the FTIR transmittance spectra respectively. 

 

Figure 3.22: (a) Bonded hydrogen content CH(%) and microstructural factor (R*) at different HFR 

(b) Deconvoluted absorption peak around 2000 cm
-1 

and 2100 cm
-1

 for film HFR=70 sccm 
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In order to find the microstructural factor (R*), absorption coefficient spectra was selected in 

the range 1870-2240 cm
-1

 and deconvoluted into two peaks centered at 2000 and 2100 cm
-1

, 

corresponding to Si-H and Si-H2 stretching modes, respectively. Figure 3.22(b) show the de-

convoluted absorption spectra of film deposited at HFR =70 sccm. The R* is in the range of 

0.06±0.01-0.08±0.01 for different HFR films. It is indicating that, most of the hydrogen 

atoms in these films are bonded as strong Si-H bonds. 

3.2.2.5 Atomic force microscopy (AFM) 

Figure 3.23 (a-e) and Figure 3.24 (a-e) show 2-D surface topography images (AFM) of 

intrinsic a-Si:H thin films at different HFR deposited on Corning and PP substrates, 

respectively. The RMS roughness values of intrinsic films deposited at HFR = 50, 60, 70, 80 

and 90 sccm on Corning substrates are 2.02±0.10, 4.11±0.13, 3.65±0.22, 4.13±0.12, and 

5.28±0.13 nm respectively, whereas for films deposited on PP substrate, the corresponding 

values are 3.02±0.23, 4.83±0.11, 3.41±0.31, 7.21±0.18 and 3.81±0.11 nm respectively. 

 

Figure 3.23: Two dimensional surface morphologies of AFM images of intrinsic a-Si:H films on 

Corning at different HFR (a) 50 sccm (b) 60 sccm (c) 70 sccm and (d) 80 sccm and (e) 90 sccm 

respectively. 
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Figure 3.24: Two dimensional surface morphologies of AFM images of intrinsic a-Si:H films on 

photo paper at different HFR (a) 50 sccm (b) 60 sccm (c) 70 sccm and (d) 80 sccm and (e) 90 sccm 

respectively. 

The thickness of rough surface layer estimated from SE (Table 3.4, 3.5) is nearly comparable 

with the RMS roughness estimated from AFM measurement. It is observed from AFM 

surface image that the films deposited on Corning are densely packed. Whereas for films 

deposited on PP substrate, scattered clusters are seen suggesting a decrease in density of the 

films. These observations are in agreement with SE results, where a decrease in amplitude of 

<2> peak for films on PP substrate with increase in HFR was observed; the amplitude of 

<2> peak is directly related to the density of the films.   

3.2.2.6 Conductivity 

In order to study electronic transport properties of the films, dark (σd) and photo conductivity 

(σph) measurements, in coplanar geometry, were performed at room temperature. Figure 3.25 

shows the variation of σd and σph of the films as a function of HFR on Corning and PP 

substrate. For the films on Corning and PP, the σd changes slightly from 10
-11 

-
 
10

-10 
Ω

-1
cm

-1
 

and σph remains almost constant ~ 10
-5

 Ω
-1

cm
-1 

with increase in HFR. The films on PP 

substrate show higher σd compared to that of films on Corning due to higher substrate 

roughness. The photosensitivity (σph/σd) of films on PP is nearly ~5- 6 orders of magnitude, 

similar to that of films on Corning substrate. Higher σph/σd ~5-6 order is due to presence of 

few nanometer sized crystallites distributed through out film and improvement in SRO in 
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amorphous phase [50]. These conductivity properties are well correlated with Raman and SE 

results obtained in this study. 

 

Figure 3.25: Room temperature dark (σd) and (σph) as a function of HFR on Corning and PP 

substrate 

3.2.3 Series (III): Variation of rf power during silane plasma at Ts = 110°C 

In this series, intrinsic a-Si:H thin films were deposited at 110°C substrate temperature with 

variation in rf power (40-70W) using RF-PECVD (13.56 MHz) on Corning, PP and c-Si 

substrates. The deposition parameters for this series are listed in Table 3.1. 

3.2.3.1 Raman scattering 

Raman spectra of films deposited on Corning and PP substrates are shown in Figure 3.26 (a). 

The spectra were identified having TA, LA, LO and TO modes of a-Si:H [7]. For this series 

of films, we did not observe any TO mode peak ~510 cm
-1 

(for nc-Si:H). All films show TO 

mode peak at ~480 cm
-1

, which indicates that these films are pure amorphous irrespective of 

the variation in rf power. 
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Figure 3.26: (a) Raman spectra of a-Si: H thin films deposited at different rf powers on Corning and 

photo paper. (b & c) Deconvoluted Raman spectra of films at rf power of 50 W. 

In order to find the TO mode peak position and its FWHM, each Raman spectra was de-

convoluted into four Gaussian peaks. The deconvoluted Raman spectra of films deposited at 

50 W rf power on Corning and PP substrates are shown in Figure 3.26 (b & c). The 

calculation of ΔθB is mentioned in Chapter 2. The TO mode peak position and its FWHM, 

ΔθB and ITA/ITO for all the films are listed in Table 3.6.  

One can see that there is not much variation in TO mode peak position with variation in rf 

power for films on both substrates. The ΔθB values are found to be in the range of 6.22 ± 

0.12
o
 to 7.09 ± 0.14

o
 on Corning whereas on PP substrates it varies from 7.13 ± 0.14

o
 to 7.21 

± 0.15
o
. For films grown on Corning substrate, ΔθB is smallest when rf power is 50 W, which 

also shows low value of ITA/ITO. On the other hand, not much variation in FWHM and ΔθB is 

observed with variation in rf power for films on PP. The low value of ΔθB indicates less 

disorder in these films. 
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Table 3.6: The TO mode peak position, FWHM and ΔθB values of intrinsic a-Si:H thin films 

on Corning and  photo paper for different RF power. 

RF 

power 

(W) 

on Corning on photo paper 

TO  

peak 

position 

(cm
-1

) 

FWHM 

(cm
-1

) 

ΔθB 

(
o
) 

ITA/ITO TO  

peak 

position 

(cm
-1

) 

FWHM 

(cm
-1

) 

ΔθB 

(
o
) 

ITA/ITO 

40 479 56.72 6.95  0.37 478 57.77 7.13  0.42 

50 482 52.35 6.22  0.32 479 58.23 7.21  0.48 

60 482 56.03 6.83  0.41 480 57.85 7.14 0.45 

70 481 57.55 7.09  0.38 476 59.14 7.18 0.52 

 

3.2.3.2 Spectroscopic ellipsometry (SE) 

Figure 3.27 show the experimental (open) and fitted (solid line) data of real <ε1> (Figure 3.27 

(a, c)) and imaginary <ε2> (Figure 3.27 (b, d)) parts of pseudo dielectric function of intrinsic 

a-Si:H thin films obtained from SE measurement. To deduce optical parameters, experiential 

data is fitted with T-L [51] model by considering a two-layered model. The T-L model details 

have been discussed in Chapter 2. 

 

Figure 3.27: (a & c) Plot of experimental (open) and fitted (solid line) data of real dielectric function 

<1> and (b & d)  imaginary dielectric function <2>against photon energy.  
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Figure 3.28 shows the SE fitting parameters for a-Si:H films on Corning and PP substrates 

deposited at different rf-power. In <ε2> spectra, position of maxima (<ε2>max) at around 3.5 

eV and 4.2 eV are often attributed to amorphous and nanocrystalline silicon structure 

respectively [18]. In Fig 3.27, no shoulder peak around 4.2 eV is observed even with 

variation in rf power. This suggests that these films have pure amorphous structure, which is 

consistent with the results obtained in Raman spectra. It is observed that increase in rf power 

leads to a decrease in the magnitude of <2> without any significant shift in the position of 

peak (<ε2>max) on both Corning and PP substrates. The amplitude factor (A), which is related 

to the height/magnitude of the <2>, is directly proportional to the density of the film [20].  

The decrease in A with increase in rf power, indicates a decrease in the Si-Si bond density or 

alternatively an increase in the fraction of voids or vacancies in the film deposited at higher rf 

power. 

 

Figure 3.28: Fitting parameters of rough surface layer thickness (nm), amplitude factor (A), 

resonance energy (E0), broadening (C) obtained from Tauc-Lorentz model for intrinsic a-Si:H films at 

different rf powers on Corning and PP substrates.  

The broadening parameter (C) in <ε2> is directly related to Si-H2 bonds configurations within 

the film; higher broadening indicates higher fraction of Si-H2 bonds in the film. Broadening 

of <ε2> peak increases with increase in rf power. The films on PP show higher broadening 

compared to films on Corning indicating higher fraction of Si-H2 bonds in the films deposited 
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on PP. The films deposited at rf power of 50 W and 40 W on Corning and PP respectively 

show higher amplitude factor and lesser broadening in comparison to other films. Band gap 

of films on Corning slightly increases whereas a small decrease in band gap is observed for 

films on PP with increase in rf power.  

3.2.3.3 UV-Vis-NIR 

Figure 3.29 (a) show the UV-Vis-NIR transmission spectra of films deposited on Corning 

substrate at different rf-power. Transmission spectra of intrinsic a-Si:H films were used to 

determine its thickness by Swanepoel’s [22] method using interference fringes.  

 

Figure 3.29: (a) UV-Vis-NIR transmittance spectra of different rf powers on Corning substrate (b) 

Estimated thickness from different measurements (c) Plot of (αhυ)0.5 versus hυ for films prepared at 

different rf power  (d) Estimated band gap for films at different rf power on Corning and PP 

substrates. 
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The thickness of these films is found to be in the range of 730±10 to 770±15 nm.  The film 

thickness obtained from surface profilometer, UV-Vis-NIR transmission spectra and SE are 

plotted together as a function of rf power as shown in Figure. 3.29 (b). With the increase in rf 

power from 40 W to 50 W, thickness of the films increases by about 40 nm. The lower 

thickness at 40 W rf power is related to the lower density of growth precursors in the 

deposition chamber due to unsaturated decomposition of SiH4. Increasing the rf power to 50 

W leads to enhancement of dissociation of SiH4 molecules as well as H2 molecules, thus 

resulting in higher density of precursors available for the growth [52]. With further increase 

in rf power to 60 W and above, high energy ions etch the loosely bonded Si-Si bonds 

resulting in decrease in thickness. Figure 3.29(c) shows the plot of (αhυ)
0.5

 versus hυ for films 

prepared at different rf power. The optical band gap (Eg) determined from Tauc’s plot [23] 

and SE, as a function of rf power, is shown in Figure 3.29 (d). Band gap of these films is in 

the range 1.82±0.02 eV on Corning whereas on PP it is in the range of 1.80±0.02eV. The Eg 

of 70 W film on PP is slightly low (1.76 eV) as compared to other films. At high rf power, 

high energetic ions break weak Si-Si bonds on the growing surface resulting in more disorder 

in the film on PP. The Eg may also depend on the nature of substrate as the incoming particle 

distribution and its diffusion on surface is different for smooth and rough surface [53]. The 

error bars in Figure 3.29 (b, d) indicate uncertainties in the calculated thickness and Eg. 

3.2.3.4 Fourier Transform Infrared Spectroscopy (FTIR) 

To estimate total hydrogen content CH (%) and hydrogen bonding configuration in the film, 

FTIR spectroscopy was performed. The FTIR transmission spectra of films deposited on c-Si 

substrate at different rf power (40-70W) are shown in Figure 3.30(a). It can be seen that the 

spectra have dips at ~640 cm
-1

, ~880 cm
-1

, ~1950 cm
-1

, ~2000 cm
-1

, and ~2100 cm
-1 

which 

correspond to Si-H wagging or rocking mode, Si-H2 bending mode, (Si-H2)n wagging mode, 

stretching mode of isolated Si-H and Si-H2 respectively [54]. In order to find the CH (%), 

FTIR spectra between 520-760 cm
-1

 were analysed. The hydrogen content in the films is 

estimated to be about 11±1 at%.  
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Figure 3.30: (a) FTIR transmittance spectra of intrinsic a-Si:H films deposited at different rf power 

on c-Si (b) Deconvoluted FTIR absorption spectra for 50 W film on c-Si substrate (c) Hydrogen 

content CH(%) and microstructure factor (R*) against rf power. 

In order to estimate R*, absorption coefficient spectra in the range 1870-2240 cm
-1

 was de-

convoluted into two peaks centered at ~ 2000 and 2100 cm
-1 

corresponding to Si-H and Si-H2 

stretching modes, respectively. The absorption coefficient spectra of deconvoluted mono-

hydride (Si-H) and di-hydride (Si-H2) components are shown in Figure 3.30(b). The 

calculated CH (%) and R* are plotted against rf power in Figure 3.30 (c). It is observed that 

CH (%) in these films is nearly independent of rf power, whereas intensity of mono hydride 

Si-H vibrational mode at ~2000 cm
-1

 increases with increasing rf power from 40 W to 50 W 

resulting in a decrease in R*. However, when rf power is further increased, an increase in 

intensity of Si-H2 vibration mode is observed, resulting in an increase in R*. This trend in R* 

with rf power is consistent with the variation in amplitude factor A and broadening parameter 

C in SE measurements on films on Corning substrates, which also suggest a decrease in 
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density  and increase in void density of the films  when rf power is increased beyond 50W. 

These results can be understood in terms of the gas phase reactions in plasma during the film 

deposition. At high rf power, the probability of radical-radical reactions and the collision of 

the radicals with ambient SiH4 is enhanced due to increase in ion energy. Thus, higher silane 

radicals are developed through insertion reactions of SiH2 radicals [55, 56]. When these high 

silane radicals are incorporated in the film, these create more pores in films which results in 

increase in R*. It is believed that films containing high fraction of Si-H2 and poly hydrides 

exhibit poor electrical properties as these lead to the formation of micro voids in the films. 

3.2.3.5 Atomic force microscopy (AFM) 

Surface topography (2D image) of intrinsic a-Si:H films were recorded using AFM in tapping 

mode. Scan size of each film surface was 2 x 2 μm
2
. Figure 3.31 (a-d) and Figure 3.32 (a-d) 

show two dimensional surface topography images of intrinsic a-Si:H thin films deposited at 

different rf power (40-70W) on Corning and PP substrates, respectively. 

 

Figure 3.31: Two dimensional surface morphologies of AFM images of intrinsic a-Si:H films on 

Corning at rf powers of (a) 40W (b) 50W (c) 60W and (d) 70W respectively. 

 

Figure 3.32: Two dimensional surface morphologies of AFM images of intrinsic a-Si:H films on 

photo paper at rf powers of (a) 40W (b) 50W (c) 60W and (d) 70W respectively. 

The rms roughness values of intrinsic films deposited at 40, 50, 60 and 70 W on Corning 

substrates are 4.09±0.11, 3.63±0.16, 3.48±0.15, and 6.09±0.19 nm, respectively whereas for 

the films deposited on PP substrate, the corresponding values are 3.84±0.16, 5.69±0.20, 
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3.26±0.11, and 4.77±0.23 nm respectively. The bare substrate RMS roughness of Corning 

and PP are 0.37 and 6.56 nm respectively. From the surface topography, we can observe that 

films deposited at low rf power have grains with small sizes whereas at higher rf powers, 

small grains are aggregated and form large grains. These large grains create voids in the film 

and deteriorate optoelectronic properties of the films. RMS roughness of the films on Corning 

and PP is not very different and also not much influenced by rf power. Though, it has been 

reported that the probability of incoming particle sticking to the substrate surface and particle 

distribution is different on rough surface and smooth surface [53]. More studies are still 

underway to understand the underlying mechanism of such dependency of growth 

morphology and microstructure on different substrates.  

3.2.3.6 Field emission scanning electron microscopy (FESEM)  

Figure 3.33 (a, b) shows FESEM images of bare Corning and photo paper substrates. Figure 

3.33 (c, d) show the images after deposition of the a-Si:H thin film (50W) on respective 

substrates. It can be clearly seen that the unlike the Corning surface, PP surface is not 

smooth. Further after deposition of the a-Si:H films also, a rough microstructure is seen for 

films on PP, whereas on Corning, the FESEM images seems to be very smooth. 

 

Figure 3.33: FESEM surface morphologies of (a, b) bare Corning and photo paper substrates (c, d) 

a-Si:H film (rf power at 50 W) on Corning and photo paper substrates respectively. 
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3.2.3.7 Conductivity 

To determine the electronic transport properties of a-Si:H thin films, dark (σd) and 

photoconductivity (σph) measurements were performed at room temperature (RT). Figure 3.34 

shows the variation of σd and σph as a function of rf power at RT on Corning and PP 

substrates. For films on Corning, σd is ~ 10
-10 

Ω
-1

cm
-1

 with small increase with increasing rf 

power, however, σph remains almost constant at ~ 10
-6

 Ω
-1

cm
-1

. The films on PP show higher 

σd as compared to that for films on Corning due to higher substrate roughness. Higher 

photosensitivity (σph/σd) ~ 4 orders of magnitude is observed for films deposited at 50 W on 

Corning and 40 W on PP, due to improvement in SRO and less disorder in these films. These 

films also show less broadening and higher amplitude in <2> spectra. The small variation in 

conductivity is well correlated with Raman and SE measurements.   

 

Figure 3.34: Room temperature dark (σd) and photo (σph) conductivity of samples prepared at 

different rf powers on Corning and photo paper substrate. 

3.3 Conclusion:  In this chapter, effect of substrate temperature, hydrogen flow rate and rf 

power on microstructure and opto-electronic properties of intrinsic a-Si:H films is  reported. 

The observations for different series are summarized below: 

Series (I): Variation of substrate temperature (Ts) in the temperature range 70-200°C:  

In this series, the effect of Ts on microstructure and optoelectronic properties of the intrinsic 

a-Si:H films deposited on rigid Corning, flexible PI and PP substrates is studied. It was 
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observed that, nanocrystallites formation started in amorphous matrix at around Ts=130 
o
C 

and it was further increased with increase in Ts irrespective of the substrate. With increase in 

Ts, an improvement in the SRO and less broadening in <2> were observed from Raman and 

ellipsometry measurements. The band gap Eg and hydrogen content for these films are ~1.89 

± 0.01 eV and ~ 9.6±0.48 atomic % respectively. The films deposited at high Ts (≥ 150 
o
C) 

exhibit a high photosensitivity (~ 6 orders of magnitude) at room temperature. The results 

indicate that films prepared at Ts of 150 
o
C are nearly defect free and suitable for fabrication 

of devices on Corning, PI and PP substrate.  

Series (II): Variation of H2 flow rate (HFR) during SiH4 plasma at Ts = 150°C: In this 

series, influence of variation of H2 flow rate during SiH4 plasma on microstructure and 

optoelectronic properties of the intrinsic a-Si:H films, deposited on Corning, and PP 

substrates at Ts = 150
o
C, is studied. It was observed that the formation of nanocrystallites 

took place in the amorphous film on both the substrates irrespective of HFR. The crystallite 

size calculated from Raman spectroscopy was found to increase with increase in HFR. SE 

studies showed that, <2>max shifted towards high energy side with increase in HFR due to 

presence of nanocrystallites in the film. The thickness of the film has decreased at higher 

HFR as atomic H lead to excessive etching and breaking of weak Si–Si bonds. FTIR studies 

showed the hydrogen content is in the range of ~ 8.97±0.44-10.78±0.53 atomic %. These 

films are found to possess good photo sensitivity (~6 orders of magnitude).  

Series (III): Variation of rf power during silane plasma at Ts = 110°C: In this series, 

influence of variation of rf power during silane plasma on microstructure and optoelectronic 

properties of the intrinsic a-Si:H films, deposited on Corning, and PP substrates at Ts = 110 

o
C, are studied. Raman and spectroscopic ellipsometry show that films are purely amorphous 

irrespective of rf power. In FESEM images, a rough microstructure is seen for films on PP, 

whereas film on Corning seems to be very smooth. The films deposited at rf power of 50 W 

on Corning, and 40 W on PP possess device grade quality; improvement in the SRO, less 

broadening in <2>, lesser Si-H2 fraction and good photosensitivity (σph/σd) ~ 4 orders of 

magnitude in these films. 
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 Chapter 4 

Optimization of Doped a-Si:H Thin Films 

 

 

This chapter describes the details of preparation and characterization of boron and 

phosphorus doped hydrogenated amorphous silicon thin films prepared by radio frequency 

plasma enhanced chemical vapour deposition (RF-PECVD) technique. In the n-i-p or p-i-n 

solar cell, an electric field is developed between the p- and n- layers that stretches across the 

middle intrinsic resistive region. Light reaches the intrinsic layer generating free electrons 

and holes, which are then separated by the electric field. The main objective of doping a-Si:H 

is to modify its electrical conductivity in order to establish an electrical field necessary to 

extract the electrons and holes that are generated in the intrinsic layer of solar cell. 

Concerning the p- layer, the optimum conductivity is generally achieved by mixing the 

silicon source gas silane (SiH4) with diborane (B2H6) [1]. However, boron tends to alloy with 

a-Si:H leading to a strong reduction in the band gap and this drawback can be resolved by 

adding carbon (as CH4) to the lattice [2]. The determination of the opto-electronic properties 

and the band gap energy (Eg) of doped layers, is crucial to estimate the behaviour and final 

efficiency of the a-Si:H based solar cells [3]. The microstructure and optoelectronic 

properties of doped film can be changed by changing the deposition parameters like rf power, 

process pressure, etc., using RF-PECVD technique. With this motivation we have prepared 

two series of boron doped films and one series of phosphine doped films. The deposited 

parameters for each series are listed in Table 4.1. The deposited films were characterized by 

various characterization tools. These studies have been presented in this chapter.  

4.1 Experimental details 

The doped a-Si:H thin films were prepared on Corning 1737 glass (Corning) and c-Si 

substrates (Each substrate size is 4 cm2 and discharge electrode size is 21.2 cm2) using RF-

PECVD (13.56 MHz) multi-chamber system. Two different series of boron doped (a-Si:H(p)) 

and one series of phosphorus doped (a-Si:H(n)) films were prepared: Series (I), rf power 

variation of a-Si:H(p) thin films at low substrate temperature Ts (=110°C); Series (II), 

Methane CH4 flow rate (MFR) variation of a-Si:H(p) thin films at low Ts (Ts=110°C); Series 
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(III), Substrate temperature (Ts=90-150°C) variation of a-Si:H(n) thin films. The deposition 

parameters for each series of films are listed in Table 4.1 

        Table 4.1: Deposition parameters for doped a-Si:H thin films by rf-PECVD technique 

Deposition parameters rf power series MFR series Ts series 

rf power (Watt) 40-70* 60 20 

H2 (sccm) 100 100 50 

SiH4 (sccm) 5 5 5 

B2H6 (sccm) 5 5 - 

PH3 (sccm) - - 5 

CH4 (sccm) - 1-4* - 

Process pressure (mbar) 0.61 0.61 0.82 

Substrate temperature (oC) 110 110 90-150* 

Deposition time (minute) 10 10 10 

*variable parameters 

4.2 Results and Discussion: 

4.2.1 Series (I): rf power variation of a-Si:H(p) thin films at low substrate temperature 

Ts (=110°C) 

In this series, boron doped a-Si:H films were deposited at 110°C substrate temperature by 

varying rf power (40-70W) on Corning and c-Si substrates. The detailed deposition 

parameters are listed in Table 4.1 

4.2.1.1 Raman scattering 

The Raman spectra of a-Si:H(p) thin films deposited at different rf-power on Corning  are 

shown in Figure 4.1(a). The spectra were identified having TA, LA, LO and TO phonon 

vibrational modes of Si-Si bonds in amorphous structure [4] as discussed in Chapter 2. A 

broad TO mode peak around 480 cm-1 is observed for all films, while there was no signature 

of a peak near ~ 510 cm-1(peak position for nc-Si) [4]. This indicates that all deposited films 

have pure amorphous structure irrespective of rf power. 

TH-1926_11612109



Chapter 4 

89 
 

    

Figure 4.1: (a) Raman spectra of a-Si:H(p) films at different rf powers (b) Deconvoluted Raman 

spectra of a-Si:H(p) film at rf power 60W. 

In order to find the TO mode peak position, rms tetrahedral bond angle deviation 

(ΔθB) and ITA/ITO [4, 5], each Raman spectra was deconvoluted into peaks corresponding to 

different vibrational modes of Si-Si bonds. One of the deconvoluted Raman spectra for film 

deposited at 60W rf power is shown in Figure 4.1 (b). From Table 4.2, one can see that, the 

TO mode position is not much influenced by the variation in rf power. The calculated full 

width at half maxima (FWHM) of TO mode, ΔθB and ITA/ITO values of a-Si:H(p) films at 

different rf power are also listed in Table 4.2.  

Table 4.2: TO mode peak position, FWHM of TO mode, rms deviation in the tetrahedral bond angle 

(ΔθB) and ITA/ITO values of a-Si:H(p) thin films deposited at different rf powers on Corning 1737 glass 

substrate. 

rf power 

 (W) 

TO mode peak 

position(cm-1) 

TO mode 

FWHM (cm-1) 

ΔθB  

(o) 

ITA/ITO 

40 475 63.11 8.02  0.53 

50 474 63.06 8.01  0.68 

60 476 61.34 7.72  0.50 

70 474 64.48 8.25  0.53 
 

The ΔθB values are found to be in the range of 7.22 o to 8.25o at different rf power. The ΔθB 

and ITA/ITO values are also not much affected by rf power. Lowest value of ΔθB= 7.72 ° and 

ITA/ITO = 0.50 indicate better SRO and MRO for 60 W film. 

4.2.1.2 Spectroscopic ellipsometry (SE) 

Figure 4.2 (a & b) show the experimental (open) and fitted (solid line) data of real <ε1> and 

imaginary <ε2> dielectric function of a-Si:H(p) thin films at different rf power. The 
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experimental data was fitted with T-L model by constructing two layer model [6]. The details 

of T-L model and two layer model are discussed in Chapter 2.  

 

Figure 4.2: Plot of experimental and fitted (solid line) data of (a) real dielectric function <1> and 

(b) imaginary dielectric function <2> against photon energy for boron doped amorphous silicon 

films prepared at different rf powers on Corning and substrates. 

The fitting parameters of T-L model for a-Si:H(p) films are listed in table 4.3. It was observed 

that the thickness of rough surface layer had increased with increase in rf power. The 

amplitude factor (A) of <ε2> peak was also increased with increase in rf power from 40W to 

60W.  These observations indicate the films are getting denser with increase in rf power up to 

60W. However, in case of film at 70W, A was found to be smaller compared to other films 

suggesting a lower density of this film. In SE spectra of a-Si:H films, the position of 

maximum <2> (<ε2>max) at around 3.5 eV and 4.2 eV are often attributed to amorphous and 

nanocrystalline phases of Si respectively [7]. The rf power did not affect the <ε2>max; <ε2>max 

was observed at ~ 3.62 eV for all films. No shoulder peak around 4.2 eV, a characteristic 

feature of nc-Si phase, was observed with variation in rf power confirming that these films 

are purely amorphous. Basa et al. [8] also observed the similar behaviour with <ε2>max at ~3.7 

eV for amorphous a-Si:H(p) films. The SE results are well consistent with the results 

obtained from Raman measurements. Another fitting parameter, broadening parameter (C) of 

<ε2> peak was found to be in the range of 2.62±0.01–2.73 ±0.01eV for different rf power and 

was hardly affected by rf power variation.  The lowest broadening of 2.62±0.01 eV was 

observed for film deposited at 60 W. 
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Table 4.3: The T-L model fitted parameters: rough surface layer thickness (nm), thickness of bulk 

layer (nm), amplitude factor A (eV), resonance energy E0 (eV), broadening parameter C (eV), optical 

band gap Eg (eV) and constant ε1(∞) from ellipsometry for different rf power. 

 

MFR 

(sccm) 

Thickness of 

rough surface 

layer (nm) 

bulk layer 

thickness 

(nm) 

A 

 (eV) 

 

E0  

(eV) 

C 

(eV) 

Eg  

(eV) 

ε1(∞) 

40 1.23±0.04 103±2.32 139.88±5.33 3.72±0.01 2.65±0.01 1.75±0.01 1.88 

50 1.56±0.06 87±4.98 154.51±4.12 3.68±0.01 2.64±0.01 1.78±0.01 0.49 

60 2.34±0.09 72±3.36 173.21±4.35 3.65±0.01 2.62±0.01 1.82±0.01 0.63 

70 4.93±0.27 70±6.32 129.63±4.48 3.70±0.01 2.73±0.01 1.80±0.01 1.58 

 

4.2.1.3 UV-Vis-NIR 

Figure 4.3(a) show the UV-Vis-NIR transmission spectra of a-Si:H(p) films at different rf 

power on Corning substrate. In the transmission spectra, there were not sufficient interference 

fringes to apply Swanepoel’s [9] method for the determination of film thickness. Hence, the 

thicknesses of these films were estimated using surface profilometer. Band gap (Eg) was 

calculated from UV-Vis-NIR spectra using Tauc’s plot [10]. Figure 4.3(b) show the (αhυ)0.5 

versus hυ of these films at different rf power. The thickness and Eg of the films were also 

estimated from spectroscopic ellipsometry measurement. The values of thickness and Eg 

obtained from different measurements are shown in Figure 4.4. 

 

Figure 4.3: (a) UV-Vis-NIR transmission spectra of a-SiH(p) films at different rf power. (b) Plot of 

(αhυ) 0.5 versus hυ for a-Si:H(p) films at different rf powers. 
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The thickness of a-Si:H(p) film is in the range of 110±5 to 75±4 nm at different rf power as 

shown in Figure 4.4. The thickness of the film is found to be gradually decreasing from ~ 

110±4nm to 75±5nm with increasing rf power from 40 W to 70W. The decrease in thickness 

at higher rf power is due to the enhancement of dissociation of SiH4 molecules as well as H2 

molecules as rf power is increased. This results in an increase in density of precursors with 

higher average energy available for the growth. These high-energy ions then etch the loosely 

bonded Si-Si bonds resulting in decrease in film thickness [11]. The band gap is in the range 

of 1.78±0.01-1.86±0.01 eV at different rf power. The band gap of the films slightly changes 

by ~ ±0.1 eV with rf power. 

 

Figure 4.4: Estimated thickness (from ellipsometry and profilometer) and bandgap (from UV-Vis-NIR 

and ellipsometry)  of boron doped films prepared at different rf powers on Corning substrates. 

4.2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Figure 4.5(a) show the FTIR transmission spectra of a-Si:H(p) films deposited on c-Si 

substrate at different rf power. The spectra show the wagging and stretching vibrational  

modes of silicon hydrogen bonds near 630 and 2000-2100 cm-1 respectively [12, 13]. The 

hydrogen content, (CH (%)) [14] and microstructure factor R* [15] were calculated from 

absorption coefficient spectra as discussed in the Chapter 2. Figure 4.5(b) show CH (%) and 

R* at different rf power. The R* value is found to be not affected by variation in  rf power, 

however the total CH (%) in the film is found to decrease with increase in rf power due to 

etching of the loosely bonded Si-Si bonds by high energy ions. The hydrogen content in these 

a-Si:H (p) films, deposited at low temperature, is comparable with  that reported in literature 

[15-17].  

TH-1926_11612109



Chapter 4 

93 
 

 

 

Figure 4.5: (a) FTIR transmission spectra of a-Si:H(p) thin films on c-Si at different rf power (b) 

Hydrogen content CH(%) and microstructure factor (R*) against different rf power. 

4.2.1.5 Conductivity 

In order to study electronic transport properties of the films, dark (σd) and photo (σph) 

conductivity measurements in coplanar geometry were performed at room temperature.  

 

Figure 4.6: (a) Room temperature dark (σd) and photo (σph) conductivity of a-Si:H(p) films 

prepared at different rf power (b) Temperature dependent conductivity of a-Si:H(p) films 

(Ts=110 and 120oC) at rf power 60 W. 

Figure 4.6(a) show the variation of σd and σph for films deposited at different rf powers. The 

σd of a-Si:H(p) films is found to be more than 4 orders of magnitude higher than intrinsic a-

Si:H films (chapter 3, section 3.2.3.7). These results suggest that films are doped efficiently 

by adding diborane during deposition. In addition to this series, one more film was prepared 

at slightly higher Ts=120oC with rf power 60 W. The room temperature σd and σph of film 
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deposited at Ts=120oC are  found to be 4.45×10-6 Ω-1cm-1 and 5.73×10-6 Ω-1cm-1 

respectively. Figure 4.6 (b) show the temperature dependent conductivity of a-Si:H(p) film at 

60 W. The activation energy is found to be 0.57 eV and 0.58 eV for films deposited at 110oC 

and 120oC respectively, indicating that Fermi level is closer to valance band. The dark 

conductivity and activation energy values are comparable with other reports [18-20]. 

4.2.2 Series (II): Methane (CH4) flow rate (MFR) variation of a-Si:H(p) thin films at low 

Ts (Ts=110°C) 

In case of a-Si:H based solar cells, the light enters through the p- layer. The efficiency of the 

solar cells depends upon the absorption of photons in this layer and hence the band gap. 

Adding Methane during Silane plasma can increase the bandgap of a-Si:H(p) films by adding 

carbon atoms to silicon network [2, 21].  In order to study the influence of methane (CH4) 

dilution during plasma on microstructural and optoelectronic properties of these films, a 

series of films were deposited by varying CH4 flow rate (MFR) from 1-4 sccm. In earlier 

series, it was observed that a-Si:H(p) films deposited at 60 W exhibited better structural and 

optoelectronic properties. Hence for this series of films, the rf power was fixed at 60W and 

other deposition parameters were kept same as in Series I. The deposition parameters for this 

series are listed in Table 4.1. 

4.2.2.1 Raman scattering 

In order to find the microstructural properties of a-SiC:H(p) films, Raman measurements 

have been carried out in the range of 100-2000 cm-1. Figure 4.7 (a) shows the Raman spectra 

of different MFR films. Raman spectra consist of LA, TA, LO and TO of phonon vibrational 

modes of Si-Si bonds [4] as discussed in Chapter 2. In addition to these Si-Si modes, extra 

phonon modes are observed at ~890 cm−1 and ~1300-1500 cm−1 corresponding to LO and 

overlapping of acoustic (TA+LA) phonon modes of Si-C and C-C respectively in 3C-SiC 

[22-24]. These extra modes in the Raman spectra indicate presence of carbon atoms in the 

films. All films show broad TO mode peak at ~480 cm-1, which indicate that these films are 

pure amorphous irrespective of variation in MFR [25]. From Figure 4.7(a) one can see that, as 

the CH4 concentration increases, the intensity of the peak at ~1300-1500 cm-1 increases, 

indicating that, the phonon modes of C-C increase at higher MFR.  
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Figure 4.7: (a) Raman spectra of different CH4 flow rate of a-SiC:H(p) films (b) Deconvoluted 

Raman spectrum of CH4 flow rate at 1sccm. 

In order to find the amorphous silicon TO mode peak position, ΔθB [5] and ITA/ITO [4] each 

Raman spectra was deconvoluted into four Gaussian peaks in the range of 100-570 cm-1. One 

of the deconvoluted Raman spectrum corresponding to the film deposited at MFR = 1 sccm is 

shown in Figure 4.7(b). The TO mode peak position of Si, FWHM of TO mode, ΔθB and 

ITA/ITO values of a-SiC:H(p) films at different MFR are listed in Table 4.4. 

Table 4.4: FWHM and SRO values of a-SiC:H(p) thin films on Corning 1737 glass for different CH4 

flow rate. 

MFR 

(sccm) 

TO mode peak 

position of Si (cm-1) 

FWHM 

(cm-1) 

ΔθB 

(o) 

ITA/ITO 

1 478 66.10±1.26 8.52 ± 0.73 0.66 

2 478 68.47±1.25 8.91 ± 0.74 0.65 

3 474 72.87±1.09 9.65 ± 0.89 0.70 

4 475 73.77±1.24 9.80 ± 0.75 0.72 

 

From table 4.4, it is worth noting that the MFR does not have much influence on the TO 

mode peak position of a-Si. However, the FWHM of this TO mode, ΔθB and ITA/ITO slightly 

increase with increase in MFR due to incorporation of additional carbon atoms bonded with 

Si, which increases the bond angle deviation. These FWHM and ΔθB values are comparable 

with other reported works in literature [4].  
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4.2.2.2 Spectroscopic ellipsometry (SE)  

In order to deduce optical parameters of a-SiC:H(p) films, experiential data is fitted with 

Tauc-Lorentz (T-L) model by constructing a two-layer model [6, 26]. The T-L model is 

discussed in Chapter 2.  

Figure 4.8 (a and b) show experimental (open) and fitted (solid line) data of real <ε1> and 

imaginary <ε2> dielectric function versus photon energy (E) for a-SiC:H(p) thin films at 

different MFR. In <ε2> spectra, position of maxima (<ε2>max) at around 3.5 eV and 4.2 eV are 

often attributed to amorphous and nanocrystalline silicon structures respectively [7, 27]. In 

Figure 4.8(b), no shoulder peak around 4.2 eV is observed even with variation in MFR 

confirming that these films are pure amorphous, which is well consistent with the results 

obtained in Raman measurements. The fitting parameters of T-L model are listed in Table 

4.5. From the Table 4.5, one can clearly notice that amplitude factor (A) of <2> decreases 

with increase in MFR. This suggests that the mass density of film decreases with increase in 

the carbon content which can be attributed to increase in void density at higher MFR. The 

decrease in height of <2> peak is in agreement with the experimental results of others [8, 28, 

29].  

 

Figure 4.8: The experimental (open) and fitted (solid line) data of real <ε1> and imaginary <ε2> 

dielectric function of a-SiC:H(p) thin films at different CH4 flow rate.  

The broadening parameter (C) increases with increase in MFR indicating an increase in Si-H2 

bond density in the film. Another fitting parameter, band gap energy (Eg) increases with 

increase in MFR and this can be attributed to the replacement of weaker Si–Si bonds by 

stronger Si–C bonds as well as C–H bonds [30]. 
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Table 4.5: The T-L model fitted parameters: rough surface layer thickness (nm), thickness of bulk 

layer (nm), amplitude factor A (eV), resonance energy E0 (eV), broadening parameter C (eV), optical 

band gap Eg (eV) and constant ε1(∞) from ellipsometry for different MFR. 

 

MFR 

(sccm) 

Thickness of 

rough surface 

layer (nm) 

bulk layer 

thickness 

(nm) 

A 

 (eV) 

 

E0  

(eV) 

C 

(eV) 

Eg  

(eV) 

ε1(∞) 

1 0.59±0.06 279±5 115.62±6.99 3.67±0.01 2.69±0.01 1.85±0.01 1.82 

2 1.05±0.07 231±4 71.27±7.72 3.75±0.01 2.75±0.01 2.05±0.01 1.35 

3 1.56±0.11 207±3 68.56±8.66 3.81±0.01 2.81±0.01 2.11±0.01 2.43 

4 3.89±0.36 175±9 56.44±6.48 3.90±0.01 2.86±0.01 2.08±0.01 2.01 

 

4.2.2.3 UV-Vis-NIR 

Figure 4.9(a) shows UV-Vis-NIR transmission spectra of a-SiC:H(p) films on Corning 

substrate at different MFR. All films are highly transparent and maximum % transmission is 

close to that of bare Corning glass substrate. The blank Corning substrate transmission is also 

included in Figure 4.9(a). The thickness data obtained from surface profilometer and SE  

along with Eg from Tauc’s plot [10] and SE are plotted together against different MFR as 

shown in Figure 4.9(b). The error bars in Figure 4.9(b) indicate uncertainties in the calculated 

thickness and Eg.  

 

Figure 4.9: (a)UV-Vis-NIR transmission spectra of a-SiC:H(p) films at different MFR. (b) Estimated 

thickness and band gap from different measurements at different MFR. 

From Figure 4.9(b), one can see that the thickness of the film decreases with increase in 

MFR, which is due to etching of weakly or loosely bonded hydrogen atoms from the surface 

of the film by CHn radicals. During this growth process, unsaturated bonds or vacancy are 

created on the growing surface, these unsaturated bonds are then filled by carbon atoms. Due 
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to these excess carbon atoms incorporated in the film, the Eg increases with increasing MFR 

[8]. 

4.2.2.4 Fourier Transform Infrared Spectroscopy (FTIR)  

To examine the local bonding configurations in the films, FTIR transmission spectra were 

used. Figure 4.10(a) shows the FTIR transmission spectra of a-SiC:H(p) films simultaneously 

deposited on c-Si substrate. The dips in the transmission spectra correspond to absorption by 

the different vibrational modes of the bonds between Si, H, and C. The absorption peaks at : 

~ 640 cm-1,  740-800 cm-1, ~900 cm-1, 960-1000 cm-1, 2000-2100 cm-1 and 2800-3000 cm-1 

are associated with Si-H rocking or waging mode, Si-C stretching mode, Si-O, C-Hn waging 

or bending modes, vibration of Si-Hn stretching and stretching vibrations of C-Hn, 

respectively [12, 31-33]. From Figure 4.10 (a) one can clearly identify an increase in the 

density of Si-C and C-Hn bonds (~740 and 1000 cm-1) at higher MFR. 

 

 

Figure 4.10: (a) FTIR transmittance spectra of a-SiC:H(p) films with different MFR on c-Si substrate 

(b) The deconvoluted absorption coefficient spectra of CH4=1 sccm. 

The bond density of Si-H (NSi-H), Si-C (NSi-C) and C-H (NC-H) in the films has been calculated 

using the equation 4.1, after deconvoluting the FTIR absorption spectra in to bands 

corresponding to Si-H, Si-C, Si-O and C-H bonds. 

ω

α(ω)
N = A dω

ω                                                                       (4.1) 

Where the oscillator strength  Aω has a value of 1.6×1019 cm-2 for Si-H [12], 2.13×1019 cm-2 

for Si-C [22] and 1.35×1021 cm-2 for C-H [31] respectively. One of the deconvoluted spectra 

corresponding to film deposited at MFR=1sccm is shown in Figure 4.10(b). 
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Figure 4.11 demonstrates the effect of variation in MFR on the densities (N) of Si-H, Si-C 

and C-H bonds present in the thin film. The Si-H bond density (NSi-H) has the highest value at 

CH4 flow rate of 1 sccm and then decreases gradually with the increase in CH4 flow rate.  

 

Figure 4.11: Content  of Si-H, Si-C and C-H bonds  for  different MFR. 

Furthermore, the bond densities of Si-C and C-H (NSi-C and NC-H) bonds, increase steadily 

with the increase in CH4 flow rate. The results obtained for NSi-C and NC-H suggest that at 

higher MFR, more number of carbon radicals are attached with Si and H [34]. The total 

hydrogen content CH (%) [14] and microstructure factor (R*) [15] in the film was calculated 

using rocking-wagging mode of Si-H and stretching modes of Si-H and Si-H2 respectively. 

The complete procedure is mentioned in Chapter 2. The calculated CH (%) and R* at different 

MFR are listed in Table 4.6.  From the Table 4.6, it is observed that CH (%) in the film found 

to be not affected in these films and the intensity of mono hydride Si-H vibrational mode at 

~2000 cm-1 decreases at higher MFR, the  R* is found to be lowest for MFR at 1sccm.  

Table 4.6: Total hydrogen content at ~640 cm-1 and microstructure factor R* at different MFR 

MFR 

(sccm) 

Hydrogen content in 

Si-H mode CH (%) 

Microstructure factor 

(R*) 

1 6.4±0.32 0.64±0.02 

2 4.7±0.24 0.82±0.03 

3 5.3±0.27 0.73±0.03 

4 4.9±0.25 0.84±0.03 
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4.2.2.5 Conductivity 

The dark (σd) and photo (σph) conductivity measurements were carried out at room 

temperature (RT) in coplanar geometry. Figure 4.12 shows the variation of σd and σph for 

films deposited at different MFR. The σd of films is found to be more than 4 orders of 

magnitude higher than intrinsic a-Si:H deposited at the same temperature (Chapter 3, section 

3.4.7). However a gradual fall in conductivity with increase in MFR may be attributed to 

increase in the void density due to increase in structural disorder in films deposited at higher 

MFR.  

 

Figure 4.12: Room temperature dark (σd) and photo (σph) conductivity of a-Si:H(p) films deposited at 

different MFR. 

4.2.3 Series (III): Substrate temperature (Ts=90-150°C) variation of a-Si:H(n) thin films  

In this series, phosphine doped amorphous silicon (a-Si:H(n)) thin films were deposited on 

Corning substrate by varying the substrate temperature in the range of 90 – 150 oC, keeping 

other deposition parameters constant. The deposition parameters are listed in Table 4.1 

4.2.3.1 Raman scattering 

Figure 4.13(a) show Raman spectra of a-Si:H(n) films, deposited at different substrate 

temperature (Ts). The Raman spectra has been identified having TA, LA, LO and TO modes 

of a-Si:H [4]. We did not observe any TO mode peak ~510 cm-1 (for nc-Si:H) with variation 

in Ts. All films show broad TO mode peak at ~480 cm-1, which indicates that these films are 

pure amorphous [30] irrespective of Ts. In order to find short and medium range order (SRO 

and MRO), the Raman spectra were deconvoluted into different components as mentioned in 
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Chapter 2. One of the deconvoluted Raman spectrum corresponding to Ts at 150oC is shown 

in Figures 4.13(b). The TO mode peak position, FWHM of TO mode, ΔθB and ITA/ITO values 

for these films are listed in the Table 4.7.  

 

Figure 4.13: (a) Raman spectra for the films prepared with varying Ts. (b) Deconvoluted Raman 

spectra for Ts = 150°C. 

It was observed that, TO mode peak position did not vary much with variation in Ts. The ΔθB 

(°) values of a-Si:H(n) films at different Ts were found to be in the range of 7.43 ± 1.62o to 

7.68± 1.74o. The substrate temperature had not much effect on the TO mode peak position, 

ΔθB and ITA/ITO values of a-Si:H(n) films. However, film deposited at Ts 150oC showed lower   

ΔθB =7.43o and ITA/ITO =0.31 indicating an improvement in SRO and MRO at higher Ts. 

Table 4.7: The TO mode peak position, FWHM of TO mode, ΔθB (°) and ITA/ITO values of a-Si:H(n) 

thin films deposited at different Ts on corning 1737 glass substrate. 

Substrate 

temperature (°C) 

TO mode peak 

 Position (cm-1) 

FWHM 

(cm-1) 

ΔθB  

(o) 

ITA/ITO 

90 476 60.56 7.59 0.39 

110 477 61.08 7.68 0.32 

130 477 61.09 7.68 0.32 

150 478 59.59 7.43 0.31 

 

4.2.3.2 Spectroscopic ellipsometry (SE)  

Figure 4.14 (a and b) show the SE experimental (open) and fitted (solid line) data of the 

pseudo dielectric function of real <ε1> and imaginary <ε2> of a-Si:H(n) thin films deposited 

at different Ts. To deduce optical parameters, experiential data is fitted with T-L model by 

constructing a two-layer model [6]. The T-L model details have been discussed in Chapter 2. 
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In <2> spectra, <2>max is observed around ~3.5 eV, which is a characteristic feature of the 

direct optical transition in amorphous silicon structure [6]. 

  

 

Figure 4.14: Plot of experimental (open) and fitted (solid line) data of (a) real dielectric function 

<1> and (b) imaginary dielectric function <2>against photon energy at different Ts.  

The fitted parameters of T-L model for a-Si:H(n) at different Ts are listed in Table 4.8. The 

thickness of rough surface layer is slightly increased with substrate temperature. It can be 

seen that amplitude factor (A) has also slightly increased with increase in Ts, which indicates 

that denser film formation takes place at higher Ts. The broadening parameter (C) did not 

change much with increase in Ts. However, slightly lower C value was observed at Ts=150oC 

indicating that these films have less fraction of Si-H2 bonds. 

Table 4.8: The T-L model fitted parameters: rough surface layer thickness (nm), thickness of bulk 

layer (nm), amplitude factor A (eV), resonance energy E0 (eV), broadening parameter C (eV), optical 

band gap Eg (eV) and constant ε1(∞) from ellipsometry for a-Si:H(n) films at different Ts. 

 

Ts 

(o) 

Thickness of 

rough surface 

layer (nm) 

bulk layer 

thickness 

(nm) 

A 

 (eV) 

 

E0  

(eV) 

C 

(eV) 

Eg  

(eV) 

ε1(∞) 

90 0.86±0.04 65±4 185.21±2.15 3.53±0.01 2.69±0.01 1.78±0.01 1.32 

110 1.03±0.07 73±6 192.85±1.02 3.51±0.01 2.66±0.01 1.78±0.01 1.38 

130 1.56±0.11 86±2 192.03±2.54 3.47±0.01 2.66±0.01 1.80±0.01 1.14 

150 1.82±0.26 102±7 198.54±7.26 3.45±0.01 2.62±0.01 1.81±0.01 0.89 

 

4.2.3.3 UV-Vis-NIR 

Figure 4.15(a) show the UV-Vis-NIR transmission spectra of a-Si:H(n) films at different Ts. 

In the transmission spectra, there were not sufficient interference fringes to apply 
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Swanepoel’s method for the determination of film thickness [9]. Hence, the thicknesses of 

these films were estimated using surface profilometer. Figure 4.15(b) show the thickness of 

a-Si:H(n) at different Ts.  

 

Figure 4.15: (a) UV-Vis-NIR transmission spectra of a-Si:H(n) films at different Ts (b) Thickness and 

band gap of a-Si:H(n) films estimated from different measurements at different Ts. 

It was observed that the thickness of the films is in the range of 63±05-110±06 nm. Thickness 

of the films increases with increase in Ts since the increase in the sticking probability of 

precursor radicals adsorbed on the growing surface of a-Si:H is more in comparison with that 

of rate of surface recombination reactions [35]. The Eg of the films was calculated from 

Tauc’s plot [10]. The Eg of the films at different Ts is in the range of 1.78±0.01-1.82±0.01 eV. 

The Eg was slightly higher (0.1 eV) at high Ts. The thickness values estimated from 

profilometry and and Eg values estimated from Tauc plot are in good agreement with SE 

results. 

4.2.3.4 Conductivity 

In order to study electronic transport properties of a-Si:H(n) films, dark (σd) and photo 

conductivity (σph) measurements were performed in coplanar geometry at room temperature. 

Figure 4.16(a) shows the variation of σd and σph at different Ts. The σd of a-Si:H(n) films are 

found to be more than 6 orders of magnitude higher than intrinsic a-Si:H films (chapter 3, 

section 3.2.1.6). These results suggest that films are doped efficiently by adding phosphine 

during deposition. Figure 4.16(b) shows the temperature dependence conductivity of film 

deposited at Ts = 150 oC. The activation energy is found to be 0.33 eV, indicating that Fermi 

level is closer to the conduction band. The dark conductivity and activation energy values are 

comparable with other reports [36, 37]. 
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Figure 4.16: (a) Room temperature dark (σd) and photo (σph) conductivity of a-Si:H(n) films at 

different Ts. (b) Temperature dependent conductivity of a-Si:H(n) film at Ts=150oC. 

4.3 Conclusion 

In this chapter, microstructural and opto-electronic properties of a-Si:H(p) films have been  

reported with variation in rf power and CH4 dilution. In addition, the microstructural and 

opto-electronic properties of phosphorus doped films with variation in Ts have also been 

studied. The observations for different series are summarized below: 

Series (I), rf power variation of a-Si:H(p) thin films at low substrate temperature Ts 

(=110°C): In this series, influence of rf power on microstructure and optoelectronic 

properties of the a-Si:H(p) films deposited at Ts = 110 oC, is studied. Raman and 

spectroscopic ellipsometry results show that films are purely amorphous irrespective of rf 

power. The films deposited at rf power of 60 W possess device grade quality; improvement in 

the SRO, less broadening in <2>, lesser Si-H2 fraction. The dark conductivity of a-Si:H(p) 

films show more than 4 orders of magnitude increase from that of intrinsic a-Si:H films. 

These results suggest that films are doped efficiently by adding diborane during deposition.  

 Series (II), Methane CH4 flow rate (MFR) variation of a-Si:H(p) thin films at low Ts 

(Ts=110°C): In this series, we have performed a systematic study on the effect of MFR on 

structural and optoelectronic properties of a-SiC:H(p) films. Thin films deposited at different 

MFR are amorphous in nature as confirmed by Raman spectroscopy measurements and also 

supported by the SE measurements. The mass density of film decreases with increase in the 

carbon content due to increase in void density at higher MFR. The FTIR results show 

hydrogen bonded to Si decreases due to etching of hydrogen atoms and replacement of weak 

Si-H bonds with Si-C. The bond densities Si-C and C-H (NSi-C and NC-H), increase steadily 

TH-1926_11612109



Chapter 4 

105 
 

with the increase in CH4 flow rate. Films deposited  at MFR=1 sccm was  found to be suitable 

for solar cell fabrication due to its less broadening in <2>, low SRO, MRO and lower 

densities of Si-C and C-H bonds. 

Series (III), Substrate temperature (Ts=90-150°C) variation of a-Si:H(n) thin films: In 

this series, structural and opto-electronic properties of a-Si:H(n) films were studied with 

variation in Ts (90-150oC).  Raman and SE results confirmed that all the deposited films are 

amorphous in nature irrespective of variation in Ts. The dark conductivity of a-Si:H(n) films 

showed more than 6 orders of magnitude increase as compared to that of intrinsic a-Si:H 

films. These results suggest that films are doped efficiently by adding phosphine during 

deposition. The activation energy of the Ts=150oC film was 0.33eV, suggesting that Fermi 

level is closer to conduction band for these phosphorus doped films. 
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Chapter 5 

Optimization of Indium Tin Oxide Films 

 

 

The transparent conducting oxide (TCO) thin films are very useful as contact layers as well as 

anti-reflection coatings to improve the performance of the solar cells and many other 

optoelectronic devices such as flat panel displays etc. Thin film hydrogenated amorphous 

silicon (a-Si:H) solar cells require a wide bandgap transparent conductor as window electrode 

for efficient light transmission as well as extraction of photocurrent. The TCOs have good 

electrical conductivity and high transmission (>90%) in the visible spectrum. The most 

commonly used TCOs for front electrode are zinc oxide (ZnO) [1], Aluminum doped zinc 

oxide (ZnO:Al) [2-4], and indium tin oxide (ITO) [5, 6]. In addition to this, TCO is also used 

as a back electrode alone or in combination with metals (Ag or Al). Generally, TCO films are 

deposited at lower temperature and then annealed at high temperature to exhibit high 

transmission and electrical conductivity for p-i-n configuration of solar cells [4]. However, in 

case of n-i-p configuration, solar cell is first fabricated on opaque substrates followed by 

deposition of TCO layer. Normally, doped and intrinsic a-Si:H layers are deposited at low 

substrate temperature on flexible substrates, in order to avoid annealing effects on these 

films. Therefore for n-i-p configuration, TCO layers need to be deposited at relatively lower 

substrate temperature than that of a-Si:H layers. In this present chapter, the studies on two 

series of ITO thin films deposited at low substrate temperature (Ts=100oC) by rf-sputtering 

technique are presented. The deposition parameters for each series are listed in Table 5.1. 

5.1 Experimental details 

In the present study, we have deposited two series of indium tin oxide (ITO) films on corning 

1737 glass (Corning) substrate by rf-sputtering technique. Series (I): Variation of process 

pressure and Series (II): Variation of Ar flow rate during deposition of ITO films. The 

deposition parameters for ITO thin films are listed in Table 5.1 
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Table 5.1: Deposition parameters for ITO thin films using rf-sputtering technique. 

Deposition  

parameter 

Process 

pressure 

variation 

Ar flow 

rate 

variation  

rf power (Watt) 80 80 

Ar flow rate  (sccm) 5 5-9* 

Process pressure (mbar) 0.034-0.074* 0.054 

Substrate temperature (oC) 100 100 

Electrode distance (cm) 3.5 3.5 

Deposition time (minute) 15 15 

                                                    *variable parameter 

5.2 Results and discussions 

5.2.1 Series (I): Variation of process pressure  

In this series, ITO thin films were deposited by varying process pressure in the range of 0.034 

– 0.074 mbar, keeping other deposition parameters constant. The deposition parameters are 

listed in Table 5.1. 

5.2.1.1 X-Ray diffraction 

Figure 5.1 shows the XRD pattern of ITO thin films deposited at different process pressure. It 

is observed that diffraction from the (222) plane  is most prominent in all films with 2θ = 

30.5° very close to that of the standard In2O3 crystal (2θ = 30.61°) [7, 8]. This indicates 

preferential growth is along this direction regardless of process pressure. This observation is 

in agreement with those of  Li-Jian et al and J-H Gu et al [7, 9]. 

In addition to peak corresponding to (222) plane, low intensity peaks at 2θ =21.4, 35.36, 

45.54, 50.82 and 60.48°corresponding to (211), (400), (431), (440) and (622) planes 

respectively have also been observed in the XRD pattern. The presence of other planes in 

XRD spectra indicates that ITO films are polycrystalline in nature. The peak positions of 

(222) plane as well as other planes are found to be in good agreement with cubic structure of 

ITO (JCPDS card No: 06-0416). From Figure 5.1, one can clearly notice that at 0.034 mbar 

pressure, the peak intensities corresponding to (222) and (400) planes are almost equal. 

However, as the process pressure increases to 0.054 mbar, the intensity of the (400) plane 

decreases. With further increase in pressure from 0.054 to 0.074 mbar, the intensity of (400) 

plane again increases. The mean crystallite size was estimated using Debye Scherrer’s 

formula [8] corresponding to for (222) plane as mentioned in Chapter 2. The full width at half 
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maxima (FWHM) of (222) plane and crystallite size values are listed in Table 5.2. The size of 

the crystallites is found to be largest for the films deposited at 0.054 mbar pressure, for which 

the intensity of peaks corresponding to the other planes is significantly low. 

 

Figure 5.1: XRD spectra of ITO films deposited at different process pressure on Corning glass. 

5.2.1.2 UV-Vis-NIR 

Figure 5.2 (a) show UV-Vis-NIR transmission spectra of ITO films on Corning substrate at 

different process pressure. All ITO films are highly transparent and maximum % transmission 

is close to that of bare Corning glass substrate. The blank Corning substrate transmission is 

also included in Figure 5.2(a).  
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Figure 5.2: (a) UV-Vis-NIR transmission spectra of ITO films at different process pressures.            

(b) Plot of (h)2 vs h for ITO film at 0.054 mbar. 

The thickness of ITO films was calculated using swanepole’s [10] method and was also 

estimated from surface profilometer. The thickness of the films at different process pressure 

is in the range of 186±10-379±09 nm and is listed in Table 5.2. It is observed that the 

thickness of the films decreases with increase in the process pressure. As the process pressure 

is increased, the mean free path of sputtered atoms from the target is diminished [11] 

resulting in the decrease in thickness of the films.  The optical band gap (Eg) of the films is 

estimated using Tauc’s plot [8]. For 0.054 mbar film, the plot of (h)2 versus h is shown in 

Figure 5.2 (b). The Eg values are in the range of 4.08±0.01 to 4.11±0.01 eV suggesting that 

Eg of these ITO films is not affected by the process pressure. The Eg values are listed in the 

Table 5.2.  

Table 5.2: The full width at half maxima of (222) plane, I(222)/I(400), crystallite size (nm), thickness 

(nm) and band gap (eV) of ITO thin films at different process pressure. 

Process 

pressure  

(mbar) 

FWHM of 

(222) plane 

 

I(222)/I(400) 

Crystallite 

size 

(nm) 

 

Thickness(nm) 

Band gap 

(eV) 

UV-Vis-NIR Profilometry 

0.034 0.346 1.09 31 362±06 379±09 4.08±0.01 

0.044 0.303 1.43 35 315±11 327±10 4.09±0.01 

0.054 0.262 2.32 41 321±09 310±08 4.11±0.01 

0.064 0.294 1.79 37 245±12 260±11 4.09±0.01 

0.074 0.302 1.25 36 186±10 200±11 4.11±0.01 
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5.2.1.3 Resistivity 

Figure 5.3 shows the room temperature sheet resistance and electrical resistivity of ITO films 

as a function of process pressure. The calculation procedure of sheet resistance and resistivity 

is discussed in Chapter 2. There is not much variation in sheet resistance of the films; 

however, its value is least for the films deposited at 0.054 mbar pressure, which is likely to be 

related to the larger crystallite size and lesser grain boundaries in films deposited at this 

pressure. This film (at 0.054mbar) is also found to be preferably oriented along (222) 

direction with least FWHM and highest ratio of the intensity (I(222)/I(400)) of (222) and (400) 

planes in XRD pattern, which correspond to the larger crystallite size and reduction in grain 

boundaries in these otherwise polycrystalline films. A decrease in resistivity with increase in 

pressure is more likely to be related to the thickness of the films, which decreases with 

increase in pressure.  These observations suggest that a pressure of 0.054mbar is more 

suitable to deposit the ITO films for solar cell application. 

 

Figure 5.3: Sheet resistance and resistivity of ITO films at different process pressure. 

5.2.2 Series (II): Variation of Ar flow rate on ITO films 

In previous series, we have observed that, ITO films deposited at process pressure 0.054 mbar 

show better structural and electronic properties. To further optimize the deposition 

parameters, another series of ITO films was made by varying the Ar flow rate in the range of 

5-9 sccm, keeping the process pressure fixed at 0.054 mbar and other deposition parameters 

same as that for series I. The deposition parameters for this series are also listed in Table 5.1. 
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5.2.2.1 X-ray diffraction 

Figure 5.4 shows the XRD pattern of ITO films deposited at different argon flow rate (5-9 

sccm). A strong peak at 2θ = 30.5° corresponding to (222) plane indicates this as preferred 

growth direction regardless of Ar flow rate.  Relatively very low intensity peaks of (211), 

(400), (431), (440) and (622) crystal planes have also been observed in XRD pattern, 

indicating a polycrystalline structure of the films. The crystallite size was calculated from 

Debye Scherrer’s formula [8] using FWHM of (222) plane. The relative intensity ratio 

(I(222)/I(400)) is found to be highest for film deposited at 7 sccm Ar flow rate. The FWHM of 

(222) plane, relative intensity ratio (I(222)/I(400)) and crystallite size values are listed in Table 

5.3. 

 

Figure 5.4: XRD spectra of ITO films deposited at different Ar flow rate on Corning glass. 

5.2.2.2 UV-Vis-NIR 

Figure 5.5 (a) shows the transmission spectra of ITO thin films measured with respect to air 

on Corning substrate at different Ar flow rate. These films shows high transmission (>85%) 

and the maximum % transmission is close to blank Corning glass transmission.  
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The thickness of the films was calculated from swanepole’s [10] method and was also 

estimated from surface profilometer. Thickness of these films is found to be in the range of 

321±09 to 415 ±07 nm. The thickness of the film is found to be highest at Ar flow rate of 7 

sccm, though not much change in crystallite size is observed for different Ar flow rate.  

 

Figure 5.5: (a) UV-Vis-NIR transmission spectra of ITO deposited at different Ar flow rate (b) plot of 

(h)2 vs h for ITO film at 7 sccm Ar flow rate. 

Table 5.3: The full width at half maxima of (222) plane, crystallite size (nm), thickness (nm) and band 

gap (eV) of ITO thin films at different Ar flow rate. 

Ar flow 

rate 

(sccm) 

FWHM of 

(222) 

plane 

 

I(222)/I(400) 

Crystallite 

size 

(nm) 

            Thickness(nm) Band gap 

(eV) 
UV-Vis-NIR Profilometry 

5 0.262 2.32 41 321±09 310±08 4.11±0.01 

6 0.289 3.16 37 412±07 396±12 4.03±0.01 

7 0.276 3.55 39 415±07 398±08 4.09±0.01 

8 0.292 3.01 37 330±10 343±07 4.08±0.01 

9 0.310 2.62 35 342±09 337±10 4.04±0.01 

 

The Eg of the films was calculated using Tauc’s plot. The plot of (h)2 versus h for Ar 

flow rate at 7 sccm film is shown in Figure 5.5 (b). The Eg values at different Ar flow rate are 

in the range of 4.03±0.01 to 4.11±0.01eV. The Ar flow rate did not have a significant 

influence on Eg values, however a small variation in Eg, around ±0.1 eV, was observed. The 

thickness and Eg values at different Ar flow rate are listed in Table 5.3. 
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5.2.2.3 Resistivity  

Figure 5.6 shows the variation of the sheet resistance and resistivity of the films deposited at 

different argon flow rate. It is observed that both sheet resistance and resistivity decrease with 

increase of Ar flow rate and reach a minimum value of ~9.75 Ω/□ and 3×10−4 Ω-cm 

respectively at Ar flow rate of 7 sccm. Further increase of Ar flow rate to 9 sccm results in an 

increase in values of both. From XRD results also, the intensity ratio of I(222)/I(400) is found to 

be highest at argon flow rate of 7 sccm. These results suggest that Ar flow rate of 7 sccm at a 

process pressure of 0.054 mbar is more suitable for growth of ITO films for solar cell 

applications. 

 

Figure 5.6: Sheet resistance and resistivity of ITO films at different Ar flow rate. 

5.3 Conclusion: In this chapter, influence of process pressure and Ar flow rate on 

microstructure and opto-electronic properties of ITO films is reported. The observations for 

each series are summarized below: 

Series (I): Variation of process pressure on ITO films: In this series, influence of process 

pressure on microstructure and optoelectronic properties of the ITO films is studied. The 

XRD results show that (222) plane is most preferred orientation, though other planes are also 

present in the film indicating polycrystalline structure. UV-Vis-NIR show all ITO films are 

highly transparent (>85%) and maximum % transmission is very close to bare Corning glass 

substrate. Thicknesses of the films decreases with increase in the process pressure due to the 

decrease in mean free path of sputtered atoms. The resistivity decreases with increase in the 

pressure and lowest sheet resistance (~11.6 Ω/□) was found for the film deposited at 0.054 

mbar.  
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Series (II): Variation of Ar flow rate on ITO films: In this series, influence of Ar flow rate 

variation on microstructure and optoelectronic properties of the ITO films is studied. The 

XRD results show that (222) plane is most preferred orientation though other planes are also 

present in the film indicating polycrystalline structure. UV-Vis-NIR show all ITO films are 

highly transparent (>85%) and maximum % transmission is not influenced by variation in Ar 

flow rate. The Eg values do not change with Ar flow rate. The lowest values of resistivity 

(3×10-4 Ω-cm) and sheet resistance (~9.75 Ω/□)) are found to be for film deposited at 7 sccm.  
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Chapter 6 

Fabrication of Solar Cells on Flexible Substrates at Low 

Temperature 

 

 

Amorphous silicon based solar cells consist of several layers of different chemical 

composition and different optical and electronic properties. The main layers of a single 

junction device structure are: the transparent conductive layer, the sequence of p- doped, 

intrinsic, n- doped amorphous Si layers and the light reflecting back contact layer. For the 

proper device performance each layer has to be optimized for its thickness according to the 

desired optoelectronic properties. In addition, the interface between n/i and i/p layers also 

need to be optimized. In n-i-p or p-i-n based solar cells, intrinsic layer is the main absorber 

layer. In general, when thickness of this layer increases, more photons are absorbed resulting 

in generation of more electron-hole pair which in turn increase the current density (Jsc) and 

thus efficiency, provided the thickness of the absorber layer is less than the carrier drift 

length. The efficiency of solar cells also decreases due to Staebler-Wronsky (S-W) effect [1, 

2], which depends upon the quality as well as thickness of i- layer [3]. In addition to i- layer, 

interface between n/i and i/p layers play a major role in performance of n-i-p or p-i-n solar 

cell. The interface defects at n/i and i/p layers limit electrical transport in the solar cell. Zhang 

et al. [4], Mews et al. [5], Agbo et al. [6], Bai et al. [7], and Xiao et al. [8] reported that these 

interface defects could be minimized by subjecting to H2 plasma treatment (HPT) at 

interfaces. With the motivation of reducing the cost of solar cells, we have fabricated solar 

cells on low cost flexible and other substrates with the optimized deposition parameters of 

each layer. The chapter presents the studies on the influence of the intrinsic layer thickness, 

back reflector, HPT at n/i and i/p interfaces and a-SiC:H(p) as window layer on the solar cell 

efficiency.  

6.1 Deposition parameters for solar cell fabrication 

Solar cells were fabricated using individual layer deposition parameters corresponding device 

quality films for the intrinsic and doped amorphous silicon films. The structure of the cells, 

for n-i-p configuration, fabricated at 150oC and 110oC on flexible polyimide (PI), photo paper 

(PP) and rigid corning 1737 glass (Corning) substrates is substrate/Ag/ITO/n(a-Si:H)/i(a-

Si:H)/p(a-Si:H)/ITO. In this configuration silver (Ag) acts as a back reflector as well as back 
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electrode. On the other hand, structure of the cells fabricated on commercially purchased ITO 

coated Corning (sigma Aldrich) and ITO coated polyethylene terephthalate (PET) 

(Technistro) was slightly different. The cell structure on these substrate is substrate/ITO/n(a-

Si:H)/i(a-Si:H)/p(a-Si:H)/ITO. After cells were fabricated, Ag was deposited on the back side 

of the ITO coated corning and PET substrates to serve as back reflector for better 

performance. Doped p- & n- layer thicknesses were kept constant at 35 and 20 nm 

respectively. Doped layers and intrinsic layers were deposited in three different chambers in 

multi chamber RF-PECVD system in order to avoid the contamination during deposition. 

Prior to the fabrication of n-, i-, & p- layers, PI, PP and blank corning substrates were coated 

with ~100 nm thick Ag film (back reflector and electrode) followed by 20 nm thick ITO layer 

to avoid the diffusion of Ag in the active layer of solar cells. A thick ITO (~220 nm) was also 

deposited on top of p- layer of solar cells which act as top transparent electrode. Both Ag and 

ITO were deposited using rf-sputtering. The deposition parameters for n-, i-, & p- layers used 

for fabrication of solar cells at substrate temperature (Ts) of 150oC and 110oC are listed in 

Table 6.1 and Table 6.2 respectively.  

The influence of intrinsic layer thickness, influence of back reflector, HPT at n/i and i/p 

interface layers on solar cell parameters with a-SiC:H(p) used as a window layer was 

investigated. Solar cell current density-voltage (J-V) and external quantum efficiency (EQE) 

measurements were performed at room temperature. The details of these measurements are 

discussed in Chapter 2. 

 

Table 6.1: Deposition parameter for each layer was used for the fabrication of solar cell (Ts=150oC): 

HFR (hydrogen flow rate), SFR (silane flow rate), BFR (diborane B2H6 (2% in H2) flow rate), MFR 

(methane flow rate), PFR (phosphine PH3 (1% in H2) flow rate), Proc. pressure (process pressure) 

and Ts (substrate temperature). 

layer SFR 

(sccm) 

HRF 

(sccm) 

BFR 

(sccm) 

MFR 

(sccm) 

PFR 

(sccm) 

Proc. 

pressure 

(mbar) 

rf 

power 

(W) 

Ts 

(oC) 

 

a-Si:H(n) 5 50 -  5 0.86 20 150 

a-Si:H(i) 5 60 -  - 0.72 40 150 

a-Si:H(p) 5 100 5  - 0.61 60 120 

a-SiC:H(p) 5 100 5 1 - 0.61 60 120 
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Table 6.2: Deposition parameter for each layer was used for the fabrication of solar cell (Ts= 

110oC): HFR (hydrogen flow rate), SFR (silane flow rate), BFR (diborane B2H6 (2% in H2) 

flow rate), MFR (methane flow rate), PFR (phosphine PH3 (1% in H2) flow rate), Proc. 

pressure (process pressure) and Ts (substrate temperature). 

layer SFR 

(sccm) 

HRF 

(sccm) 

BFR 

(sccm) 

MFR 

(sccm) 

PFR 

(sccm) 

Proc. 

pressure 

(mbar) 

rf power (W) Ts 

(oC) Corning, 

PI, PET 

PP 

a-Si:H(n) 5 50 -  5 0.86 20 20 110 

a-Si:H(i) 5 60 -  - 0.72 50 40 110 

a-Si:H(p) 5 100 5  - 0.61 60 60 110 

a-SiC:H(p) 5 100 5 1 - 0.61 60 - 110 

 

6.2 Results and discussion 

6.2.1 Influence of i- layer thickness on solar cell (Ts: 150oC) 

In order to find the optimum thickness of intrinsic a-Si:H layer for solar cell, thickness of the 

layer was varied from 200-700 nm. Figure 6.1(a) and Figure 6.1(b) show the current density-

voltage (J-V) characteristics of single junction n-i-p solar cell on rigid Corning and flexible PI 

with different i- layer thickness.  

The short circuit current density (Jsc) is found to increase from 8.16 to 11.22 mA/cm2 for cells 

on Corning and 7.44 to 10.87 mA/cm2 for cells on PI with the increase in i- layer thickness 

from 330 nm to 700 nm. A slight increase in open circuit voltage (Voc), from 790 to 810 mV 

on Corning substrates and 770 to 787 mV on PI substrates, is also observed with increase in 

thickness of i- layer. The improvement in Jsc could be due to absorption of more number of 

photons within the cell with increase in i- layer thickness [9-11].  Further, the Jsc and Voc 

values on Corning and PI substrates are comparable. The fill factor (FF) of the cells on 

Corning and PI substrates is found to be around 0.59, which is similar to the values reported 

in literature for amorphous silicon based solar cells [10, 12-14] fabricated at similar 

temperatures. Though the FF is found to decrease a little with increase in thickness of i- 

layer, the overall efficiency (%) of solar cells, on these two substrates has increased due to 

more absorption of the photons. The photo-conversion efficiency of the cells on these 

substrates is similar to the reported values at this substrate temperature, though neither a 

buffer layer nor high band gap p- type SiC layer is used in our case [15]. 
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Figure 6.1: Current density vs voltage characteristics of solar cell with different i- layer thickness on 

(a) Corning (b) polyimide substrate. External quantum efficiency of solar cells with different i- layer 

thickness is on (c) Corning (d) polyimide substrate. 

Table 6.3: a-Si:H single junction solar cell parameters for different i-layer thickness on Corning, 

polyimide and photo paper substrates 
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200 - - 610 - - 7.17 - - 0.35 - - 1.54 

330 790 772 535 8.16 7.44 5.31 0.59 0.59 0.31 3.81 3.38 0.88 

520 802 779 336 9.18 8.73 3.37 0.58 0.55 0.26 4.27 3.70 0.30 

700 810 787 250 11.22 10.87 0.05 0.55 0.51 0.26 5.02 4.38 0.03 

 

To further investigate the effect of i- layer thickness on solar cell properties, external 

quantum efficiency (EQE) was measured for all a-Si:H solar cells. Figure 6.1(c & d) show 

EQE spectra of the solar cells with different i- layer thickness on Corning and PI respectively. 

No change in EQE response is observed in the low wavelength region (<500 nm); however, 

the high wavelength response is enhanced with increasing thickness of i- layer, which also 
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indicates more absorption of photons due to higher thickness of the absorber layer. The Voc, 

Jsc, FF and (%) values for solar cells on different substrates are listed in Table 6.3. 

The J-V characteristics for the cells fabricated on PP are shown in Figure 6.2(a). The best 

characteristics are obtained when the thickness of i- layer is reduced to 200 nm, with a photo 

conversion efficiency of 1.54%. The values of Voc, Jsc, FF and (%) for different i- layer 

thickness are listed in Table 6.3. As per our knowledge, for the first time we are reporting a-

Si:H thin film based n-i-p solar cells on PP substrate. Both Jsc and Voc values are found to be 

lower compared to cells on Corning and PI substrates. Also, for the cells fabricated on PP, the 

J-V characteristic deteriorates with increase in thickness of i- layer. The Spectroscopic 

Ellipsomery studies show that films on PP have lower amplitude factor A and higher 

broadening C, which corresponds to the relatively poor quality of these films (low density 

and high void fraction) as discussed in Chapter 3 (section 3.2.1.2). We have also observed 

that photocurrent decays much rapidly in case of films on PP as compared to those on 

Corning substrate (Appendix, Figure A2), which indicate that Steabler- Wronski (S-W) effect 

[1, 2] is more pronounced in these films on PP substrate. This could be the probable reason of 

decrease in efficiency of the cells (on PP) with increase in thickness of intrinsic (absorber) 

layer. S-W effect is more pronounced for a-Si:H films having higher concentration of weakly 

bonded Si-H2 bonds and could also be a possible reason for lower Jsc and  values. These 

values may seem to be low at first glance; however, the results are encouraging as PP is a 

new substrate, which is not only cheap and flexible but also bio-compatible and eco-friendly.  

 

 

Figure 6.2: (a) Current density vs voltage characteristics of solar cell with different i- layer thickness 

on photo paper (b) FESEM cross section of i = 200 nm solar cell fabricated on photo paper. 
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The FESEM cross section image of solar cell, with 200 nm thick i- layer, fabricated on PP is 

shown in Figure 6.2(b). From FESEM image, one can see that there are no pin-holes or crack 

in the solar cell. 

The FF and thus the efficiency of the solar cells depend a lot on the series resistance (Rs) and 

shunt resistance (Rsh) of the device. In order to estimate the Rs and Rsh of the different cells, 

the slope of J-V curve near short circuit and open circuit points were calculated. The values 

of Rsh and Rs are listed in Table 6.4. It is clear from the Table 6.4 that Rs of the solar cells on 

PP is higher and shunt resistance is lower as compared to the corresponding values for the 

cells fabricated on Corning and PI substrates. The values are comparable for Corning and PI 

substrates.  This also explains the relatively poor performance of the cells on PP substrates, 

whereas the performance of the cells on other two substrates is comparable. 

 

Table 6.4: Series and shunt resistances determined from J-V curve of solar cell for different i- layer 

thickness on Corning, polyimide and photo paper substrates 

Substrate Thickness 

(nm) 

Series resistance Rs  

(Ω-cm2) 

Shunt resistance Rsh 

 (Ω-cm2) 

 

Corning 

330 17.5 1113.63 

520 19.6 666.66 

700 18.14 375.47 

 

PI 

330 20.32 1032.78 

520 24.23 527.19 

700 19.6 267.75 

 

PP 

200 26.47 54.08 

330 28.26 45.27 

520 29.26 32.84 

700 1222.82 839.55 

 

6.2.2 Influence of back reflector on solar cells (Ts: 110oC) 

In order to study the influence of back reflector on solar cells, ITO coated PET and ITO 

coated Corning transparent substrates are used to fabricate these cells. The deposition 

parameters used for fabrication of solar cells at Ts=110oC are listed in Table 6.2. We have 

also used non transparent flexible PI and PP substrates for solar cell fabrication.  

Figure 6.3(a) show the current density- voltage (J-V) characteristics of single junction n-i-p 

solar cells fabricated Ts at 110oC on flexible PET, PI and rigid Corning substrate. The Jsc is 

found to be 6.94, 7.41, 7.82 mA/cm2 for cells on PET, PI and Corning substrates respectively. 

A small increase in Jsc is observed when Ag is used as back reflector on PET and Corning 
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substrates. The Voc is found to be 796, 782, 797 mV on PET, PI and Corning respectively.  

The Voc for the solar cells are found to be nearly equal for all substrates. Fill factor (FF) of 

the cells on PET, PI, Corning substrates is found to be 0.58, 0.58 and 0.59 respectively and 

remain same with back reflector on PET and Corning substrates. 

 

Figure 6.3: (a) Current density-voltage characteristics and (b) External quantum efficiency of solar 

cells deposited at 110 oC on PET, PI, and Corning substrates.  

Due to the back reflector, Jsc has slightly increased from 6.94 to 7.14 mA/cm2 on PET, and 

from 7.82 to 7.94 mA/cm2 on Corning resulting in an increase in efficiency (η) from 3.21 to 

3.30% on PET and 3.70 to 3.82% on Corning respectively. Further, the Jsc, Voc, FF and  (%) 

values on PET, PI and Corning substrates are comparable. Our solar cell results are 

comparable with other works reported at the same substrate temperature (110 oC) [16, 17].  

The values of Voc, Jsc, FF and (%) for the cells fabricated on PET, PI and Corning substrates 

are listed in Table 6.5. In order to estimate the series resistance (Rs) and shunt resistance (Rsh) 

of these cells, the slope of J-V curve near short circuit and open circuit points were 

calculated. The values of Rs and Rsh are listed in Table 6.5. The values are comparable for cell 

on PET, Corning and PI substrates. Figure 6.3(b) shows EQE spectra of the solar cells on 

PET, Corning and PI respectively. The EQE for cells on PET and PI is slightly lower 

compared to cells on Corning substrates. Further, with back reflector, an increase in EQE is 

observed in the mid (450 - 550 nm) and long wavelength region (>550nm), which is also seen 

as an increase in Jsc for these cells with back reflector [18].  The increase is more for cells on 

PET as compared to that on Corning substrate. The EQE curve for different cells is well 

correlated with the corresponding J-V curve; higher EQE corresponds to higher Jsc value. 
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Table 6.5: The values of Voc, Jsc, FF and efficiency of the cells fabricated on PET, PI, and Corning 

substrates (with and without (W/O) Ag) 

 

Substrate i-layer 

thickne

ss (nm) 

Rs 

(Ω-cm2) 

Rp 

(Ω-cm2) 

Voc 

(mV) 

Jsc 

(mA/cm2) 
FF 

η 

(%)  

W/O Ag 
PET 

330 19 1076 796 6.94 0.58 3.21 

With Ag 
 

19 1519 795 7.14 0.58 3.30 

W/O Ag 
Corning 

330 17 989 797 7.82 0.59 3.70 

With Ag 
 

16 1058 794 7.94 0.59 3.82 

With Ag PI 330 25 984 782 7.41 0.58 3.36 

With Ag PP 
330 27 46 533 5.63 0.31 0.96 

200 24 50 571 6.05 0.32 1.08 

 

Figure 6.4 shows the J-V characteristics of the solar cells on PP substrates with two different 

i- layer thickness 330 and 200 nm. As per our knowledge, we are reporting for the first time 

a-Si:H thin film solar cells fabricated on PP at low Ts 110oC. The conversion efficiency of 

0.96 and 1.08% correspond to 330 and 200 nm of i- layer thickness respectively. The values 

of Voc, Jsc, FF and  (%) for these cells are listed in Table 6.5.  

 

Figure 6.4: J-V characteristics of solar cell with different i-layer thickness (200nm, 330nm) on photo 

paper. 

The efficiency of these cells on PP substrates is lower than cells on PI, PET and Corning 

substrates due to significantly low shunt resistance and high series resistance (Table 6.5). 

This could be the possible reason for the lower value of Jsc, Voc and FF for the cells on PP. It 
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is also observed that increase in i- layer thickness (200 to 330 nm) results in decrease in 

efficiency (1.08 to 0.96%) on photo paper substrate. There could be several reasons for the 

poor performance of the device with thick absorber layer, which include the S-W effect [2] 

and poor transport of photo-generated carriers to the respective electrodes due to drift and 

diffusion limited issues. It could also be a possible reason for lower Jsc and  values for solar 

cells on PP substrates. 

6.2.3 Influence of H2 plasma treatment (HPT) at interfaces and a-SiC:H(p) as window 

layer 

We have fabricated n-i-p single junction solar cells at Ts ~ 150oC and110 oC under different 

conditions as follows; case (i): a-Si:H(p) as a window layer without HPT at n/i and i/p 

interfaces; case (ii): a-Si:H(p) as a window layer and with HPT at n/i and i/p interfaces; case 

(iii): a-SiC:H(p) as a window layer along with HPT at n/i and i/p interfaces. The deposition 

parameters used for fabrication of solar cells are listed in Table 6.1 and Table 6.2.  

Figure 6.5 (a & b) and Figure 6.6 (a-c) show the current density-voltage (J-V) characteristics 

of n-i-p solar cells fabricated on different substrates at Ts=150oC and Ts=110oC respectively. 

The parameters of the solar cells fabricated at Ts=150°C and Ts=110°C are listed in Table 6.6 

and Table 6.7 respectively. It has been observed that, with the HPT treatment at n/i & i/p 

interface (Case (ii)) of the solar cell fabricated at 150°C and 110°C, the current density (Jsc) 

was slightly increased on PI and Corning substrate but there was no significant change in Jsc 

values in case of PET substrate (110°C). Further, in Case (iii), a small increase in Jsc was 

observed with a-SiC:H(p) as window layer along with HPT for solar cells on PET, PI and 

Corning substrates. 

 

Figure 6.5: Current density vs voltage (J-V) characteristics of solar cells fabricated at Ts=150oC on 

(a) PI (b) Corning substrates. 
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Figure 6.6: Current density vs voltage (J-V) characteristics of solar fabricated at Ts=110oC on (a) 

PET (b) PI (c) Corning substrates. 

The open circuit voltage (Voc) for cell fabricated at Ts=150oC on PI and Corning and cells 

fabricated at Ts=110oC on PET and Corning substrate was not much influenced with HPT 

(case (ii)), whereas a significant improvement for solar cells at Ts=110oC on PI substrate was 

observed. The improvement in Jsc and Voc with HPT at interfaces is due to surface passivation 

of unsaturated bonds with atomic hydrogen [19]. In case (iii), the Voc of solar cells on PET, PI 

and Corning substrate has enhanced compared to Voc of solar cells in case (i). The fill factor 

(FF) of the cells fabricated at 110oC on PET, PI and Corning are found to be equal and not 

affected by HPT at the interface, however a small increase in FF was observed for cells 

fabricated at 150oC on PI in case (ii). A small increase in FF was observed for cells 

fabricated at 150oC and 110oC in case (iii) for all the substrates. In order to estimate the Rs 

and Rsh of the solar cells, the slopes of J-V curve near short circuit and open circuit points 

were calculated. The Rsh and Rs were significantly improved in the solar cells on PI (Ts= 

150oC and 110oC) and Corning (Ts=150oC) substrate with HPT at n/i and i/p interfaces. 

Whereas, no significant change in Rs value of solar cells were observed on PET and Corning 

substrates (Ts=110oC) after HPT (Case (ii)) though a slight increment in Rsh value was 

observed in this case. However, the Rs and Rsh values of solar cells on PET, PI and Corning 
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substrates had significantly improved in case (iii) as compared to case (i). Here, the efficiency 

of solar cells was clearly enhanced with a-SiC:H(p) as a window layer with HPT at 

interfaces. Our solar cell results are very close to the values reported in literature for 

amorphous silicon based solar cells fabricated at low Ts [12, 15, 17, 20-23].  

Table 6.6: Single junction n-i-p solar cell parameters for Ts at 150oC on PI and Corning substrates 

 Substrate 

 

Rs 

(Ω-cm2) 

Rsh 

(Ω-cm2) 

Voc 

(mV) 

Jsc 

(mA/cm2) 

FF η 

(%) 

a-Si:H(p) as p-

layer + without 

HPT at n/i & i/p 

interface 

PI 20.32 1032.78 772 7.44 0.59 3.38 

Corning 17.50 1113.63 790 8.16 0.59 3.81 

a-Si:H(p) as p-

layer + with HPT at 

n/i & i/p interface 

PI 14.43 2226.18 776 7.65 0.64 3.80 

Corning 16.69 2222.22 795 8.72 0.59 4.01 

a-SiC:H(p) as p-

layer + with HPT at 

n/i & i/p interface 

PI 9.33 2520.00 795 7.94 0.66 4.15 

Corning 13.06 2921.01 818 8.93 0.65 4.76 

 

Table 6.7: Single junction n-i-p solar cell parameters for Ts at 110oC on PET, PI and Corning 

substrates 

 Substrate 

 

Rs 

(Ω-cm2) 

Rsh 

(Ω-cm2) 

Voc 

(mV) 

Jsc 

(mA/cm2) 

FF η 

(%) 

a-Si:H(p) as p-

layer + without 

HPT at n/i & i/p 

interface 

PET 19.68 1519.9 795 7.14 0.58 3.30 

PI 25.35 984.37 782 7.41 0.58 3.36 

Corning 16.91 1058.82 794 7.94 0.59 3.82 

a-Si:H(p) as p-

layer + with HPT at 

n/i & i/p interface 

PET 18.08 1344 801 7.16 0.6 3.48 

PI 19.78 1460.02 796 7.88 0.58 3.64 

Corning 16.32 1565.21 798 8.29 0.61 4.00 

a-SiC:H(p) as p-

layer + with HPT at 

n/i & i/p interface 

PET 15.53 2183.71 809 7.44 0.61 3.66 

PI 18.86 1869.43 811 7.94 0.63 4.06 

Corning 15.54 2146.5 810 8.61 0.62 4.27 
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Figure 6.7: External quantum efficiency of solar cell fabricated at Ts=150oC on (a) PI (b) Corning 

substrates 

 

Figure 6.8: External quantum efficiency of solar cells fabricated at Ts=110oC on (a) PET (b) PI (c) 

Corning substrates. 

To further investigate the effect of HPT at interfaces and a-SiC:H(p) window layer on solar 

cell performance, external quantum efficiency (EQE) was measured for all a-Si:H solar cells. 

Figure 6.7 (a & b), Figure 6.8 (a-c) show EQE spectra of of n-i-p solar cells fabricated on 

different substrates at Ts=150oC and Ts=110oC respectively. It was observed that after HPT 
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treatment (Case (ii)), the EQE spectra of solar cells on PET, PI and Corning substrates 

remained identical in the low wavelength region 350-430 nm and long wavelength region (> 

650 nm) however in the wavelength range of 450-640 nm, a gradual increase in EQE 

response was observed for all the substrates. The increase in EQE values in the wavelength 

range of 450-640 nm is attributed to the change in sub-layers after HPT, which results in  

improvement in performance of the cells on PET, PI and Corning substrates. The sub-layer 

formed with the HPT acts as a buffer layer, which has a lower defect density and improves 

the interface properties. In case (iii), with a-SiC:H(p) as window layer, additional 

improvement in EQE is observed in the wavelength region (430-550 nm) due to wider band 

gap of the window layer, which allows the transmission of photons through p- layer which 

are later absorbed in i- layer. In the wavelength region >600 nm, no change in EQE response 

was observed in cells on PET, PI and Corning substrates. The improvement in EQE is 

reflected as increase in Jsc of the solar cells. 

6.3 Conclusion:  

Influence of i- layer thickness on solar cell (Ts: 150oC): In this case, influence of i- layer 

thickness on solar cell efficiency was studied. The values of Voc, Jsc, FF and η (%) for solar 

cells fabricated on flexible PI substrate are similar to those on conventional Corning 

substrate. We have observed that with increase in i- layer thickness, η (%) was increased due 

to more absorption of photons in the cells on Corning and PI substrates. Whereas for solar 

cells fabricated on PP, best cell efficiency (1.54 %) are obtained for lower thickness (200 nm) 

of i- layer, due to the S-W effect being dominant as compared to cells fabricated on PI and 

Corning substrates. 

Influence of back reflector on solar cells (Ts: 110oC): In this study, solar cells (n-i-p) were 

fabricated on a number of substrates including Corning as well as flexible PET, PI and PP at 

low substrate temperature of 110oC. A small increase in Jsc was observed when Ag is used as 

back reflector on PET and Corning substrates, which was also observed  as an improvement 

in in EQE in the mid and long wavelength region. The performances of solar cells on 

Corning, PI and PET substrates are comparable and show promising results with significant 

amount of cell efficiency. Whereas for solar cells fabricated on PP, best cell efficiency (1.08 

%) are obtained for lower thickness (200 nm) of i- layer, due to the much lower carrier 

diffusion length as compared to those fabricated with higher thickness (330 nm) of i- layer. 

The study show that PP could also be a potential flexible substrate for the fabrication of 
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cheap silicon based solar cell. We believe that with further optimization of deposition 

parameters, it is possible to increase the efficiency of a-Si:H based solar cells on photo paper 

at a low substrate temperature.  

Influence of H2 plasma treatment at interfaces and a-SiC:H(p) as window layer: In this 

study, the influence HPT at n/i and i/p interface layers along with a-SiC:H(p) as window 

layer on performance of solar cells has been investigated. The performance of n-i-p solar 

cells on flexible PET, PI and rigid Corning substrate was slightly improved after HPT, before 

the deposition of i- layer and a-Si:H(p) layer due to improvement of n/i and i/p interface 

layer. The performance was further improved when a-Si:H(p) was replaced with a-SiC:H(p) 

layer which also acts as window layer. Our results point out the importance of wide band gap 

a-SiC:H(p) as window layer along with HPT at the interfaces for better performance of the 

solar cells. 
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Conclusion and Future Scope 

 

 

The aim of the work presented in this thesis was to fabricate amorphous silicon solar cells on 

flexible substrates. For the device fabrication, we have studied the influence of different 

deposition parameters on the microstructural and optoelectronic properties of each layer. 

Solar cells were fabricated on flexible (Polyimide, PET and photo paper) and rigid corning 

1737 glass substrates using individual layer deposition parameters corresponding to device 

quality films for the intrinsic and doped amorphous silicon films. We have achieved a few 

new results, which are not reported in literature prior to this work. The overall conclusion of 

the thesis work and future research scopes are given in the following sections. 

7.1 Thesis conclusion 

 The effect of substrate temperature (Ts) on microstructure and optoelectronic 

properties of the intrinsic a-Si:H films deposited on rigid Corning, flexible PI and PP 

substrates is studied. The formation of nanocrystallites started in amorphous matrix at 

around Ts=130 
o
C and it was further increased with increase in Ts irrespective of the 

substrate. With increase in Ts, an improvement in the SRO and less broadening in 

<2> was observed from Raman and ellipsometry measurements. The films deposited 

at high Ts (≥ 150 
o
C) exhibit a high photosensitivity (~ 6 orders of magnitude) at room 

temperature. 

 Influence of variation in H2 flow rate during SiH4 plasma on microstructure and 

optoelectronic properties of the intrinsic a-Si:H films, deposited on Corning, and PP 

substrates at Ts = 150
o
C, is studied. The formation of nanocrystallites took place in the 

amorphous film on both the substrates irrespective of HFR. The crystallite size 

calculated from Raman spectroscopy was found to increase with increase in HFR. SE 

studies showed that, <2>max shifted towards high energy side with increase in HFR 

due to presence of nanocrystallites in the film. The thickness of the film has decreased 

at higher HFR as atomic H lead to excessive etching and breaking of weak Si–Si 

bonds. FTIR studies showed the hydrogen content is in the range of ~ 8.97±0.44-
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10.78±0.53 atomic %. These films are found to possess good photo sensitivity (~6 

orders of magnitude). 

 Influence of variation of rf power during silane plasma on microstructure and 

optoelectronic properties of the intrinsic a-Si:H films, deposited on Corning, and PP 

substrates at Ts = 110 
o
C, is studied. Raman and spectroscopic ellipsometry show that 

films are purely amorphous irrespective of rf power. In FESEM images, a rough 

microstructure is seen for films on PP, whereas film on Corning seems to be very 

smooth. The films deposited at rf power of 50 W on Corning, and 40 W on PP possess 

device grade quality; improvement in the SRO, less broadening in <2>, lesser Si-H2 

fraction and good photosensitivity (σph/σd) ~ 4 orders of magnitude in these films. 

 Influence of rf power on microstructure and optoelectronic properties of the a-Si:H(p) 

films deposited at Ts = 110 
o
C, is studied. Raman and spectroscopic ellipsometry 

results show that films are purely amorphous structure irrespective of rf power. The 

films deposited at rf power of 60 W possess device grade quality; improvement in the 

SRO, less broadening in <2>, lesser Si-H2 fraction. The dark conductivity of a-

Si:H(p) films show more than 4 orders of magnitude increase from that of intrinsic a-

Si:H films. These results suggest that films are doped efficiently by adding diborane 

during deposition. 

 Effect of MFR on structural and optoelectronic properties of a-SiC:H(p) films is 

studied. Thin films deposited at different MFR are amorphous in nature as confirmed 

by Raman spectroscopy measurements and also supported by the SE measurements. 

The mass density of film decreases with increase in the carbon content due to increase 

in void density at higher MFR. The FTIR results show hydrogen bonded to Si 

decreases due to etching of hydrogen atoms and replacement of weak Si-H bonds with 

Si-C. The bond densities Si-C and C-H (NSi-C and NC-H), increase steadily with the 

increase in CH4 flow rate. Films deposited  at MFR=1 sccm was  found to be suitable 

for solar cell fabrication due to its less broadening in <2>, low SRO, MRO and lower 

densities of Si-C and C-H bonds. 

 Structural and optoelectronic properties of a-Si:H(n) films were studied with variation 

in Ts (90-150
o
C). Raman and SE results confirmed that all the deposited films are 

amorphous in nature irrespective of variation in Ts. The dark conductivity of a-

Si:H(n) films showed more than 6 orders of magnitude increase as compared to that of 

intrinsic a-Si:H films. These results suggest that films are doped efficiently by adding 
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phosphine during deposition. The activation energy of the Ts=150
o
C film was 0.33eV, 

suggesting that Fermi level is closer to conduction band for these phosphorus doped 

films. 

 Influence of process pressure on microstructure and optoelectronic properties of the 

ITO films studied. The XRD results show that (222) plane is most preferred 

orientation, though other planes are also present in the film indicating polycrystalline 

structure. UV-Vis-NIR show all ITO films are highly transparent (>85%) and 

maximum % transmission is very close to bare Corning glass substrate. Thicknesses 

of the films decreases with increase in the process pressure due to the decrease in 

mean free path of sputtered atoms. The resistivity decreases with increase in the 

pressure and lowest sheet resistance (~11.6 Ω/□) was found for the film deposited at 

0.054 mbar.  

 Influence of Ar flow rate variation on microstructure and optoelectronic properties of 

the ITO films is studied. The XRD results show that (222) plane is most preferred 

orientation though other planes are also present in the film indicating polycrystalline 

structure. UV-Vis-NIR show all ITO films are highly transparent (>85%) and 

maximum % transmission is not influenced by variation in Ar flow rate. The lowest 

values of resistivity (3×10
-4

 Ω-cm) and sheet resistance (~9.75 Ω/□)) are found to be 

for film deposited at 7 sccm. 

 Influence of i- layer thickness on solar cell efficiency was studied. The values of Voc, 

Jsc, FF and η (%) fabricated solar cells on flexible PI substrate are similar to those on 

conventional Corning substrate. We have observed that with increase in i- layer 

thickness, η (%) was increased due to more absorption of photons in the cells on 

Corning and PI substrates. Whereas in the solar cells fabricated on PP, best cell 

efficiency (1.54 %) are obtained for lower thickness (200 nm) of i- layer due to the S-

W effect being dominant as compared to cells fabricated on PI and Corning 

substrates. 

 Solar cells (n-i-p) were fabricated on a number of substrates including Corning as 

well as flexible PET, PI and PP at low substrate temperature of 110
o
C. A small 

increase in Jsc was observed when Ag is used as back reflector on PET and Corning 

substrates, which was also observed as an improvement in in EQE in the mid and long 

wavelength region. The performances of solar cells on Corning, PI and PET substrates 

are comparable and show promising results with significant amount of cell efficiency. 
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Whereas for solar cells fabricated on PP, best cell efficiency (1.08 %) are obtained for 

lower thickness (200 nm) of i- layer, due to the much lower carrier diffusion length as 

compared to those fabricated with higher thickness (330 nm) of i- layer. The study 

show that PP could also  be a potential flexible substrate for the fabrication of cheap 

silicon based solar cell. We believe that with further optimization of deposition 

parameters, it is possible to increase the efficiency of a-Si:H based solar cells on 

photo paper at a low substrate temperature. 

 The influence HPT at n/i and i/p interface layers along with a-SiC:H(p) as window 

layer on performance of solar cells has been investigated. The performance of n-i-p 

solar cells on flexible PET, PI and rigid Corning substrate was slightly improved after 

HPT, before the deposition of i- layer and a-Si:H(p) layer due to improvement of n/i 

and i/p interface layer. The performance was further improved when a-Si:H(p) was 

replaced with a-SiC:H(p) layer which also acts as window layer. Our results point out 

the importance of wide band gap a-SiC:H(p) as window layer along with HPT at the 

interfaces for better performance of the solar cells. 

7.2 Scope for future work 

Some of the future research scopes based on the present thesis could be followings: 

 Since we are not able to deposit nanocrystallites embedded a-Si:H films at Ts ≤ 

110
o
C, a few additional changes in deposition parameters such as H2 dilution, process 

pressure etc. could also be tried to see their effect on structural and optoelectronic 

properties of a-Si:H films at low Ts. 

 Solar cells fabricated on photo paper show low efficiency in comparison to those 

fabricated on PET, PI and Corning substrates. However, a deep instigation is required 

to find out the actual cause of this behavior. 

 Texturing of the ITO can improve the light travelling path in with the solar cell to 

increase the efficiency of the cell. 

 The ultimate aim is to fabricate multi junction solar cells on flexible substrates to 

achieve better device performance. 
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Atomic force microscopy (AFM): 

The AFM measurements were performed on bare Corning 1737 glass (corning), polyimide 

(PI) and photo paper (PP) substrates. Figure A1 (a-c) show the 2D images of bare corning, PI 

and PP substrates respectively. The root mean square (RMS) roughness values are estimated 

to be 0.28 nm, 0.83 nm and 6.56 nm for corning, PI and PP substrates respectively. 

 

Figure 1A: 2- dimensional AFM surface morphologies of bare (a) corning 1737 glass (b) polyimide 

and (c) photo paper substrates respectively. 

Photocurrent decay:   

The photo current decay of a-Si:H thin film (Ts=150
o
C) on corning, PI and PP is shown in 

Figure A2. The photocurrent decays much rapidly in case of films on PP (for films on 

Corning, the decay is very slow), which indicate that S-W effect [1] is more pronounced on 

these films. 
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Figure A2: photo current decay of a-Si:H thin film (Ts = 150oC) on Corning, polyimide and photo 

paper substrates. 
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