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Thin film amorphous silicon (a-Si) is a low cost alternative to crystalline 

silicon wafers used in solar cells. A-Si is advantageous in that it can be 

deposited onto low cost substrates such as glass or flexible polymers, is scalable 

to large areas, and uses low processing temperatures (< 250•‹C). The main 

drawback is that a-Si degrades upon exposure to light. Nanocrystalline silicon 

(nc-Si:H), on the other hand, deposited in the same method as a-Si but with 

added hydrogen gas, is stable against light induced degradation and has 

sensitivity at longer wavelengths. In this work, intrinsic nc-Si:H is prepared by 

hot-wire chemical vapor deposition, a technique which has potential for high 

deposition rates and easy large area scale-up. Films are characterized by 

Raman Spectroscopy, Fourier Transform Infrared Spectroscopy, X-Ray 

Diffraction, Transmission Electron Microscopy and electrical conductivity 

measurements. Thin film solar cells are fabricated and characterized by I-V and 

quantum efficiency measurements. 

Keywords: Solar Cell, Crystalline, Silicon, Thin Film, Chemical Vapor 
Deposition 

Subject Terms: Silicon, Amorphous Semiconductors, Solar Cells 
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I Introduction 

This chapter provides background information for solar energy, 

amorphous silicon technology and its application in solar cells. In addition, 

plasma enhanced chemical vapor deposition and hot-wire chemical vapor 

deposition is discussed as the major deposition methods for amorphous silicon. 

This chapter is concluded with the aim and outline of this thesis. 

I .I Solar Energy 

The ever increasing demand for energy worldwide and record high fossil 

fuel prices has led to the growing need for renewable energy technologies which 

are environmentally friendly with sources available in nearly everlasting 

abundance. One such renewable technology is the solar cell which converts 

photons into electricity. At the moment, monocrystalline or multi-crystalline 

silicon wafer based solar cells make up 94% of the solar energy market [I]. 

Although energy efficiencies of these devices are relatively high, up to 24.7 % for 

laboratory-fabricated solar cells [2], the bandgap of 1.1 eV of crystalline silicon is 

an indirect bandgap, meaning an absorbed phonon is necessary to compensate 

for the missing momentum vector in the photoexcitation of an electron from the 

valance to conduction band. As a result, thick layers of crystalline silicon are 

required for efficient light absorption. Furthermore, the purification process of 

silicon wafers tends to be expensive and as a result the silicon substrates alone 



account for 40-50% of the total solar module cost, thus limiting its cost- 

effectiveness. One alternative to the silicon wafer based solar cell that has 

gained considerable attention around the world is the thin film 

amorphous/nanocrystalline solar cell. 

1.2 Amorphous Silicon 

One niajor advantage of thin film silicon solar cells is that the nature of the 

technology allows for depositing devices onto low cost substrates such as glass, 

stainless steel or polymer foils, eliminating the need for high cost silicon wafer 

substrates. In addition, the a-Si bandgap of 1.8 eV is a direct bandgap and as a 

result is highly absorptive requiring a thickness of < 1000 nm for a single junction 

solar cell [3]. Thin film technology is also amenable to large area depositions 

such as one meter in width and therefore is amenable to high volume 

manufacturing. In addition, deposition temperatures of thin films silicon are low 

(100 - 250 "C), facilitating deposition of solar cells on flexible polymer substrates. 

Other advantages include tuneable bandgap, abundance of silicon, and 

availability of light trapping arrangement. The bandgap of a-Si can be decreased 

by alloying with another materials such as germanium for narrowing the bandgap 

to absorb longer wavelength light or with carbon for widening the bandgap to 

become more transparent to light. 

The main challenge with a-Si is that it is susceptible to light induced 

degradation, also known as the Staebler-Wronski effect [4]. Upon exposure to 



light, the density of dangling bonds increases resulting in the reduction of lifetime 

of free carriers an effect that saturates ordy after a long period of tinie. In fact, 

the degradation of a solar cell can be over 38% before stabilization and depends 

on the quality of the absorbing layer [5]. There are however, methods to limit the 

degradation of a-Si. The defect density of hydrogenated amorphous silicon (a- 

Si:H) has a strong relationship with ,the Si-H2 density within the a-Si film [6]. That 

is, lower the SiH2 density within the absorbing layer, lower the solar cell 

photodegradation. In fact, degradation ratios as low as 12 O h ,  after 500 hours of 

light exposure, have been reported for devices fabricated at a substrate 

temperature of 340•‹C with dilution of the process gases in hydrogen. The 

resulting stabilized single junction a-Si:H solar cell efficiency was 8.24 % [5]. 

1.3 Nanocrystalline silicon 

Dilution of process gases with enough hydrogen during a deposition not 

ordy passivates dangling bonds and results in better quality film but can also lead 

to films with a mixed phase, containing small crystallites in an amorphous matrix 

known as nanocrystalline or microcrystalline silicon depending on the material's 

grain size. This material is stable against light induced degradation and has an 

indirect bandgap of between 1 .I and 1.6 eV depending on its crystalline volume 

fraction. Because of its lower bandgap as compared to a-Si, it absorbs light 

further into the near-IR wavelengths and can thus be used as the bottom junction 

absorber in a tandem solar cell where amorphous silicon serves as the top 

absorber. The drawback of nc-Si:H, however, is its low deposition rate as 

crystalline growth is obtained by highly diluting the source gases. In addition, 



since nc-Si:H has a indirect bandgap, thicker layers of 1-3 pm are required for 

efficient light absorption as compared to 300-500 nm for a-Si. As a result, high 

deposition rates of > I  .5 nmls are required for nc-Si:H to be econorr~ically viable 

in production [3]. In the next two sections, two deposition techniques for thin film 

silicon with high deposition rates, plasma enhanced chemical vapor deposition 

and hot-wire chemical vapor deposition, are discussed. 

1.4 Plasma Enhanced Chemical Vapor Deposition 

The standard in thin film silicon deposition is plasma enhanced chemical 

vapor deposition (PECVD), also known as glow discharge technique. In this 

technique a plasma is ignited by applying a direct current (DC) or alternating 

current, usually with a frequency of 13.56 MHz, power input to a pair of 

electrodes in a vacuum chamber in which silane gas is introduced. Collisions 

with electrons cause the silane molecules to dissociate into a mixture of ions and 

silicon containing radicals (SixH,) and hydrogen radicals [3:1,[8]. These species 

diffuse or drift to the surface of the substrate where secondary reactions take 

place. The resulting species adsorb at the substrate surface and contribute to 

film growth. Although RF (1 3.56 MHz) PECVD is the most widely used method 

for the deposition of a-Si in production, deposition rates are fairly slow for nc-Si:H. 

As a result, in order to improve deposition rates, different methods such as high 

density PECVD or very high frequency (VHF) PECVD have been shown to 

improve deposition rates considerably. For example, single junction solar cells 

with a reported efficiency of 9 % were deposited at a deposition rate of up to 5-6 

k s  in a high deposition pressure (8 Torr), high power regime at RF 13.56 MHz 



excitation frequency [9]. The drawback with this method is that powder formation 

is known to occur at such high pressures, a major issue for high throughput 

reactors. Another deposition technique which has gained considerable interest 

recently for high deposition rates of nc-Si:H is VHF-PECVD with excitation 

frequencies between 40-1 00 MHz. For example, a single junction PC-Si solar cell 

with 8.5% efficiency was deposited at a rate of 31 a/s [ lo], and a triple junction a- 

Si:H/pc-Si:Hlyc-Si:H solar cell was reported to have an efficiency of 13.1 % 

where the PC-Si:H layers were deposited at a rate of 10 a/s [ I  I ] .  However, as 

the excitation frequency is increased, the wavelength approaches the dimension 

of the electrode, which results in film non-uniformities due to standing waves on 

the electrode surface. As a result, unconventional electrodes such as the ladder 

electrode are req~uired for large area up-scaling [10],[12]. 

1.5 Hot-wire Chemical Vapor Deposition 

A promising alternative to PECVD is a technique called hot-wire chemical 

vapor deposition (HWCVD) which has potential for high deposition rates [ I  31 and 

simple large area up-scaling [14]. First used for the deposition of a-Si:H in 1979, 

HWCVD [ I  51, also known as Catalytic-CVD (Cat-CVD) [16], involves a catalytic 

cracking reaction of source gases on a heated catalyzer. As a result unlike 

PECVD there are no ions present during HWCVD deposition meaning there is no 

ion bombardment which can cause defects in a film. Furthermore, the low 

deposition pressure during HWCVD results in no powder formation [ I  71. 



However, a major challenge with HWCVD deposition is the control of 

substrate temperature since the heated filament itself radiates heat. A deposition 

temperature below 250•‹C is essential for device quality films as defect densities 

increase at higher temperature [ I  81. Another drawback of HWCVD using a 

metallic catalyzer such as tantalum and tungsten is that reactions of silane result 

in the formation of silicides both on the surface and within the bulk of the filament. 

Silicides causes filament to age which can cause changes in film quality over 

time. Fortunately, there exist methods for reducing silicide formation such as 

pre-treating filaments at high temperatures [17], keeping the filament temperature 

over a certain value during deposition (1650•‹C for Ta and 1700•‹C for W) [19], or 

applying an alternating current of frequency 13.56 MHz to the filament [20], which 

suppresses silicon indiffusion into the filament. 

I I HWCVD using a graphite filament 

The first filament type used in this study was the graphite catalyzer 

filament. Nc-Si:H growth has been previously been reported to occur for a broad 

range of deposition conditions using the graphite filament [21], limited by the 

incorporation of C into the films which occurs at the higher filament temperatures 

(Tf > 1600 "C). Growth of nc-Si:H films with high photosensitivity at high reactant 

pressures (500 mTorr) was also reported using this filament material [22]. 

Compared to the more commonly used tantalum and tungsten wires, the main 

advantage of graphite wire catalysers is that they reportedly have longer lifetimes 

while still being able to produce high efficiency a-Si solar cells [23]. In addition, 

below a certain temperature, 1650 "C for Ta and 1700 "C for W [19], silicide 



formation is known to occur on the filament. This causes a reduction in 

deposition rate and aging of filaments, an effect which is enhanced at higher 

deposition pressures. Carbon, being less electropositive than silicon, is not 

expected to form silicon carbides as easily. In fact, graphite filaments have been 

reported to have no noticeable change in electrical characteristic even after 

several tens of hours of deposition [22],[23]. 

With these considerations, this study examines the deposition of pc-Si:H 

using a graphite filament under conditions at which silicide formation is normally 

expected to take place in Ta and W filaments. The filament temperature was set 

between 1500•‹C and 1550 "C and a relatively high pressure of 300 mTorr was 

used. The use of a lower filament temperature in this range should also rrtinirnize 

carbon incorporation into films [21]. Although PC-Si:H grown using a graphite 

filament was previously reported to have a wide window of feasible deposition 

parameters [22], at 300 mTorr pressures this study found that pc-Si:H films could 

be grown only at low silane concentrations below 1.5 % [24]. 

1.5.2 HWCVD using a Tantalum filament 

Although graphite filament has been shown to deposit high quality a-Si:H 

solar cells there are several limitations with using this material for the heated 

catalyzer. For example, increasing the filament temperature above 1600•‹C leads 

to increased carbon contamination into films [21] thus limiting how high the 

deposition rate can be increased. In addition, the transition point between 

amorphous to nanocrystalline silicon was found to be at a very low silane 



concentration of < I  .5 % for graphite possibly because graphite does not 

dissociate hydrogen as efficiently as other filaments [25]. 

Tantalum on the other hand has been to shown to deposit high quality 

amorphous and rr~icrocrystalline silicon solar cells even at filament temperatures 

of up to 1850 "C [26]. In addition, Ta was filament type used to deposit the 

highest recording efficiency of single junction microcrystalline silicon solar cell 

deposited by HWCVD of 9.4% at a filament temperature of 1650•‹C and 

deposition rate of 0 . 9 h  [18]. Tungsten is another material commonly used for 

a-Si and nc-Si:H depositions but normally has a higher operating temperature 

than Ta. Since one of the goals of this study is to maintain a low substrate 

temperature, Ta was chosen as a filament material for the following study. 

1.6 Solar Cell Technology 

Solar photovoltaic cells convert the energy from sunlight into electricity. 

Light is made up of packets of energy called photons, which when absorbed into 

a material can excite an electron from its ground state in the valence band to a 

higher energy state in the conduction band where it is free to move and can 

contribute to the net current. The separation between the valence band and 

conduction band is called the band gap and it is this gap that allows excited 

electrons to remain in the conduction band for a much longer period than the 

material's thermal relaxation time such that they can be collected during a 

process called charge separation. 



For charge separation to occur either an electric field or electron density 

gradient is required. The basic a-Si solar cell is a p-i-n junction, where an electric 

field is present between the p' and n' layers. For a-Si and pc-Si, the lifetime of 

the photoexcited free charge carriers are short due to high concentrations of 

defects associated with doping the p' and n' type layers. Thus an undoped 

intrinsic or i-layer with a low defect density, located between the doped layers is 

necessary to lerrgthen the mean free path of the holes, which is the slowest 

carrier, so as to allow them to spatially separate from the electrons and be 

collected [27]. The built-in potential difference between the p' and n' depletion 

regions results in an electric field that drives electrons to the n' doped side and 

holes to the p' doped side [28]. Under zero bias condition, the ideal uniform 

doped distributions plotted with respect to distance x is shown in Figure I- l (a),  

where Nd and N, denote the donor and acceptor concentrations and X, and x,, 

denote the p and n depletion regions respectively. The corresponding ideal 

electric fields and potentials are show in Figure I - l (b)  and (c) respectively. Note 

that in the ideal case, the electric field is constant and the potential is a linear 

straight light within the intrinsic region. 



Figure 1-1: (a) Net dopant concentration , (b) electric field, and (c) potential for a p-i-n 
diode under zero bias condition. 

It turns out that in practice, the intrinsic layer regions near the p+ and n+ 

layers contain a relatively high space charge density as compared to the middle 

region, thus resulting in a higher electric field nearer the p+ and n+ edges. The 

mean free path of free charge carriers in a field is given as A =  vo,  where vd is 

the velocity and z is the lifetime. Even in very weak fields, holes have drift 

lengths that are long enough for most of them to be collected. However, if the 

electric field is zero near the middle of the i-layer for a length comparable to the 

diffusion length, the charge separation will be reduced significantly [27]. 



1.7 Aim of this Work 

The aim of this work is to determine the effect of varying different 

deposition conditions during the deposition of nc-Si:H by HWCVD using both a 

heated graphite and tantalum catalyzer. The limitations and potential of HWCVD 

for the deposition of high quality films at high deposition rates are considered. 

Substrate temperatures below 250•‹C are targeted in order to obtain high quality 

films and facilitate the possibility of deposition on polymers substrates. 

Furthermore, the highest quality intrinsic films are incorporated into single 

junction solar cells and characterized. 

1.8 Outline of Thesis 

This thesis consists of 6 chapters. Chapter 1 provides a basic introduction 

to amorphous silicon technology and thin film silicon solar cells and experimental 

details are discussed in Chapter 2. Chapter 3 details the deposition of nc-Si:H 

films by HWCVD using a graphite filament as well as the effect of highly 

crystalline seed layers on nc-Si:H growth. The deposition of nc-Si:H films by 

HWCVD using a tantalum filament is discussed in Chapter 4. Fabricated solar 

cells using HWCVD deposited intrinsic layers are presented in Chapter 5 and 

Chapter 6 surr~marizes the main conclusions of these studies. 



2 Experimental Techniques 

This chapter provides details pertaining to the deposition setup for film and 

device fabrication as well as the electrical and structural analysis methods used 

to characterize these films and devices. 

2.1 Hot-wire Chemical Vapor Deposition 

Hot-wire CVD involves the decomposition of silicon-containing gases at a 

heated catalyzer, usually Tungsten (W) or Tantalum (Ta), but sometimes 

graphite or molybdenum are used. The radicals produced by this decomposition 

react in gas phase to produce silicon precursors. Radicals reported by various 

researchers include: Si, SiH, SiH2, SiH3, H, Siz, Si2H4 and Si2H6 [29],[30]. Unlike 

plasma deposition, where decomposition species are believed to be primarily 

SiH3, SiH2, H and all SiH, species, for HWCVD silane gas is mostly atomized to 

H and Si [31]. A filament temperature of above 1300 "C is necessary to produce 

significant quantities of useful film-growing precursors. Above this temperature 

and at low pressures, hot H and Si dominate the radical flux to the a-Si:H surface 

and contribute to a considerable fraction of the film growth [31],[32]. SiH3 

produced by gas phase reactions between H and SiH4 is also one of the main 

deposition species [31],[33]. In addition, SiH2 and Si2H2, existing in lesser 

amol-mts, also contribute to film deposition. At filament temperatures above 



1800 "C, SiH3' and increases considerably as the Si quantity approaches 

saturation [34]. 

2.2 Deposition Setup 

Films were prepared in a commercially available multi-chamber HWCVD 

and PECVD system. All doped films were deposited in one chamber by PECVD 

whereas all intrinsic films were deposited in a second chamber by HWCVD. An 

Isolation and Transfer Zone (ITZ) chamber enabled the transfer of the substrate 

from one chamber to the other without exposure to air. An overview of the 

deposition setup is shown in Figure 2-1. A heater well located behind the 

substrate was used in both chambers for preheating the substrate. 

Isolation and 
Transfer Zone (ITZ) 

Figure 2-1: Illustration of Deposition Setup 



Silane concentrations diluted in hydrogen were calculated as a ratio 

between silane flow rate and total gas flow rate: SC = [SiH4]/([SiH4]+[H2]). 

Deposition pressure was controlled automatically via a throttle valve and the 

system base pressure was I XI ~ o r r .  Films were deposited on 0.7 mm thick 

Corning 1737 glass substrates for electrical conductivity, Raman spectroscopy, 

and XRD measurements and single crystalline (100) silicon wafers for cross 

sectional Transmission electron microscopy measurements. Thicknesses were 

measured on Corning glass substrates using a stylus-based surface profiler with 

su b-angstrom precision. 

2.2.1 PECVD 

PECVD films were deposited using a conventional 13.56 MHz RF signal 

with an anode-cathode distance of 1.5 cm and an electrode area of 11 cm x 11 

cm. RF power density was in the range of 370 - 410 mw/cm2 and silane (SiH4) 

flow rates were between 1 - 2 sccm. The base pressure was Torr, the 

deposition pressures were between 375 - 1000 mTorr and substrate 

temperatures were between 150 - 175 "C. 

2.2.2 HWCVD 

HWCVD films were prepared in the same deposition chamber using two 

different types of filaments: graphite and tantalum. In both cases, filaments were 

10cm in length and positioned parallel to the direction of gas flow. Filament 

temperatures were measured using an optical pyrometer and ranged between 



Tf = 1400-1850 "C, for the graphite filament and Tf = 1650-2100 "C for the Ta 

filament. The substrate to filament distance (ds-f) was set between 4 - 4.5 cm, 

unless otherwise specified, the base pressure was lo- '  Torr, and deposition 

pressures varied between 37-300 mTorr. An illustration of the HWCVD setup is 

shown in Figure 2-2. 

Gases: 
Sill4, H2 

d 
d 

C or Ta filaments 
TF 1450-2050•‹C 

Figure 2-2: Illustration of hot-wire chemical vapor deposition setup 

2.2.3 Experiments using a Graphite Filament 

Although a heater assembly was used during all depositions, heat transfer 

to the substrate in vacuum was found to be very inefficient in the deposition 

chamber. Therefore, before each deposition using a graphite filament, 

substrates were preheated for 20 min. using the filament itself with no shutter 

and no gases ,flowing. In addition, before each pre-heat the filament was heated 

to 1800 "C for one minute to help evaporate silicon from the filament from 



previous depositions. Unless specified otherwise, all depositions were done 

using a heater temperature of Th = 21 0•‹C. 

2.2.4 Experiments using Tantalum Filaments 

Each deposition using the Ta filaments was preceded with a pre-treatment 

of heating up the filament above Tf = 1850 "C for 1 min. to kept evaporate silicon 

from the filament followed by preheat of 2 min. at the desired Tf and 2 min. after 

process gases were added to the chaniber. In addition, care was taken to make 

sure gases were introduced into the chamber only after the filament had already 

been heated up to over 1650 "C and similarly the filament was turned off only 

after gases were evacuated from the chamber to avoid silicide formation. These 

procedures required the use of a shutter to block any deposition from occurring 

before each deposition during these pre-treating steps. All depositions were 

done using a heater temperature of Th = 21 0•‹C. 

2.3 Material Characterization Techniques 

2.3.1 Electrical measurements 

Electrical conductivities were measured using two strips of aluminium 

contacts sputtered onto the thin film silicon films, 20 mm in length and 1 mm 

apart. Dark conductivity was calculated from the following equation: 

I I 
o=- 

Vwd ' 

where I is the measured current, V is the applied voltage, I is the distance 

between electrodes (1 mm), w is the width of electrodes (20 mm) and d is the 



thickness of the film in cm's. Photoconductivity was calculated using the same 

equation but under illumination ,from a Halogen lamp at an irradiance of 100 

m w/cm2. 

2.3.2 Structural Analysis 

2.3.2.1 Fourier Transform Infrared Spectroscopy 

Fourier Transform infrared spectroscopy (FTIR) is the study of interaction 

of infrared light with matter, which can be used to yield information about the 

hydrogen content and bonding configurations in a film. Unlike Raman 

Spectroscopy which examines the Raman scattered light perpendicular to the 

incident light source, infrared spectroscopy examines the vibrations of atoms in a 

molecule by passing infrared light through a sample and measuring the fraction 

of light that is absorbed at a particular energy. Analysis of infrared spectra can 

yield compositional information of thin films. In the case of amorphous silicon 

there exists three band groups due to Si-H, bonds: wagging mode at 630 cm-', 

bending mode between 850 and 900 cm-' and stretching mode between 2000 

and 2100 cm-' [35]. The absorption spectra at the wagging mode at around 630 

cm-' can be used to determine the hydrogen content of the film which is of 

interest because a lower hydrogen content is characteristic of films that are more 

stable against photo-induced degradation. The absorption is calculated froni the 

transmittance measured by FTIR using the Brodsky, Cardona, Cuomo method to 

account for shallow interference fringes due to small index of refraction 

differences between the substrate and iilm and is given as: 
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where a is the absorption coefficient, T is the transmittance, To is the theoretical 

transmission of the silicon substrates and d is the film thickness [35], 1361. 

Solving for a the following equation is obtained: 

Infrared spectra data was also analyzed following Brodsky et al [35]. The 

absorption spectra were fitted with a de-convoluted Gaussian curve such that the 

integrated absorption could be calculated using the following equation: 

where x is the absorption mode, and co is the wavenumber [37],[38]. The 

hydrogen content in percentage was calculated as C, = (NH:N, ) x 100% 1391. 

where Nu is the hydrogen concentration given as Nu = As/640 in ~ m - ~ [ 3 5 ] ,  As is the 

proportionality constant taken to be As = 2 . 1 ~ 1  019[39], and Nsi is the atomic 

density of crystalline Si ( 5 ~ 1 0 ~ ~ c m - ~ ) .  

Another absorption band of interest is the bond stretchiug modes which 

consist of two components, one attributed to single hydrogen bonds (Si-H) at 

2000 cm-' and the other by multiple hydrogen bonds (SiH2 and SiH3) at 2100 cm- 



[36]. In general, the single hydrogen bonds are considered to be denser in 

structure and produce films with less photoinduced structural changes than that 

of multiple hydrogen bonds found in less dense films [40],[41]. The ratio between 

the two stretching modes, called the microstructure fraction is defined as: 

where larger R (0 < R < 1) represents a larger void fraction in the film [42]. The 

stretching bands around 2000 cm-' and 2100 cm-' were de-convoluted into two 

Gaussians such that the integrated absorption could be calculated separately. 

All measurements were done on a Thermo Nicolet Nexus 670 FT-IR 

spectrometer with a wavenumber sensitivity of 1 cm-I. 

2.3.2.2 Raman Spectroscopy 

Raman Spectroscopy is a spectroscopic technique used to study 

vibrational and rotational modes in a system by measuring the in-elastic or 

Raman scattering of monochromatic light from phonons in a material. 

Characteristic modes for silicon include a broad amorphous silicon transverse 

mode (TO) around 480 cm-I, a sharp single crystalline transverse (TO) mode at 

520 cm-I, and a weak intermediate crystalline peak at around 500 cm-' [18]. 

Note that a decrease in peak frequency may also occur due to lattice expansion 

with decreasing crystalline size resulting in an intermediate peak at around 51 0 

cm" [43]. 



A semi-quantitative measure of crystalline volume fraction was calculated 

as the ratio of Raman intensity of the crystalline silicon peaks to that of the 

combined crystalline and amorphous peaks defined as R, = '500 + '520 

'500 + '520 + '480 

where I, is the integrated de-convoluted Gaussian curve corresponding to mode 

x [17]. In this study, Raman measurements were performed in a backscattering 

set-up with a 488 nm laser excitation focused to a spot diameter of 1 pm. 

2.3.2.3 X-Ray Diffraction 

X-ray diffraction (XRD) is a structural characterization method for 

extracting information of a material such as type of atoms, crystal orientations 

and average grain size. It involves directing incident x-rays into a material and 

using a detector that is moved around in a circular motion around a sample or 

vice versa, and measuring the direction and intensities of any resulting diffracted 

waves. Constructive and destructive interference of the diffracted waves 

produce "diffraction patterns" which can provide information regarding the crystal 

structure of a material [44]. Such information includes crystalline size, crystal 

orientation, internal stress, interplanar spacing, and phase of a material, (eg. 

amorphous versus crystalline phases). 

In general, materials with long repeat distances exhibit diffraction at small 

angles and materials with short repeat distances exhibit diffraction at large 

angles. Also, crystals with precise periodicities over long distances have sharp 

diffraction peaks whereas those that contain impurities, internal strains or other 



defects have broadened, shifted or weakened peaks. The XRD peak locations 

can be used to calculate the interplanar spacing, dl by using Bragg's Law, 

2d sin 8, = n3t , (2.6) 

where OB is the Bragg angle which is the angle which satisfies Bragg's law, h is 

the wavelength of the incident x-rays and n is an integer. The values of the 

strongest crystal reflections of silicon are listed in Table 2.1 [45]. 

Table 2.1: Diffraction peaks, d-spacing and crystal orientation for silicon. 

20 ("1 d-spacing (A) h kl 
28.47 3.135 111 

The average grain size can be calculated using Scherrer's Equation: 

t =  Oe9' , where the Full-Width-Half-Maximum (FWHM), B, of a crystalline 
B cos 8, 

2 peak was calculated from the relationship B, = BS2 + B' [46]. BM is the 

measured FWHM value and Bs is the resolution of the diffractometer. X-rays 

were generated by a Cu tube source powered by a Philips PW1730 x-ray 

generator. XRD measurements were taken using a Phillips Diffractometer 

equipped with a scintillator detector with a curved crystal monochromator 

situated between the detector and sample. 



2.3.2.4 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a powerful microstructural 

characterization method based on interactions between high energy electrons 

and atoms of a material. The main advantage of electron characterization 

methods such as TEM over methods that use x-rays such as X-Ray diffraction is 

that electrons can be focused easily and thus can be used to make iniages of 

samples. 

TEM measurements were performed on a Hitaclii 8100 TEM with a LaBs 

thermal source operating at 200 keV. Both planar and cross-sectional TEM 

(XTEM) measurements were taken on nc-Si:H films. Details regarding XTEM 

film preparation can be found in the Appendix. 

2.4 Solar Cell Characterization 

2.4.1 I-V characteristic of a Solar Cell 

A p-i-n solar cell connected to a resistor is shown in Figure 2-3. The 

incident photons create electron-hole pairs which are driven by the electric field 

to produce a photocurrent, IL, in the reverse-bias direction as shown in this figure. 

This photocurrent produces a voltage drop, V, across the resistor which in turn 

forward biases the p-i-n solar cell which results in a forward bias current IF. The 

net current flowing in the reverse direction is given as I = IL - IF and using the 

ideal diode equation is 



Figure 2-3: p-i-n solar cell connected to a resistive load 

There are two conditions that are of particular interest, namely the short- 

circuit and open-circuit conditions. In the short-circuit case, R=O and thus V=O 

and the current density is labelled as Jsc. In the open-circuit case, R-. and 

thus J = 0 and the voltage is referred to Voc. The values of Voc and Jsc can be 

found by plotting the J-V characteristic of a solar cell device as illustrated in 

Figure 2-4. The voltage and current density intersections correspond to the 

values for Vocand Jsc. In addition, J, and V, are the current and voltage that 

produce the maximum power output Pm=Jm*V, represented by the shaded area 

underneath the J-V curve. Another important parameter is called the Fill Factor 

(FF) which is the ratio between the shaded area and the entire area under the J- 



V curve, or FF = J m  * . These three parameters FF, Voc and Jx are used to 
Jsc  * voc 

characterize solar cell performance and an increase in any of them results in an 

increase in solar cell efficiency. 

Figure 2-4: General form of an I-V characteristic of a pn junction solar cell with incident 
light. 

The efficiency of the solar cell device can be calculated using the following 

formula: 

where Ac is the solar cell area and E is the incident irradiance. The standard 

terrestrial solar spectral irradiance used for solar cell testing is direct AM (Air- 

Mass) 1.5 light which simulates the intensity of the sun, at an irradiance of 100 

mwlcm2. Solar cells reported in this study were characterized under these 

conditions using a Xenon lamp source passing through a A.M 1.5 filter. 



2.4.2 External Quantum Efficiency 

Quantum efficiency (QE) is a measurement of a device's sensitivity, 

defined as the percentage of incident photons that produce an electron-hole pair. 

The external quantum efficiency (EQE) is defined as: qco, ( A )  = 
jPh ('1 

, where iph 
e 9 , h  (4 

is the photocurrent, e is the charge of an electron, and tpPh is the incident photons 

per unit area per second, and depends on both the absorption of light and the 

collection of charges. Measuring the EQE over a range of wavelengths can 

provide information regarding absorption losses in a device. For example, a low 

response at short wavelengths may indicate losses in the front electrical contact, 

p-layer or pli interface [17]. The long wavelength response depends on the 

bandgap and thickness of the absorption layer as well as the light trapping 

mechanism used within a device. 



3 Intrinsic nc-Si:H Films Prepared by Hot-wire 
CVD Using a Graphite Filament 

The results of nc-Si:H depositions prepared by HWCVD using a graphite 

filament is presented in this chapter. The effect of filament temperature and 

deposition pressure on film growth and electrical characteristics are presented as 

well as the structural analysis of nc-Si:H films grown at low silane concentrations . 

Furthermore, the effect of highly crystalline seed layers on crystalline growth is 

also discussed. 

3.1 Substrate Temperature 

One of the most important deposition conditions both in terms of quality of 

film and facilitating crystalline growth is substrate temperature (T,). Ts is 

particularly important in HWCVD as radiation from the heated catalyzer transmits 

a significant amount of heat to the substrate. Highest quality nc-Si:H films have 

been reported to be deposited at Ts below 250•‹C [I 81. In order to determine the 

substrate temperature used in film depositions, a thermocouple attached to a test 

silicon wafer was used to measure the substrate temperature under similar 

conditions as during a deposition. 
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Figure 3-1: Substrate temperature with and without gas flowing. 

Figure 3-1 shows the substrate temperature measured for three different 

filament temperatures: Tf = 1 525"C, Tf = 1650•‹C, Tf = I  800•‹C both in vacuum and 

in 37 mTorr of process gases as a function of time. Ts starts between 11 0-140•‹C 

as the substrate is preheated using a heater set at 21 0•‹C. The general trend is 

that higher Tf corresponds to higher Ts and Ts is higher in vacuum than when 

gases are added to the chamber. In fact, as the pressure is increased further 

from 37.5 mTorr to 375 rr~Torr at 1800•‹C, Ts decreases from 250•‹C to 21 5•‹C as 

shown in Figure 3-2. 



Time (mln) 

Figure 3-2: Substrate Temperature measured at 37.5 mTorr and 375 mTorr 

3.2 Deposition Pressure 

The deposition pressure plays a critical role in both film crystallinity and 

quality. Figure 3-3 shows the influence of deposition pressure on the photo and 

dark conductivity of a-Si:H grown by HWCVD at a silane concentration (SC) of 

13.5% and Tf of 1500•‹C. In general, at higher pressures, the qh/od ratio 

decreases, corresponding to a poorer quality film. 



Pressure (mTorr) 

Figure 3-3: Influence of deposition pressure on a,,., and a d  (SC = 13.5%, Tf= 1500•‹C). 

3.3 Filament Temperature 

The filament temperature has a very important influence of not just film 

quality but also the deposition rate and crystallinity of the film. Figure 3-4 shows 

dark and photoconductivities of a-Si:H films deposited as a function of filament 

temperature. For all Tf the C T ~ ~ / O ~  ratio is high (>lo5), but as shown in Figure 3-5, 

the deposition rate interestingly decreases with increasing Tf. The opposite was 

found for Ta filament, which will be discussed in Section 4.2. From these results, 

-1 500•‹C was found to be the optimal Tf for growing films at the highest 

deposition rate. 
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Figure 3-4: Influence of Tf on a,,, and a d  (SC = 13.5 % and p d  = 37 mTorr). 
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Figure 3-5: Deposition Rate as a function of Tf, 

3.4 Silane Concentration 

Figure 3-6 shows photo and dark conductivities of a-Si:H films grown over 

a wide rarrge of silane concentrations at pd= 37 mTorr, ds-f = 4 cm, and 



Tf = 1500 -1 550•‹C. As the silane concentration decreases q h  and ad both shift 

to higher values. Considering qhcan be related to the mobility-lifetime product, 

px in the following equation: a, = q,uzG, where G is the optical generation of 

carriers, and odis intimately related to ,ut, an increase in aphand a d  corresponds 

to an increase in p [47],[48]. Although the films were not intentionally doped, 

this increase in PI; can be attributed to a shift in Fermi level where E,-Ef 

decreased. The deposition rates shown in Figure 3-7 increase almost linearly as 

a function of silane concentration. 

Figure 3-6: a@ and a d a s  a function of SC (T, = 1500-1550•‹C and pd = 37 mTorr). 
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Figure 3-7: Deposition Rate as a function of SC. 

3.4.1 Electrical Properties 

Note that from Figure 3-6, even at a SC as low as 3%, with a low 

deposition rate of 0.79 h ,  the dark conductivity is characteristic of an a-Si:H film 

and was confirmed to be amorphous by Raman spectroscopy. To promote 

crystalline growth, the deposition pressure was increased to 300 mTorr the 

results of which are shown in Figure 3-8. Note that the increase in with 

decreasing SC is a characteristic of crystalline silicon [49]. The corresponding 

deposition rates increase almost linearly with increasing SC as shown in 

Figure 3-9. Deposition rates of up to 2.0 2 0.2 a/s were obtained which is faster 

than previously reported using a graphite filament [22]. This value can likely be 

increased further by using multiple filaments. 
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Figure 3-8: uph and ad as a function of SC (pd =300 mTorr, TF 1500-1550•‹C). 
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Figure 3-9: Deposition Rate as a function of silane concentration. 

3.4.2 Structural Properties 

The Raman spectra for the films grown at SC = 1 .O, 1.2 and 1.4% with 

thicknesses between 250 and 400 nm on Corning 1737 glass are shown in 

Figure 3-10. With increasing silane concentration, the crystalline peak is 

replaced by a broad amorphous peak. 
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Figure 3-10: Raman Spectra at 1.0%, 1.2% and 1.4% SC. 

The Raman spectra were used to calculate the R, shown in Figure 3-1 1. 

Films grown at 1.4 % SC and below showed a crystalline silicon peak at 520 cm-' 

whereas all films grown above this SC showed only an amorphous peak at 480 

cm". This transition point between amorphous and microcrystalline silicon is 

lower than reported by other researchers [49] possibly because graphite does not 

dissociate hydrogen as efficiently as do other filaments [25]. Another explanation 

is that since only one straight filament was used in this study the probability of 

hydrogen dissociation is lower than in the more common case where 2 or 3 

filaments are used. 
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Figure 3-1 1 : Rc as a function of SC. 

The IR spectra for films with thickness between 800-1000 nm grown at 1 .O% 

and 2.0% SC are shown in Figure 3-12. The bonding sites of SiH, groups can be 

identified as consisting of stretching modes at 200012100 cm-', bending modes at 

8401890 cm-' and wagging modes at 6301640 cni-' [35]. The stretching mode 

located at 2000 cm-' is attributed to isolated monohydrides (SiH) whereas the 

mode at 2100 cm-' is attributed to clustered monohydrides as well as 

polyhydrides (SiH, with x = 2 or 3) [39]. Accordingly, the spectra from Figure 

3-12 indicate that the film grown at the higher 2.0% SC has a higher SiH 

stretching mode intensity at 2000 cm-' indicating a more compact structure 

material with greater amorphous fraction than the film grown at 1 .O% SC. 

The bonded hydrogen content (cH) for the spectra from Figure 3-12 was 

calculated using the Si-H wagging mode absorption peaks [39], and was found to 

be CH= 12.8 % for the amorphous silicon film grown at 2.0% SC and CH= 7.8% 

for the microcrystalline silicon film grown at 1 .O% SC. The lower hydrogen 



content in the more highly hydrogen diluted film is consistent with results found 

by others [38] and is desirable due to greater stability against light-induced 

degradation. 
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Figure 3-12: FTlR spectra from films grown at 1 .O% and 2.0% SC. 

Figure 3-13 shows a bright field transmission electron microscopy image and 

selected area diffraction (SAD) pattern for pc-Si:H deposited at 1.2% SC. The 

rings of the SAD image indicate that the film is polycrystalline [50] and the 

average grain size in the image is approximately 25 nm. 

Figure 3-13: TEM bright-field image and selected area electron diffraction pattern for a film 
deposited at 1.2% SC. 



3.5 Effects of Seed layer 

A thin highly crystalline seed layer was deposited by HWCVD onto the 

substrate to determine its effect on the subsequent film growth. A 50 nm thick 

nc-Si:H film grown at low SC = 0.8 %, measured to have a ad of 1 . 4 7 ~ 1 0 - ~  Slcm 

and a uph of 1 .65~1  Slcm and Rc of 0.55 was used as the seed layer. Figure 

3-14 compares the dark conductivity and photoconductivity of films between 250 

and 350 nm in thickness deposited with and without a seed layer [51]. Films 

deposited with a seed layer were measured to have a generally Iiigher ad and uph 

than films without one. As a result, the increase in ad suggests that the seed 

layer contributed to a possible increase in crystalline volume fraction within the 

film. 
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Deposition rates for the corresponding films with and without a seed layer 

are shown in Figure 3-15. Although the seed layer increased electrical 

conductivities it also had a tendency to slow the overall deposition rate. 
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Figure 3-15: Deposition rate for films with and without seed layers. 

Figure 3-16 illustrates the effects of adding a seed layer by comparing the 

Rc from Raman spectra over a range of different silane concentrations for films 

with and without a seed layer. The seed layer itself was measured to have an Rc 

of 0.55. Sample thicknesses were between 250 and 400 nm and the wavelength 

of the laser source used for Raman spectroscopy had a typical probing depth of 

about 60 nm for a-Si and a little more for nc-Si:H [17]. Therefore, for films at 

these thicknesses the Raman spectra of the seed layer itself was not expected to 

be detectable through the films grown on top of it by this method of measurement. 

With increasing SC Rc decreases until no crystalline peak could be detected by 



Raman spectroscopy at 1.8% SC. Films deposited with a seed layer had either 

the same Rc or slightly higher than those deposited without seed layer. As a 

result, although the use of a seed layer was found to increase Rc, the effect was 

not as profound as increasing the dilution ratio, similar to what was reported in 

previous works [52]. 
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Figure 3-16: R, at different silane concentrations. 

As mentioned previously, the typical probing depth for Raman 

measurements performed had a typical probing depth of about 60 nm for a-Si 

and a little more for pc-Si:H. Therefore, since Rc measured by Raman 

spectroscopy is mainly a measurement near the surface of the material, the 

results from Figure 3-16 show that the seed layer was found to not significantly 

affect the crystalline volume fraction at the surface of the film. On the other hand, 

a d  and in  particular^,^ reflect the electrical characteristic within the bulk of the 

film. Increases in a d  may be explained by the electrical current travelling through 

the path of least resistance of the relatively high conductivity of the seed layer 



during measurements rather than the bulk of lesser conductive a-Si. However, 

the fact that a p h  also increased suggested that the seed layer facilitated the 

growth of a film capable of generating greater photo-generated current than films 

without seed layer, a characteristic not detectable by Raman spectroscopy at the 

surface of the film. The seed layer may have promoted the growth of a more 

compact film capable of generating more photo-current which is a possible 

explanation for the decrease in growth rate for films with a seed layer. 

3.6 Conclusion 

Deposition conditions at which silicides would normally occur if Ta or W 

filaments were used, suggesting graphite filaments could find use in applications 

where low temperature or relatively high pressures are required. Dark current 

and photoconductivity of nc-Si:H films were comparable to previous reports 

deposited at approximately the same substrate temperature using a Ta filament 

WI. 



4 Intrinsic nc-Si:H Films Prepared by Hot-wire 
CVD Using a Tantalum Filament 

In this chapter, the results of nc-Si:H depositions prepared by HWCVD 

using a tantalum (Ta) filament are presented. The effect of filament temperature 

and substrate-to-filament distance on filni growth and electrical characteristics is 

discussed. Furthermore, nc-Si:H films are characterized by structural analysis 

techniques such as Raman Spectroscopy, XRD and TEM. 

4.1 Substrate Temperature 

Using the same method for measuring the Ts in Section 3.1, the Ts was 

again measured using two straight heated tantalum filaments. Figure 4-1 shows 

how Ts varies over time at two different filament temperatures: Tf = 1700•‹C and 

1 850•‹C, with and without gas. All curves were measured with a Th = 21 0•‹C 

except one which was measured at Th=350•‹C. Note that although the substrate 

gets heated up to 188•‹C even with the shutter closed, this is likely not due just to 

convection heat transfer from gases but also because the shutter did not cover 

the whole substrate allowing some radiated heat transfer to one portion of the 

substrate. As expected, higher Tf leads to higher Ts and also adding gases to the 

chamber lowers Ts as compared to in vacuum. 
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Figure 4-1: Substrate temperature measured at Tf= 1700•‹C and 1850•‹C. 

The influence of Tfon Ts is better seen in Figure 4-2 which was measured 

with Th = 210•‹C, 37 mTorr of silane gas diluted in H2 at a SC of 4.5 %. 

1500 1600 1700 1300 IWO m o  2100 m a  
Filament Temperature ( C )  

Figure 4-2: Substrate Temperature as a function of Tf. 



Besides Tf another important deposition parameter in HWCVD is the 

substrate-filament distance (dS-f). The influence of dS-f on Ts is shown in Figure 

4-3 which was taken with a Th = 21 0•‹C in 37 mTorr of silane gas diluted in H2 at a 

IS0 I I I 

2 3 4 3 6 7 r 

Substrate-Filament Distance (cm) 

Figure 4-3: Substrate Temperature as a function of dSmf. 

Finally, the influence of gas pressure on Ts is shown in Figure 4-4 which 

was measured for Tf = 1850•‹C and a Th = 21 0•‹C for silane gas diluted in H2 at a 

SC of 4.5 %. Note as long as the total gas pressure was held constant, varying 

the gas ,Flow rate and silane concentration was found to only change Ts by only a 

few degrees which was within experimental error. 



Pressure (mTorr) 

Figure 4-4: Substrate temperature as a function of deposition pressure. 

4.2 Filament Temperature 

Figure 4-5 illustrates the influence of Tf on photo and dark conductivity. 

Note that even at Tf as high as 2050•‹C, the oPrJod ratio is still around lo4.  Figure 

4-6 shows that the deposition rate increases as Tf increases, the opposite 

relationship observed using the graphite filament in Section 3.3. 
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Figure 4-5: a,,,, and ud as a function of Tf (SC=13.5%, p p  37 rnTorr). 
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Figure 4-6: Deposition Rate as a function of Tf. 

From the Ts measurements in Figure 4-1, for a dsr = 4 cm, T h  = 210 OC, pd 

= 37 mTorr of source gases and Tf leading to the highest deposition rates 

(2050 "C )  the Ts was measured to be 270 "C. In comparison, for the graphite 

filament, under very similar deposition conditions and at the Tf resulting in the 

highest deposition rate (1525 "C) ,  from Figure 3-1, Ts - 195 "C. Although the 



graphite filament resulted in a lower Ts, use of the Ta filament led to a much 

higher depositior~ rate. For example, as shown in Figure 4-6 the highest 

deposition rate using the Ta filament was 10 k s ,  which occurred at Tf = 2050 "C. 

In comparison, from Figure 3-5, under very similar deposition conditions, the 

highest deposition rate found using the graphite filament was only 1.2 k s  which 

occurred at Tf = 1525 "C. 

4.3 Filament to Substrate Distance 

Figure 4-7 shows the dark and photo conductivities as a function of 

filament to substrate distance (ds-f). The corresponding deposition rates and Ts 

are shown in Figure 4-8. As ds-, is decreased from 4.5 to 2.5 cm, the deposition 

rate increases by more than 2 times, but at the same time the Ts also increases 

from 188 to 225•‹C. The photo-to-dark conductivity ratio drops 

considerably at the ds-f = 2.5 cm possibly due to too much radiated heat hitting 

the surface of the substrate. The same drop in apdad at dS-, = 2.5 cm was 

observed at a higher Tf of 1850•‹C. 
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Figure 4-7: a,,, and ad as a function of ds.r (Tf= 1700•‹C, SC = 4.35%, pd = 37mTorr). 
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Figure 4-8: Deposition Rate as a function of SC. 



4.4 Silane Concentration 

Figure 4-9 shows the dark conductivity (ad) and photoconductivity (aph) of 

films grown on glass as a function of silane concentration (SC). The decrease in 

dark conductivity at SC's above 5.8% indicates a transition from nanocrystalline 

to amorphous growth. The deposition rates of films grown on Corning glass, up 

to 2.9 h s  for nc-Si:H films are shown in Figure 2. Film thicknesses ranged from 

300 to 1200 nm depending on the silane concentration used during deposition. 

I I i I I 
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Silane Concentration (%) 

Figure 4-9: a,,, and a d  as a function of SC (T, = 1850•‹C, pd = 37mTorr). 
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Figure 4-10: Deposition Rate as a function of SC. 

4.5 Raman Spectroscopy 

The Raman Spectra of the same nc-Si:H films from Figure 4-9 is shown in 

Figure 4-1 1. The amorphous peak at 480 cm-' is replaced with a crystalline peak 

at 520 cm-' as the SC is decreased and the film becomes more crystalline. The 

corresponding calculated Rc is shown in Figure 4-1 2. The amorphous to 

crystalline transition point occurred between 5.8 % and 7.1 % SC. 
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Figure 4-1 1: Rarnan Spectra for films deposited at different SC. 
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Figure 4-12: Rc as a function of SC. 



4.6 X-Ray Diffraction 

Figure 4-1 3 shows the x-ray diffraction spectra for nc-Si:H films grown at 

3.0%, 4.4% and 5.8% SC. Other than a very small (1 11) crystalline peak at 28 = 

28.4" the film grown at 5.8% SC is mostly amorphous. At the lower 4.4 and 3.0 

Oh SC larger peaks corresponding to the (1 1 I), (220) and (31 1) reflecting planes 

are observed. Using Scherrer's equation, at a silane concentration of 4.4 %, the 

grain size was calculated to be - 20 nm. Similarly, at 3.0%, the grain size was 

calculated to be - 65 nm. 

Figure 4-13: XRD spectra for films grown at 3.0,4.4 and 5.8 % SC. 

4.7 Cross Sectional Transmission Electron Microscopy 

Cross Sectional Transmission Electron Microscopy (XTEM) bright field 

(BF) images and corresponding selected area diffraction (SAD) patterns for nc- 

Si:H grown at 4.4 % SC on a (100) single crystalline silicon wafer are shown in 



Figure 4-14. In this figure, film growth starts from a thin amorphous silicon layer 

having a thickness between 10 and 150 nm. Although this incubation layer is 

rather thick it is expected to be much smaller for lower silane concentrations 1521. 

Note that the native oxide layer was not stripped from the surface of the c-Si 

wafer which is one explanation why the ,film starts its growth as amorphous 

silicon. If the native oxide layer was stripped some epitaxial growth could have 

occurred, particularly if a lower SC was used [52]. Figure 4-14 shows that 

conical crystallites grow upwards at angles ranging from 55 to 75" and then form 

compact columns that grow vertically, similar to that found in previous reports 

[52],[53]. The ring diameters and intensities in the SAD are consistent with the 

XRD results and the known diamond cubic structure of polycrystalline Si [50]. 



Figure 4-14: XTEM image of nc-Si:H grown at 4.4% SC. 

4.8 Conclusion 

The general trend using Ta filaments is that the deposition rate increases 

with increasing SC, increasing Tf and decreasing d,-f. Considering the deposition 

rate decreased for increasing Tffor the graphite, there appears to be more 

potential for higher deposition rates for nc-Si:H growth using the Ta filament, 

particularly at Tf> 1850•‹C and d,-f - 3.5 cm. Although film uniformity for HWCVD 

depositions using both the graphite and Ta filaments varied across the wafer, 

movement of the substrate during deposition would alleviate this problem 

considerably especially in a roll-to-roll fabrication process. 



The transition 'From nc-Si:H to a-Si:H for filnis prepared using the Ta 

filaments was found to occur between 5.8 % and 7.1 % SC for a Tf of 1850•‹C, 

which was confirmed by a d ,  Raman spectroscopy, XRD and TEM measurements. 



5 Thin Film Silicon Solar Cells 

This chapter provides details on the thin film silicon solar cells prepared by 

HWCVD using both graphite and Ta filaments. The solar cell structure and 

information regarding the transparent conductive oxide (TCO) and doped layers 

are discussed followed by results on the effect of p-layer thickness on a-Si:H 

solar cell performance and results of single junction nc-Si:H solar cells. The 

chapter is concluded with a discussion of areas of improvement. 

5.1 Substrate vs. Superstrate configurations 

There are two main configurations used in solar cells referred to as the 

substrate and superstrate structures. Figure 5-1 shows the cross section views 

of each structure in the orientation in which each layer is deposited. In the 

superstrate configuration, the a-Si:H/nc-Si:H layers are deposited on top of TCO 

coated glass or transparent polymer in a p-i-n sequence followed by a layer of Al 

or Ag metal. In the substrate configuration, the a-Si:H/nc-Si:H layers are 

deposited on top of stainless steel or Al coated polymer in a n-i-p sequence 

followed by a niagnetron sputtered layer of Indium Tin Oxide (ITO). Note that 

incoming light enters the superstrate structure through the glass, and enters the 

substrate structure through the ITO. A textured back reflector layer of ZnO 

inserted between the n+ and back electrical contact layer is often used to 

enhance light trapping within the solar cell thus increasing Jsc. In this study, all 



solar cells are deposited in the superstrate configuration with no back reflector to 

simplify the fabrication process. 

i (nc-Si:H/a-Si:H) 
p' (nc-Si:H/a-Sic) 

n' (nc-Si: H) 

Glass Stainless Steel 

Figure 5-1: Cross Section view of the Superstrate (left) and Substrate (right) configurations 

From the cross-sectional TEM results in Figure 4-14, a thin amorphous 

incubation layer before nc-Si:H growth was observed, but this is expected to be 

avoided if grown on a crystalline doped layer. Thus, intrinsic nc-Si:H was always 

preceded using a nc-Si:H p-layer 

5.2 Experimental Details 

A commercially available Asahi U-Type Sn02:F on glass substrate was 

used as the TCO in a superstrate configuration for all solar cells. Having a 

known approximate thickness of 1000 nm, the sheet resistance and resistivity of 

Sn02:F films were measured to be 9.757 Qlo and 9.757~1 Q-cm respectively. 

TCO substrates were cleaned using an ultrasonic bath in methanol for 15 

minutes followed by a pre-heat in vacuum at 150•‹C for at least 1 hour. 



The doped p' and n' were deposited within the same deposition chamber 

after 30 min. dummy runs to reduce cross-contamination. The deposition 

conditions for the doped layers are shown in Table 5.1. The n' nc-Si:H film had a 

measured a d  = 3.0 Slcm and the n' a-Si layer had a a d  = 0.001 Slcm. The p' 

a-Sic film had a conductivity of 3.2x10-~ Slcm and the p' nc-Si:H had a 

conductivity of 0.29 Slcni. The p' a-Sic and n' nc-Si:H films were based on 

recipes from R.W. Birkmire et al[54]. 

Table 5.1: Deposition Conditions for doped layers 

p' a-Sic p' nc-Si:H n' nc-Si:H n' a-Si 
SiH4 flow (sccm) 20 1 .O 2.0 20 
H2 flow (sccrn) 
C H4 ,flow (sccrn) 
pH3 flow (sccni) 
B2H6 flow (sccrn) 
Power Density 
(w/cm2) 
P d  (mTorr) 
Ts ("C) 
rd (ks )  
Thickness (nm) 

All intrinsic layers were deposited by HWCVD either with a single graphite 

filament or two straight Ta filaments. No shutter was used for the graphite 

filament. Since Ta is known to form silicides particularly at Tf < 1650•‹C [ I  91, care 

was taken to make sure the gases were introduced into the chamber only after 

the filament was heated up to Tf > 1650•‹C and similarly gases were evacuated 

from the chamber before turning off the filament. In addition, each deposition 

was preceded with a pre-treatment of raising Tf > 1850•‹C for one minute to help 



evaporate silicon from the filament. For these reasons and because Ta is known 

to evaporate Ta in vacuum, a shutter was used both before and after deposition 

for depositions using the Ta filament. 

The Al back contact was magnetron sputtered through a shadow mask at 

a pressure of 3 mTorr, power density of 0.27 w/cm2 and had a thickness of - 250 

nm. Solar cell active areas were 0. I 6  or 0.25 cm2 defined by the area of the Al 

back contact. Devices were isolated from one another by removing the 

conductive n+ layer between Al contacts using a Reactive Ion Etch (RIE). 

5.3 Thin Film solar cells grown using Graphite filaments 

5.3.1 a-Si Solar Cells 

The first devices fabricated were unhydrogenated a-Si solar cells in an 

SnO2:Flp' a-SiCIi-a-Siln' nc-Si:H/Al configuration. The intrinsic layer was 

deposited at a p d  of 20 mTorr in pure silane and a Tf of 1400-1450•‹C. Figure 5-2 

shows the I-V characteristic of this solar cell with an overall device efficiency of 

4.4%. The external quantum efficiency of the same device is shown in Figure 

5-3. Unfortunately, upon exposure to illumination the device performance 

degraded considerably presumeably due to the high density of dangling bonds 

expected in unhydrogenated a-Si. The next aim was to fabricate hydrogenated 

a-Si and nc-Si:H solar cells to improve light induced stability. 
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Figure 5-2: IV characteristic of an a-Si solar cell deposited using a graphite filament. 
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Figure 5-3: Quantum Efficiency of an a-Si solar cell deposited using a graphite filament. 

5.3.2 nc-Si:H solar cells 

From the nc-Si:H films reported in Section 3.4, the film grown at 1.2 % SC 

at the edge of transition between nc-Si:H and a-Si was used in a solar cell [55]. 

Using a device structure of SnOn:F/p' nc-Si:H/i nc-Si:H/n' a-Si/Al the IV 

characteristic shown in Figure 5-4 was obtained. The i-layer had a thickness of 

around 1 ym. The external quantum efficiency of the same device is shown in 



Figure 5-5. Unfortunately, the range of sensitivity drops off at 700 nm similar to 

that of a-Si perhaps because the intrinsic film was deposited at a high pressure 

of 300 mTorr which may be unsuitable for high quality nc-Si:H growth. This led 

to the use of Ta as the filament material as it has been shown to deposit high 

quality nc-Si:H films at low pressures of around 25-37 111Torr [17],[18]. 

Figure 5-4: IV characteristic of nc-Si;H solar cell deposited using graphite filament. 

Figure 5-5: External Quantum Efficiency of nc-Si:H solar cell deposited using graphite 
filament. 



5.4 Thin Film Solar cells grown using Tantalum filaments 

5.4.1 p-layer thickness 

The thickness of the p-layer has a significant influence on the overall 

device performance of a thin film solar cell. If the p-layer is too thin, the V, 

decreases and behaves more like a Schottky diode whereas too thick of a p-layer 

results in less light transmitted to the absorbing layer and as a result less 

collection of electron-hole pairs. Figure 5-6 shows a comparison of IV 

characteristics of a-Si:H solar cells with different p-layer thicknesses. Since the 

p-layers could not be measured on a conductive SnOz surface, the thicknesses 

shown are those expected if grown on Corning glass substrates. The i-layers 

were a-Si:H deposited by HWCVD at a deposition rate of 2.6 k s  with a thickness 

of around 500 nm. Deposition conditions were SC = 9 %, Tf = 1700•‹C, pd= 37 

mTorr and ds-F 4.5 cm, resulting in a Ts - 190•‹C. The device performance of the 

different solar cells is shown in more detail in Table 5.2 with 20 nm being the p- 

layer thickness with the highest overall efficiency. Both thin (7 nm) and thick (30 

nm) p-layers result in low V,, and Jsc. The external quantum efficiencies of the 

same devices are shown in Figure 5-7. Although the highest device performance 

was found in the solar cell with 20 rmi p-layer thickness, in general with 

increasing p-layer thickness the current collection decreases which can be 

observed from the decreases in EQE curve with increasing p-layer thickness for 

wavelengths under 550 nm. 



Figure 5-6: I-V characteristic of solar cells with different p-layer thicknesses. 

Table 5.2: Device Performance of solar cells with different p-layer thicknesses. 

p-layer VOC JSC Fill rl 
thickness (nm) ( V) (m~lcm*) Factor (%) 
7 0.67 -6.64 0.58 2.56 



Figure 5-7: External Quantum Efficiency of solar cells with different p-layer thicknesses. 

5.4.2 nc-Si:H solar cell 

A nc-Si:H intrinsic layer grown by HWCVD was incorporated into a solar 

cell the results of which are shown in Figure 5-8. Notice that the V,,, at 0.41V is 

smaller that a-Si:H solar cells and Jsc is 11.9 mA,lcm2, considerably higher than 

that was found in a-Si:H solar cells, both characteristic of crystalline silicon solar 

cells. The resulting fill factor and device efficiency is 0.46 and 2.2% respectively. 



Figure 5-8: IV characteristic of nc-Si:H solar cell. 
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The external quantum efficiency of the nc-Si:H solar cell, as well for 

comparison an a-Si:H solar cell with the same p-layer thickness, is shown in 

Figure 5-9. Notice that the width of sensitivity for the nc-Si:H solar cell extends to 

more than 800 rim pertaining to the lower bandgap of nc-Si:H as compare to a- 

Si:H which is sensitive to only wavelengths lower than 700 nm. 
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Figure 5-9: External Quantum Efficiency of nc-Si:H solar cell. 

5.5 Areas of Improvement 

Figure 5-1 0 compares the transmission spectra of a blank Sn02 coated 

glass substrate with that of one with a p-layer of 45 min. thickness deposited onto 

it. There is detrimental drop in transmission particularly at the lower wavelengths 

between 300-700 nm which the region of absorption of a-Si:H, most likely due to 

the well known reduction of Sn02 to Sn caused by atomic hydrogen damage [56]. 

A solution for this problem is to use a different TCO, ZnO:Al, which is known to 

be resistant to atomic hydrogen damage and can also be textured to improve 

light confinement within the absorptive layer thus improving the Jsc of the solar 

cell. 
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Figure 5-10: Transmission Spectra of Sn02 coated glass and p-layer grown on Sn02 
coated glass. 

The device performance presented in this chapter was obtained for low Tf 

= 1700•‹C and a low Ts of - 190" C with a resulting low deposition rate of 1.4 h .  

Attempts of using a higher Tf = 1850•‹C resulted in very low efficiencies and non- 

diode characteristics likely due to deterioration of the p-layer from the high 

radiative heat from the filament. However, from Section 4.2 and 4.3, increasing 

Tf or decreasing ds-r was found to lead to considerably high deposition rates but 

also much higher Ts leading to deteriorated film quality in the intrinsic layer. 

Furthermore, the minimizing of radiative heating of the substrate or cooling of 

substrate is necessary for depositing high quality ,films at high deposition rates 



6 Conclusion 

HWCVD was used for the preparation of high quality a-Si:H and nc-Si:H 

films using both graphite and Ta filaments. The graphite filament is 

advantageous due to longer lifetimes and lower operating filament temperature 

(Tr1500 "C) and thus lower Ts. nc-Si:H films were successfully grown using the 

graphite filament at Tf = 1525 "C and a high pressure of 300 mTorr, conditions at 

which silicides easily form on more commonly used Ta or W filaments. 

Unfortunately, nc-Si:H growth at reasonable deposition rates required a high 

pressure of 300 mTorr which was found unsuitable for solar cell applications. As 

a result, use of the Ta filament was explored for thin film silicon growth and high 

quality a-Si:H and nc-Si:H were prepared using this method. In particular, the 

deposition rate increased with increasing filament temperature and decreasing 

substrate-to-f lament distance. These results show there exist potential for high 

deposition rates of nc-Si:H prepared by HWCVD, particular at Tf > 1850 "C. 

High quality a-Si:H and nc-Si:H films were also incorporated in solar cells. A p- 

layer thickness of 20 nm was found to produce the highest performance a-Si:H 

solar cells. In addition, nc-Si:H solar cells showed high response at long 

wavelengths, characteristic of crystalline silicon. 



Appendices 

TEM Cross Sectional Film Preparation 

Cross sectional samples were prepared by first cleaving small pieces (3 rrlm x 2 

mm) of the sample and gluing the films face to face using epoxy. After the epoxy 

was cured, the samples were thinned using 220, 600 and finally 1200 grit 

sandpaper on both sides until the sample thickness was between 40 and 50 pm. 

Note that the thickness was kept within these values because below 30 pm the 

sample easily fell apart or broke when handled, and above this range, the ion 

milling step which was done later, takes too long. After the sample is thinned 

using sandpaper, it was glued and centered to a copper ring, with 1 mm opening, 

using epoxy. Here, care must be taken to make sure epoxy does not cover the 

sample as the ion miller does not easily mill through epoxy. In addition, at this 

step, centering the sample on the copper ring is important because the location 

of the ion milling cannot be adjusted and will only mill at the center of the copper 

ring. Finally, once the sample was cured to the copper rirrg, it was put into the 

ion miller and allowed to mill at room temperature. Note that a sample with nc- 

Si:H deposited onto c-Si substrate thinned to about 30 pm took 4 hours to mill 

whereas a sample of nc-Si:H deposited onto polyimide substrate, sandwiched 

between c-Si substrates with a thickness of about 50 pm took 8 hours to 



corr~plete. Once a small hole was visible by eye and corrfirmed under an optical 

microscope, it was ready for TEM measurements. 
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