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Abstract 

Compared to wafer based solar cells, thin film solar cells greatly reduce material cost and thermal 

budget due to low temperature process. Monolithically manufacturing allows large area fabrication 

and continuous processing. In this work, several photovoltaic thin films have been developed by rf-

PECVD including a-Si:H and μc-Si, both intrinsic and doped on Corning 4 inch glass substrate at low 

temperature. The conductivity of n type and p type μc-Si at 180ºC was 17S/cm and 7.1E-2S/cm, 

respectively. B dopants either in a-Si:H or μc-Si films require higher plasma power to get active 

doping. The B2H6-to-SiH4 flow ratio for p type μc-Si lies from 0.01 to 0.025. Chamber conditions 

have critical effect on film quality. Repeatable and superior results require a well-established cleaning 

passivation procedure.  

 Moreover, μc-Si films have been deposited from pure silane on glass substrate by modified rf-ICP-

CVD. The deposition rate has been dramatically increased to 5Å/s due to little H2 dilution with 

crystalline fraction was around 69%, and 6.2Å/s with crystalline fraction 45%. Microstructure started 

to form at 150ºC with a thin incubation layer on the glass substrate, and became fully dense conical 

conglomerates around 300nm where conductivity and crystallinity saturated. Additionally, a-SiGe:H 

films have been developed by modified rf-ICP-CVD. The optical band gaps have been varied from 

1.25 to 1.63eV by changing SiH4-to-GeH4 ratio. Also high temperature resulted in low bandgap. 

Cross-section TEM showed some microcrystllites appeared near interface region. Heterojunction 

solar cells on p type c-Si wafer have been fabricated using films developed in this thesis. Interference 

fringes in EQE disappeared on either textured substrate or cells with lift-off contacts. Maximum EQE 

was 87% around 700nm. I-V curves have also been studied where the interesting kink suggests a 

counter-diode has formed between emitter region and contacts.  
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Chapter 1   

Introduction 

1.1 Overview of Solar Cells  

How to meet world’s energy needs in a sustainable and affordable way has been a hot issue after oil 

price soared up which is only a matter of time before it surges again. Moreover, the Fukushima 

nuclear accident in 2011, clouded the outlook of nuclear electricity generation, some countries have 

announced not to restart or to terminate nuclear gradually within the next 10 to 25 years. 

Meanwhile, the photovoltaic (PV) industry has experienced explosive growth in the last decade due to 

supportive policies world widely and marked rising fossil fuel prices (Fig 1.1). The gap between 

retailed electricity price and PV-generated electricity price is closing fast. Although the industry is 

weathering a period of uncertainty in the last few months, the prospects for continued growth are 

good in a long run. In fact, 29.7GW of PV systems were connected to the grid in 2011, with the 

growth rate around 70% in 2011 where Europe countries, Italy and Germany in particular, contributed 

to 60% of global market growth, followed by the Asia-Pacific region, mainly China, Japan and 

Australia, then North-America in the third place as shown in Fig 1.2[1].  These new installations 

bring the world to an estimated 67.4GW of global PV capacity at the end of 2011. PV has been 

catapulted into the third most important renewable energy in terms of globally installed capacity after 

hydro and wind power.  It’s predicted by the International Energy Agency (IEA) that PV generation 

should rise from 70GW to 230GW till 2017, contributing 4.9% to renewable energy generation.  
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Figure 1-1 Evolution of global cumulative installed capacity 2000-2011. ROW, MEA and APAC 

stands for rest of the world, Middle East and Africa, and Asia Pacific respectively[2]. 

 

 

Figure 1-2 Global annual installation shares in 2011 estimated by European Photovoltaic Industry 

Association (EPIA) [1]. 
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The mainstream of PV industry is crystalline silicon based solar cells, namely monocrystalline or 

multicrystalline solar cells, which is also known as the first generation solar cells.  With the most 

mature technology and durable performance, they account for 80% to 90% market share (Fig 1.3). 

Monocrystalline silicon cells are the most efficient with a relatively high cost since thick high purity 

silicon wafers (around 200μm) are required and additional cutting loss are inevitable when cutting 

from ingots. Multicrystalline, or poly-silicon solar cells, have a little less efficiency around 15% to 

18%. Both of them have been proved stable practically.  Usually it’s guaranteed to remain 80% of the 

nominal power output after 25 years operation by manufacturers. Intense effort has been put to reduce 

cost by optimizing process, develop novel methods. However, the achieved maximum efficiency of 

monocrystalline silicon cells in lab is 25%, close to theoretical value, there, the cost reduction 

potential seems limited.  

Unlikely, thin film solar cells grow thin active layers on cheap substrate and emerge in the last decade. 

Typically, thin film solar cells have a thickness of less than 10μm, far less than crystalline cells, 

which make it really competitive from the material consumption consideration. On the other hand, 

thin film solar cells can be manufactured monolithically, which allows large area cell fabrication and 

continuous processing; it also lowers the material cost and reduces final module cost eventually. Easy 

manufacture process enables large throughout put possible. It has been reported that manufacture time 

can be reduced to less than 2.5 hours for thin film solar cells (CdTe by FirstSolar). Also, thin film 

solar cells can be deposited on flexible substrates which bring in promising opportunities in building 

integrated PV (BIPV) field. It’s also worth mention that thin film solar cells are less affected from 

indirect irradiation than crystalline cells whose performance suffers from steep drops as the angle of 

solar incidence gets steeper.  
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Figure 1-3 2010 solar cells production by technology[3]. 

 

1.2 Objective  

The target of this thesis is to develop high quality amorphous silicon and mirco-crystalline silicon 

(μc-Si) by Plasma Enhanced Chemical Vapor Deposition (PECVD), both intrinsic and doped. 

PECVD is the most common tool to deposit device grade a-Si:H film. Compared to a-Si:H films, μc-

Si has less defect density and doesn't have light-induced degradation problem. Furthermore, doped 

μc-Si has 3-4 orders of magnitudes higher conductivity than doped a-Si:H, however, the main 

limiting factors are very low deposition rate and large area uniformity. In this thesis, high conductive 

μc-Si films and high deposition rate have been developed by PECVD and modified Inductively 

Coupled Plasma Chemical Vapor Deposition (ICP-CVD). Moreover, silicon-germanium compound 

will be developed by modified ICP-CVD. a-SiGe:H has tunable energy bandgap which would be 

applied on tandem solar cells. Developed films have been characterized by conductivity, Raman 

sepctra, cross-section TEM, XRD etc. And heterojunction solar cells will be fabricated by these films, 

dark and illuminated IV have been analyzed, and external quantum efficiency has been measured.  

The thesis is organized as follows: 

Chapter 1 intends to provide an overview of thin film solar cells;  
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Chapter 2 introduces existing thin film solar cells and common deposition tools, followed by growth 

mechanism of a-Si:H and μc-Si:H by PECVD; 

Chapter 3 presents experiment results of deposition a-Si:H and μc-Si films by PECVD. Intrinsic a-

Si:H was first deposited, characterized by Raman, then doping gases were introduced to form doped 

a-Si:H films, characterized by conductivity as a function of deposition conditions such as doping gas 

ratio, pressure, power etc. Moreover, doped μc-Si films were developed and characterized with 

emphasis on p-type μc-Si development; 

Chapter 4 describes experiment results of μc-Si deposition by modified rf-ICP-CVD with Raman, 

XRD, and conductivity characterization; 

Chapter 5 presents the a-SiGe:H films by modified rf-ICP-CVD and characterized by Raman, corss-

section TEM and EDS; 

Chapter 6 shows the heterojunction fabricated by these films, with EQE and I-V characterization; 

Chapter 7 summarizes the work. 
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Chapter 2  

Literature Review 

2.1 Existing thin film solar cells 

Thin film solar cells have grew vigorously from a paltry 68MW in 2004 to 2GW in 2009, once 

commanded 17% of the PV market in 2009[3]. The installed capacity increased to 3.7GW, occupied 

11% market share in 2011 although crystalline silicon PV prices dropped by over 40% and initiated 

the virulent price war in PV industry. Generally, there are three leading thin film materials used in the 

manufacture of solar cells, amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium 

gallium diselenide (CIGS).   

2.1.1 a-Si:H thin film solar cells 

Amorphous silicon (a-Si:H) account for around 5% in PV market, have an acceptable efficiency from 

7% to 10% at best. It has long been used in consumer electronics such as calculators and watches.  

Fig 2.1 illustrates the current p-i-n a-Si:H solar cells with soda-lime glass as superstrate through 

which light enters and passes to cell layers sequentially. Substrate configuration, the other structure of 

thin film solar cells, is opposite where light enters cell layers first rather than the base layer. The 

present of intrinsic layer is to improve cell’s performance. A-Si:H has extremely low minority carrier 

diffusion lengths (~ 0.1 to 0.3μm[4], which is over 200μm in crystalline silicon) due to its natural film 

quality, even worse after doping. The silicon dangling bonds act as recombination centers for carriers. 

And the Fermi-level can only be pushed half way towards the conduction and valence band edges, 

even with heavy doping. All these factors make it impossible to collect carriers efficiently. So the 

intrinsic layer is added to generate free carriers whereas doped layers are to set up electric field and 

sweep carriers to contacts.  

Moreover, most a-Si solar cells adopt p-i-n structure instead of n-i-p structure. This is because the 

mobility of electrons in a-Si:H is roughly 1 or 2 of magnitude larger than that of holes, leading to 

higher collection rate of electrons moving from n- to p-type contact than holes moving from p- to n-

type contact, the majority of the charge carriers crossing the junction  would be electrons by placing p 

layer close to strong light intensity region. One thick layer of TCO (1μm) is deposited on glass to 

insure good conductivity (typical sheet resistance 10Ω/sq[5]), also it’s textured to trap light. Then 

active layers are deposited by chemical vapor deposition. The doped layers are quite thin, around 10-

20nm, only to set up the electric field. As the absorber layer, intrinsic layer should be thick enough 
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(1μm) to maximize light absorption, however, it suffers from 15% to 35% efficiency degradation 

when first exposed to sunlight, called Staebler-Wronski effect. Due to this main constraint, a-Si:H PV 

technology has lost ground from ~39% PV share in 1988 down to ~10% in 1997 and less than 5% in 

2010[3][6]. Some companies are working to reduce a-Si:H layer thickness (more stable) by 

employing excellent light trapping schemes. Another restriction is the spatially nonuniform of a-Si:H 

layer and the transparent conductive oxide (TCO) layer on a large substrate (>1m2).   

Glass (soda lime)

Front TCO (SnO2 or ZnO:Al)

P+ (a-SiC or µc-Si:H)

i (a-Si:H)

N+ (a-Si:H or µc-Si:H)

Rear TCO (ZnO:Al)

Rear contact (Ag)

 

Figure 2-1 Schematic structure of current p-i-n a-Si:H solar cells in superstrate structure[5]. 

2.1.2 Micromorph 

Whereas the new concept of micromorph solar cells has combined a-Si:H with microcrystalline 

silicon layers, in a top and bottom structure shown in Fig 2.2. Due to different band gaps between a-Si 

(1.7eV) and c-Si (1.1eV), spectrum absorption is broadened and enhanced, moreover, these two 

materials can be manufactured in the same technology, usually PECVD or VHFCVD. Because 

microcrystalline silicon is indirect band gap material, so the thickness of bottom cells is designed 

much thicker than top cell. In addition, one intermediate reflector layer can be inserted between top 

and bottom cells to improve light confinement, which is a heated topic nowadays and could further 

reduce the a-Si:H thickness achieving better stability. So far, the reported highest initial cell 

efficiency was 15% (1cm2) by Kenji Yamanoto et al. in 2005[7]. The best stabilized efficiency was 

reported 11.9% in 2010 from a joint research between Oerlikon Solar Lab and Corning 
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Incorporated[8], and this improvement is  remarkable for commercialization. The output in 2010 is 

120 MW. 

Class

TCO

a-Si p-layer

a-Si i-layer

a-Si n-layer

µc-Si p-layer

µc-Si i-layer

µc-Si n-layer

ZnO

Ag

a-Si top cell

µc-Si bottom cell

Sunlight

 

Figure 2-2 Structure of micromorph solar cells. 

2.1.3 Tripe junction silicon solar cells 

Similar to micromorph stacked structure, triple junction silicon solar cells have the structure of p- a-

Si:H-n/ p- a-SiGe:H -n/ p-a-SiGe:H –n, manufactured by United Solar shown in Fig 2.3. With 

different germanium concentration, the band gap of a-SiGe:H material can be easily engineered, to 

modify solar spectrum absorption.  Although it has multiple layers, this type of tripe junction solar 

cell could be very thin even below 0.5µm and the stable efficiency is around 8.5%. Flexible steel is 

used as substrate, which allows roll-to-roll fabrication and produces 180 MW/year in United Solar[9]. 

In the p-i-n structure, p and n layer do not have to be the same material as i-layer. They form p-n 

junction across the i-layer. More importantly, the inter-layer (i.e. n3, p2, n2, p1) are supposed to form 

ohmic contact by tunneling effect. Therefore, those layers are normally very thin and heavily doped to 

form tunnel junctions. To achieve more competitive triple-junction cells, Uni-Solar is now moving to 

use nc-Si:H as bottom cell material. (nc-Si, micro-Si and µc-Si are the same material) The high 

wavelength response and low light-induced degradation makes nc-Si:H preferable not only in double 

junction tandem cells but also triple-junction cells. With the structure of a-Si:H/nc-Si:H/nc-Si:H, Uni-
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Solar has reported the world record tandem cell stabilized efficiency of 12.4% in 2011[10]. Although 

uniformity of large area deposition is challenge of VHF-PECVD method, it is still considered to be 

the most promising technique for high rate nc-Si:H deposition.  

TCO

i3 a-Si alloy
Eg = 1.8 eV

p3

Grid

n3
p2

i2 a-SiGe alloy
10-15% Ge Eg=1.6eV

n2
p1

i1 a-SiGe alloy
40-50% Ge Eg=1.4eV

n1
Zinc Oxide

Silver
Stainless Steel

 

Figure 2-3 Schematic of a-Si:H/a-SiGe:H/a-SiGe:H tandem solar cell[9]. 

2.1.4 Polycrystalline silicon solar cells 

Diffident from these cells based on amorphous silicon, polycrystalline silicon thin film cells is 

actually crystalline silicon with a grain size between 0.1μm and 1mm. The thickness of 

polycrystalline silicon cells is typically around 3μm. Unlike most a-Si based thin film, poly-Si doesn’t 

have stability and reliability issues. With relatively large grain size, poly-Si has superior carrier 

lifetime and carrier mobility. Mostly, they are deposited by Aluminum Induced Crystallization (AIC) 

and Solid Phase Crystallization (CSG). The typical poly-Si cell structure is quite simple as shown in 

Fig 2.4. The TCO is eliminated since poly-Si has sufficient conductance for ohmic contact formation 

together with metal. This would not only lower the process cost but also further improve module 

durability. While due to large thermal budget and low through output, it moves slowly in industry. 
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Rear metal

BSF

Absober layer

Front metal
Emitter

SIN

Glass

V, I

 

Figure 2-4 Schematic of poly-Si thin film solar cell[11]. 

2.1.5 CdTe solar cells 

Similarly, another polycrystalline material -- CdTe (most from First Solar), with efficiency ranges 

between 9% and 14%, has made up nearly half of total thin film production due to lowest Wp (Watt-

peak) production cost as a result of easy manufacture. CdTe is the absorber in CdTe cell, a direct 

band gap material with 1.44eV at 300K, optical for terrestrial PV applications. Almost 92% of useful 

sunlight could be absorbed within the first micrometer. To achieve the same value, crystalline silicon 

would be as thick as 200μm. As a result of super absorption property of CdTe, most carriers are 

generated close to junction and are easy to collect.  CdTe has less recombination in grain boundaries 

and no severe impact of lattice mismatch which gives it excellent performance. Together with CdS, a 

wide band gap material, the heterojunction is formed. Both of them are naturally doped, avoiding 

additional doping process in deposition.  Fig 2.5 demonstrates the schematic of CdTe cells with 

superstrate structure since superstrate configuration generally produces higher efficiency than 

substrates in CdTe solar cells. 
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 Front glass is usually soda lime glass, based on an overall consideration of transparency, 

transition temperature and price. Additionally, it is expected to absorb the harmful high 

energy light for EVA. It would be replaced by polymer in the case of flexible cells. 

 Front contact is also supposed to be transparent. Nowadays, TCO (Transparent Conductive 

Oxide) is widely used such as ITO (Indium Tin Oxide), SnO2 and ZnO. TCO is very 

important for monolithic manufacturing.  

 Semiconductor part consists of two layers: n-CdS (~ 100nm) and p-CdTe (~ 10µm) which 

form a heterojunction.    

 Back contact is composed of a thin metal layer, which is a bottleneck for CdTe thin film solar 

cells because of large energy barrier between p-CdTe and aluminum or copper contacts. It’s 

usually deposited at the end of the cell to have a better control, which makes most CdTe cells 

superstrate configuration. 

 EVA layer provides good adhesion to glass. Hence, the laminated structure can provide 

“encapsulation” and then help the module to resist moisture penetration. Also the EVA could 

provide structural support, electrical and physical isolation for the solar cells and thermal 

conduction path to glass which help cooling the solar cells. This layer is ignored for flexible 

cells 

 Back glass (back cover) together with the top glass provide the mechanical strength for the 

module. Ignored for flexible cells. 

To date, the highest efficiency record of CdTe cell on glass was 17.3% set by First Solar with 

commercial-scale manufacturing equipment and materials in 2011[12].  And they have also improved 

the CdTe module efficiency to 14.4% in the same year. The manufacturing time for CdTe modles is 

as short as within 2.5 hours from a bare substrate to a module. Recently, the flexible CdTe cells 

achieved 13.8% efficiency using thin polyimide developed by Dupont in superstrate[13], 7.3%  in 

substrate[14], and 7.8% with metallic foils in substrate[15]. However, Cd is toxic and needs to be 

recycled. Te is rare, availability problem of Te could arise in the long run.  
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Figure 2-5 Schematic of CdTe thin film solar cell 

2.1.6 CIGS solar cells 

Before the recent breakthrough of CdTe cells, CIGS used to have the higher efficiencies than any 

other thin film material at 12 to 15.5%.  Fig 2.6 shows the typical substrate structure of CIGS cells. 

Like most other thin film technologies, TCO layer acts as front contact. Like CdTe cell, a thin CdS 

layer is deposited to form heterojunction, replaceable with intrinsic ZnO. CIGS layer is actually a 

complex system consisting of five elements: copper, indium, gallium, selenium and sulfur, and is 

treated as polycrystalline material. The thin molybdenum layer, between CIGS and substrate, acts as a 

buffer layer to prevent shunting. The standard substrate is soda-lime glass where sodium can diffuse 

into cell and benefit cell efficiency. To date, the maximum cell efficiency on glass substrate was 19.9% 

by NREL in 2008[16], module efficacy was 14.8% in 2012 by Stion[17]. Recently, there was a big 

breakthrough of flexible CIGS cells and modules. The maximum cell efficiency was 18.7% or 17.7% 

on polymer or metal foil substrate achieved in 2011.  And the flexible module efficiency was claimed 

15.5% in 2012 by MiaSole[18], noting it’s an aperture-area efficiency. The previous record was 13.4% 

by SoloPower in 2011.  This achievement may close the gap between CIGS glass modules and 

flexible modules. The high efficiency, lightweight, no-mounting requirement makes it an excellent 

candidate for building integrated photovoltaic project (BIPV). While large area production is hard to 

achieve, the flexible CIGS module at record efficiency is 1.68 m2 from MiaSole[19].  
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Figure 2-6 Schematic of CIGS thin film solar cell[20] 

2.1.7 Monolithically interconnection in thin film solar cells 

It’s well known that contacts of crystalline silicon are done by screen printing of aluminum and silver 

paste on single cell, followed by up to 850˚C co-firing. However, it increases breakage possibility of 

thin wafers and silver price is escalating. In the case of thin film cells, some can be manufactured in a 

similar way as a series of individual standard cells connected together, whereas the other method 

monolithic series interconnection is more favorable where a series of cells are monolithically 

interconnected during the film deposition process by patterning three sets of scribes, called P1, P2 and 

P3 for short . In typical industrial production, these scribes in Si and CdTe modules are cut by lasers 

with different wavelengths. While only P1 in CIGS modules is performed by a laser, P2 and P3 are 

done in a mechanical way with needles due to weak adhere between layers[21]. Compare to 

mechanical method, laser is able to perform very precise and thin scribes with well-defined edges, as 

a result, the dead area zone of the modules is minimized. Therefore, it has been the preferred 

technology for thin-film scribing since the beginning of thin film production over 10 years ago 

although it’s a little expensive than mechanical ways.  

Fig 2.7 demonstrates the formation of monolithic integration of a-Si:H superstrate structure. P1 is first 

cut from glass side to define cell regions which are usually around 1cm wide with the same length of 

module. P2 is cut in a way to connect the front of conductive active layer to the back of adjacent cell. 

And P3 is to isolate cells’ metallic back contacts. Due to the precision of laser, generally the width of 

each scribe is 50 -150µm, similar to the horizontal distance between them, adding up to 500µm long 

interconnect region in typical, which actually does not contribute to photocurrent. However, the 

distance between scribes can’t be infinitely small in order to get good isolation and a low sheet series 
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resistance.  Monolithic interconnection makes use of the sequential nature of thin-film processing and 

arranges cells to match desired output. However, the drawback is up to 15-25% parasitic loss related 

with the TCO layer. 

Sunlight converted 
to electricity

Metallic back contact 
isolated by laser. (P1)

Via scribe (P2) connects conductive top 
layer to back contact of adjacent cell.

Converted electric current 
adds voltage from each cell.

Isolation scribe (P3) 
defines cell edges

 

Figure 2-7 Formation of monolithic integration of a-Si:H cell with P1,P2 and P3 are scribes[22]. 

2.2 Methods for thin film deposition  

This section will introduce several widely used deposition tools for silicon-based thin film solar cells 

both in industry and in research laboratory. 

2.2.1 Radio Frequency Plasma Enhanced Chemical Vapour Deposition (rf-PECVD) 

PECVD is the most common deposition tool for “device quality” a-Si:H, it has several configurations 

such as bath-type, cluster tool, in-line etc. Fig 2.8 shows a common parallel plate reactor. The 

capacitive discharge is excited between the two cylindrical conductive electrodes by applying radio-

frequency (rf) signal. Gases get dissociated by collisions and become a mixture of radicals, ions, 

neutral atoms, molecules, and other highly excited species. Due to the high mobility of electrons, the 

gas mixture shows positively charged, and a potential drop zone, called sheath, is formed between 
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plasma and neighbouring objects. Radicals will be accelerated to the objects after diffusing to the 

edge of plasma, and start film growth.  

One important feature of PECVD is that high quality film can be developed at low deposition 

temperature. It’s because the fractional ionization used for deposition is quite small, around 10-4 in rf 

PECVD. As a result, electrons maintain very high energy, several electronvolts average energy, due 

to inefficient energy transfer between electrons and neutral atoms, which ensures sufficient 

dissociation of precursor molecules and the generation of large amount of free radicals by collisions 

even at low deposition temperature. Device quality a-Si:H is normally deposited by SiH4 gas between 

200 to 250ºC at a rate of 2-5Å/s, which gives a wide range of possible low cost substrates, such as 

glass, stainless steel, flexible plastic foils etc. Doping is attained by adding proper gases with source 

gas, usually diborone (B2H6) or pyrophoric trimethylboron (TMB) for p-type, phosphine (PH3) for n 

type film. Moreover, some other gases can be introduced to modify band gap, such as germane (GeH4) 

or methane (CH4). By controlling different gases, it’s possible to deposit multi-layer structures in a 

continuous process. And film deposited by PECVD has good adhesion and uniformity. In fact, the 

fast development of liquid crystal displays (LCDs) has upgraded PECVD with large-scale, high-

throughput capacity, giving over 10 MWp/year output of single-junction a-Si:H PV modules on 1.4 

m2 glass wafers[23].  

 

Figure 2-8 Schematic graph of rf-PECVD[24]. 
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2.2.2 Inductively Coupled Radio Frequency Plasma Chemical Vapor Deposition (ICP-

CVD) 

Compared to conventional PECVD, ICP-CVD has much higher plasma density due to inductive 

discharge.  Fig 2.9 shows one typical structure of ICP-CVD. Powered by a high-frequency signal, 

usually 13.56 MHz radio frequency, the inductive coil outside dielectric walls will generate a 

magnetic potential in the chamber, in which radicals will be accelerated in the plasma rather than just 

at the sheath edge. It should be noted that the induced current is opposite to the coil current, parallel 

to the bottom electrode where wafers sit on, and radicals will diffuse down to the wafer instead of 

drift, to minimize energetic ion bombardment to wafer surface, which is essential for high quality film. 

Furthermore, there is normally no bottom RF power applied to ensure low plasma-induced damage 

and stress level. When excited by inductive discharge, the deposition pressure of ICP can be quite low, 

usually well below 100mTorr, in contrast to other plasma processes where pressure has to be kept 

above certain level to maintain impedance in order to resistively heat up electron. 

Due to high plasma density, ICP can achieve high deposition rate without comprising film quality by 

changing ICP power and gas flow rate. It has been utilized to deposit silicon oxide, nitride, carbon 

nanotube. It gives very good step coverage even at quite low temperature whereas typically high 

temperature as 300ºC is required to get good coverage in PECVD.  

GAS

TABLE
POWERPUMPS

COIL
POWER

 

Figure 2-9 Schematic graph of ICP-CVD 
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2.2.3 Very High Frequency PECVD (VHF-PECVD) 

In order to increase deposition rate, as high as 30-300 MHz excitation frequency has been applied on 

PECVD after the finding that very high frequency could accelerate ionization. The amorphous silicon 

deposition rate has been proved to be two to ten times higher compared rf-PECVD. It’s because the 

shealth width is reduced at very high frequency circumstance and thus more RF power is coupled into 

plasma. Furthermore, the ion bombardment becomes softer while more intense, which is favorable for 

microcrystalline material formation. It’s reported that microcrystalline films can be developed at the 

rate of 1-3nm/s [25]. Consequently, it prompts the development of micromorph cells, and some 

companies such as Inventux Technologies AG, Bosch Solar Energy G, Baoding Tianwei Solar are 

using such technique. The main drawback is hard to scale up to large area (in the range of 1 m2) as a 

result of non-uniformly distributed voltage on electrodes. Recently, researchers in the Mitsubishi 

Heavy Industries has announced that the new design ladder shaped electrode could improve 

uniformity[26]. They have successfully deposited uniform amorphous silicon film on 1.4×1.1 m glass 

substrate, with a rate of 1.7nm/s. 

2.2.4 Hot Wire Chemical Vapour Deposition (HW-CVD) 

Compared to plasma-assisted process, HW-CVD usually gives better film quality due to the absence 

of plasma i.e. no plasma-induced surface damage. Some filaments are introduced into chamber 

instead of two parallel electrodes, which are usually made of tungsten or tantalum and will be heated 

up during deposition. Typically for a-Si:H deposition, silane is thermally decomposed with filaments 

heated around 1600ºC to 2000 ºC, deposited on substrate at 250 ºC -350 ºC, with an acceptable rate of 

10Å/s[27].  μc-Si:H film has been developed with high deposition rate as well, while no satisfactory 

solar cells has been made with high rate yet. The main problems include overheating of deposited 

film, regular filament replacement, and non uniformity on large area. 

2.3 Growth mechanism 

2.3.1 Growth of a-Si:H in PECVD 

Amorphous silicon has a irregular atomic structure and lacks of long repeatable structure. Not all 

silicon atoms are fully bonded with others, leaving some unpaired bonds, called “dangling bonds” 

which are mostly passivated by hydrogen atoms. The existence of regular short range order makes it 

possible to use energy band concept to analyze a-Si:H. Fig 2.10 shows the impact of the lack of 

cyrstallinity on the density of states. The dangling bonds introduce broadly distributed density of 

states throughout the energy range, which is supposed to be “forbidden band” in crystalline silicon. 
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Also, band edges have extended into forbidden band, named “band tail”, compared to the sharp band 

edges in c-Si case. The stretched or compressed Si-Si bond can easily break and form new defects in 

the amorphous network, as high as 1021 defects per cm3 in pure a-Si has been measured [28]. When H2 

is incorporated into deposition process, the concentration of defects can be reduced dramatically, to 

1015 to 1016 cm-3, by bonding dangling Si atoms with H2 atoms [29]. Typical H2 contents in the bulk is 

around 10 atomic % [30]. The most favorable bond for high quality of a-Si:H is single Si-H bond, 

called mono-hydride (Si:H) bonds [31].  

 

Figure 2-10 Density of states of a-Si:H calculated by a standard model[31]. 

Generally, a-Si:H deposition in PECVD uses pure silane gas or diluted with helium or argon. In this 

thesis, pure silane is employed. Briefly speaking, gaseous silane get decomposed and react at active 

surface site, to produce solid silicon and gaseous byproduct H2, as summarized by following equation 

suggested by Veprek [32]: 

 𝑆𝑖𝐻4
𝑝𝑙𝑎𝑠𝑚𝑎
→     [𝑆𝑖𝐻𝑛] ↽⃑⃑⃑ 𝑆𝑖 ↓ +𝑚[𝐻] 

(1) 

Fig 2.11 schematically illustrates the elementary mechanistic steps in a Si film growth process. It 

includes electron-impact induced excitation of SiH4 to gas-phase silicon hydride radicals, gas-phase 

and surface reactions of these radicals, and desorption of byproducts from growing film, such as 

molecular hydrogen. The radical concentration is much less than stable molecules, and the dominant 

radical species is observed to be SiH3[32], which has a fast reaction rate only with other radical 

species, while SiH and SiH2 get consumed quickly due to rapid reaction with silane in the plasma. As 
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a result, SiH3 takes the role to transport silicon to growth surfaces. SiH3 has a quite low surface 

sticking coefficient around 0.04-0.08 on a hydrogenated silicon surface[33], along with SiH 

0.94[34]and SiH2 0.15[29]respectively. Consequently, it’s reasonable to assume, SiH and SiH2, which 

can insert rapidly into Si-H bonds, would stick efficiently to a hydrogenated silicon surface, while 

SiH3, which can’t insert into Si-H bonds, would have to stick on a dangling bond site. It’s reported 

that surface dangling bond density is approximately 1013cm-2, five to six orders of magnitude higher 

than bulk where the defect density is 107-108cm-2 per monolayer equivalent to 1015-1016 cm-3[35].  

Also, it’s proposed that SiH3 can be inserted directly in a strained surface Si-Si bond[36]. SiH3 is 

weakly absorbed by Si-H-Si bond on the surface which is called “physisorbed state”, and diffuses 

quickly over the hydrogen passivated surface, and binds with dangling bond. A new reaction site is 

created when hydrogen is eliminated by a SiH3 or another gas phase radical called Kisliuk mechanism. 

Also, weak Si-Si bond can be broken by mobile H, generating a dangling bond and a monohydride. In 

addition, the dangling bonds can be regenerated by electron and low energy ion impact under plasma 

conditions. When it comes to direct insertion of SiH3 into a Si-Si strained bond, no dangling bonds 

are required for film growth. However, it’s hard to explain continuous film growth due to limited 

number of strained bonds at the surface. Moreover, it’s suspected that the smooth film surface (root 

mean square roughness < 5nm), is a result of effective diffusion of certain radicals across the surface 

which is not known yet. 

 

Figure 2-11 Schematic mechanism of Si film growth by a generalized CVD process, starting with 

SiH4 precursor gas[32]. 
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Amorphous Silicon could be doped by adding dopant gases as boron and phosphorus, which is 

relatively easy to achieve referring to continuous random network of a-Si:H compared to crystalline 

silicon with regular long range order. However, the doping efficiency is extremely low, around 10-2-

10-3 at room temperature[37], i.e. more than 90% dopants are inactivate, whereas in crystalline silicon 

almost all dopants are activated. The most widely accepted explaination for such doping phenomenon 

is the “autocompensation model” developed by R.A.Street[30]. Fig 2.12 schematically demonstrates 

the possible configuration of a phosphorous atom in an a-Si:H network. Dopants incorporate into a-

Si:H network substitutionally. Most will form optimal threefold coordination which stands for the 

nondoping state and stay electrically inactive as Fig 2.12a, where 3 in P30 indicates bonded to three 

neighboring atoms, 0 means neutral, no charge. Fig 2.12b depicts the effect doping state of 

phosphorus atom where positively charged P attracts negatively charged danging bond Si3-, so-named 

“defect compensated donor”, and Fig 2.12c is not favorable due to high stabilized energy. It should be 

emphasized that heavily doping creates extra defects in a-Si;H, the defect density is two or three 

orders of magnitude larger than intrinsic a-Si:H[4]. 

 

Figure 2-12 Possible configuration of a phosphorous atom in an a-Si:H network[4]. 

 

2.3.2 Growth of μc-Si:H in PECVD 

Hydrogenated microcrystalline silicon (μc-Si:H) was first developed at 1968 by Veprek and 

Marecek[38]. The term “microcrystalline silicon (µc-Si:H)” or “nanocrystalline silicon (nc-Si:H)” 
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denotes films with nano-level crystalline grains in the amorphous network, usually deposited by 

PECVD at low temperature (< 400ºC) with highly H2 diluted SiH4 gas.  

Fig 2.13 shows the absorption coefficient of a-Si, μc-Si, and c-Si in the range of photon energy from 

0.5eV to 3.5eV where 85% of incident solar energy of AM 1.5 spectrum lies. μc-Si as an indirect-

bandgap material, has lower absorption coefficient than a-Si at high energy range (>1.8eV), which 

means thick film (around 1-2μm) or better light trapping scheme is required for μc-Si to achieve same 

absorption with a-Si. And the energy absorption below bandgap, 1.7eV for a-Si and 1.1eV for μc-Si, 

is caused by defects, which would mostly act as recombination centers to annihilate light-generated e-

h pairs. Apparently, μc-Si has lower defect density than a-Si, which makes it possible to have thick 

μc-si without dramatically increased recombination loss in µc-si layer.  

 

Figure 2-13 Optical absorption spectrum of μc-Si compared with a-Si:H and c-Si[4]. 

The high H2 dilution in standard RF PECVD method limits the deposition rates to less than 5Å/s, 

which means hours will be taken for the deposition of 2μm thick film. Fig 2.14 shows a schematic 

diagram of μc-Si formation with high H2 dilution[39]. Amorphous network is formed on the film-

growing surface first and some Si-Si weak bonds are attacked by atomic H2, removing a Si atom 

bonded more weakly to another Si (amorphous mode). New precursor will fill in that site and form a 

rigid and strong Si-Si bond (crystalline mode). High H2 dilution is required to ensure etching 

sufficient which limits deposition rate simultaneously. It has been shown that by increasing the 
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deposition pressure (>1Torr) and forcing the plasma into the high pressure depletion regime (HPD) 

the growth rate is increased as high as 5Å/s. In this plasma regime, high hydrogen consumption and 

powder formation make the HPD process optimization significantly complex. By employing very 

high frequency (VHF), high quality microcrystalline films with very high deposition rates can be 

achieved. However, due to the formation of the standing waves on the electrode, it is extremely 

difficult to obtain uniform large-area (in the range of 1m2) μc-Si films. 

 

Figure 2-14 Etching model for µc-Si growth[39]. 
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Chapter 3  

PECVD deposition and characterization of a-Si:H and μc-Si 

3.1 Intrinsic a-Si:H 

The parallel plate PECVD with a vacuum loadlock by Trion Technology is employed. The a-Si:H 

film was deposited on Corning Eagle XG glass wafers with pure silane gas. Glass wafers were 

cleaned by standard RCA 1 process before going to chamber. The primary gases for a-Si:H is silane 

(SiH4) or disilane (Si2H6), alone or mixed with hydrogen (H2) or noble gases (He, Ar, Xe). In this 

thesis, a-Si:H films was developed from pure silane based on E.Fathi’s work[40]. The deposition rate 

was 5Å/s when silane flow rate 20sccm. The film thickness was measured by Detek. Raman spectra 

were measured in the backscattering configuration using a Renishaw mico-Raman spectrometer with 

488nm excitation laser line.  

Fig 3.1 shows the Raman spectra of 300nm a-Si:H. The broad peak at 480cm-1 shows amorphous 

nature of the film. Although no H2 gas was introduced, atomic hydrogen would be produced by 

electron and silane collision, which passivated dangling bonds in a-Si:H and improved film quality. 

By adding H2 during a-Si:H growth, the film structure could change from amorphous to 

microcrystalline after surpassing a certain dilution ratio.  The transition regime occurs in a hydrogen 

dilution range R= [H2]/[SiH4] ≈ 10-35[41, 42]. It’s reported that defect density was minimized when 

deposited with pure SiH4 gas and lower power. Moreover, an increased hydrogen content could lead 

to a larger instability of a-Si:H films[43]. The rf plasma power used in this work was 5 W, roughly 16 

mW/cm2, which was the minimum power of Trion rf PECVD. Because high RF power would induce 

high dissociation rate at the expense of film quality due to enhanced ion bombardment damage by 

rapidly accelerated ions, the film stress would become more compressive and impair film reliability. 

In comparison, high pressure at constant RF power leads to reduced ion bombardment due to the 

increase of collisions within plasma and increased deposition rate as well. It should be mentioned that 

high pressure could induce gas-phase polymerization reactions that causes powder formation, thus, 

the pressure range is restricted by the onset of powder formation, usually 0.01-1Torr is regarded as 

medium pressure range, and 1 to 10mTorr as low pressure range. Moreover, low pressure is 

preferable in order to conserve SiH3 radicals till it encounters the growth surface. So the employed 

pressure was 200mTorr considering both film quality and deposition rate. The temperature was kept 

at 180˚C. The normal deposition temperature of PECVD is around 100-400°C in which range free 



 

 24 

electron can gain sufficient kinetic energy by collision to activate excitation, ionization and 

dissociation with low gas temperature [44]. 

 

Figure 3-1 Raman spectra of  a-Si:H. 

3.2 Doped a-Si:H 

In this experiment, phosphine gas, diluted with 99% H2, was introduced into a-Si:H plasma deposition 

process for n-type film. For conductivity measurement, 18mm long and 1mm apart coplanar 

aluminum contacts were sputtered through a shadow mask by Intevac DC sputtering system. The I-V 

characteristics curve was measured by Agilent combined with a dark box work station. The 

conductivity was then calculated from the slope of I-V curve. And the film thickness was derived 

from transmission spectrum with the aid of a well-developed method [45]. 

It should be noted that a well-established chamber condition is required for good quality films and 

repeatability. During deposition, chamber interior was coated with films, also, particles formation 

were undergoing which has been studied by W.H.M.Lodders[46]. Small particles grew up to 2nm in 

the first few microsenconds once plasma starts, coagulated to 10-200nm after its density reached a 

critical value about 1010-1011 cm-3, and continued to grow till saturation. Some particles after reaching 

a certain weight would be flushed out of plasma, however, if the particles got too big, plasma would 

fluctuate. The existence of particles will pose effect on film quality and device reliability. Thus, after 

each deposition, the cleaning gas CF4 diluted with O2 was introduced into chamber and formed a 

plasma cleaning gas, which contacted interior surfaces of chambers and etched away deposited films 
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which were converted into gaseous forms and carry away. Such process is known as “in situ dry 

clean”[47]. The cleaning rate was determined by etching a glass wafer coasted with known thickness. 

Some residual reaction products by dry etching would adhere to interior surfaces of chamber, and 

may be absorbed by following deposition process, e.g.  Fluorine would form particles when contacted 

by the reactive gases used to make oxide layer in PECVD [48]. In order to avoid the potentially 

undesirable by-products of cleaning, a subsequent layer such as a-Si:H, SiO2 etc. was used to coat the 

chamber surfaces, from several hundred nanometer up to 2μm[49] thickness and 300nm was used in 

this thesis. Also, purgation by inert gases was carried out between cleaning and deposition to evacuate 

residue particles[50]. High pressure and high flow rate inert gas flow was on for one to three minutes 

and off for same time as a cycle, repeated for several times. After several deposition, visible particle 

formation and film peeling off have be observed, indicating “wet-cleaning” is required which needs to 

open the chamber and wipe the surfaces down with appropriate cleaning solvents[47], isopropanol 

(IPA) was used here. Strangely, it seemed the adherence of chamber walls was too weak to attach 

films and lots of large pieces of films started to drop off soon after starting a-Si:H passivation, shown 

in Fig 3.2. The plasma was stopped and another wet-cleaning was performed. H2 plasma was applied 

before a-Si:H passivation. It turned out H2 plasma had effectively removed any residues on the wall 

and the following a-Si:H deposition went smoothly. The a-Si:H passivation layer after wet-cleaning 

was kept at 1μm to stabilize chamber and insure repeatable data according to our experiments.  

 

Figure 3-2 PECVD chamber with some peeling off after a-Si:H passivation. 
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Fig 3.3 shows the conductivity values as a function of PH3-to-SiH4 flow ratios. The silane flow rate 

was kept at 10 sccm, H2 at 85 sccm with pressure 200 mTorr and power5 W. By increasing PH3-to 

SiH4 ratio, the conductivity increased first then decreased. Compared to literature values [4], the 

conductivity was close to maximum values one could got at 180ºC. The deposition rate was 5nm/min, 

which could be a result of high H2 dilution. In order to increase deposition rate, H2 flow was 

eliminated and the SiH4 flow was doubled from 10sccm to 20sccm, increasing the deposition rate to 

8.8nm/min. The maximum conductivity without H2 dilution was 1.15E-3 S/cm, which was in the 

range of highest conductivity at 180˚C by rf PECVD.  

 

Figure 3-3 Conductivity and deposition rate of n type a-Si:H as a function of PH3-to-SiH4 ratio. 

Fig 3.4 illustrates conductivity and deposition rate versus pressure. It’s clear that the deposition rate 

increases with pressure as a result of more closely packed reactant gases where chances of collision, 

association and dissociation were increased. In contrary, the conductivity decreased with increased 

pressure which may be explained by reduced amount of positive ions P4
+ due to collision, which are 

active dopant.  
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Figure 3-4 Effect of pressure on conductivity and deposition rate of n-type a-Si:H. The conductivity is 

shown in logarithmic scale. 

Fig 3.5 presents the conductivity of n type a-Si:H as a function of deposition temperature. The silane 

flow rate was kept at 10 sccm, PH3-to-SiH4 =0.02 with pressure 200 mTorr and power 5W The 

conductivity increased to 7.78E-3 S/cm at 260ºC because the paramount –SiH3 at low substrate 

temperature would develop into =SiH2, and finally to dominate ≡SiH at high substrate temperature 

due to thermally enhanced H abstraction [41].  

 

Figure 3-5 Effect of temperature on the conductivity of n-type a-Si:H. 
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P-type a-Si:H has lower conductivity than n-type film, the primary reason is that wider valence band 

tail prevents Fermi level farther away from the mobility edge, the other possible reason is that 

undoped a-Si is naturally slightly n-type due to the present of impurities such as oxygen, nitrogen. It 

has to be compensated first before showing p-type properties. Also, high power is required for 

diborone to get effective doping, which has been confirmed in p type µc-Si:H deposition in Chapter 4. 

However, this issue wasn’t recognized when developing p type µc-Si:H films and the highest 

conductivity of p type µc-Si:H was 2.4E-4 S/cm, no further work has been done to achieve better 

conductivity.  

 

3.3 n type μc-Si:H 

Due to the localized crystallized parts, μc-Si:H experiences less light-induced degradation compared 

to its counterpart a-Si:H. And the unique structure enables easy doping and gives high conductivity, 

in the range of 101 S/cm and 10-2 for n-type and p-type film respectively. It has been studied that high 

H2 dilution (~98-99%) would produce high crystalline percentage[42][51], since weak bonds are 

attacked and atomic structure is rebuilt. Fig 3.6 shows the crystallinity and dark conductivity of n-

type µc-Si:H films as a function of PH3-SiH4 ratio  deposited on glass subsrate[40]. The crystalline 

percentage reduced with increased amount of PH3 gas since doping induced more defects and thus 

reducing crystallinity. The conductivity peaked when PH3-to-SiH4 ratio was around 0.75% with 

crystallnity around 40%. Similar PH3-to-SiH4 ratio has also been reported by[52]. Thus, n type μc-

Si:H was developed in the similar range of PH3-to-SiH4 ratio. Deposition power was kept at 5W, 

pressure was 600mTorr, temperature was 180°C, and SiH4 flow was 2sccm. 

Fig 3.7 presents the Raman spectra of doped n-type µc-Si. It has been deconvoluted into characteristic 

spectrums. The crystalline silicon is dominated by a peak at 520 cm-1 originated from the transversal 

optical (TO) phonon, whereas this peak shifts to lower values as a result of finite grain size and 

internal stress, also the peak width increases[53][54].The broad peak at 471.8 cm-1 represents 

amorphous phase. Additionally, another peak is also observed at 501 cm-1 caused by the stacking 

faults in the crystalline phase, also referred to as wurtzite peak[55]. The crystallinity can be calculated 

by 

 
𝑋𝑐 =

𝐼515 + 𝐼501
𝐼515 + 𝐼501 + 0.80𝐼472

 
(2) 
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where 𝐼𝑋 is the Raman intensity centered at indicated wave number, 0.8 comes from the different 

Raman cross sections for crystalline and amorphous silicon [56]. So the crystallinity was around 

64.6%.  

Furthermore, large grain size could cause the crystallized peak red shift towards 520 cm-1, and small 

grain size would cause blue shift towards 480 cm-1, so the average grain size (d) can be estimated by 

[57]: 

 

𝑑 = 2𝜋√
𝐶

∆𝜔
 

(3) 

 where C is a constant, equals 2.24 nm2cm-1 for silicon, ∆𝜔 the value of shift from nanocrystalline TO 

peak to crystalline TO peak. The estimated grain size was 4.1nm. And the conductivity was as high as 

17 S/cm with a thickness 51 nm.  

 

Figure 3-6 Crystallinity and conductivity of 40nm µc-Si:H as a function of PH3/SiH4 flow ratio[40]. 
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Figure 3-7 Raman of µc-Si:H deposited with PH3-to-SiH4 ratio 1%, H2 dilution 99% at 180˚C. 

3.4  p type μc-Si:H 

More work has been done to optimize p-type uc-Si films, which could be used as front layer in p-i-n 

heterojunction solar cells with good conductivity and relatively lower defect density than p-type a-

SiC:H window layers. Also, the built-in potential could be improved as a result of low activation 

energy of p-type µc-Si:H. It’s well known that boron-doped uc-Si:H has one order lower conductivity 

than of phosphorous-doped silicon films. The challenges to get good conductive p-type uc-Si films 

come from several aspects:  

 First, the undoped uc-Si:H film shows n-type naturally due to impurities such as oxygen and 

nitrogen, so compensation of n-type has to be made before “midgap” character [58].   

 Second, boron has been reported to have a catalytic reaction with the hydrogen, enhance loss 

of surface hydrogen coverage, and disrupt the crystal growth [44].   

 Third, the hydrogen atoms could passivate substitutionl B-Si bonds by forming the neutral B-

H-Si complex [59].  

 Forth, the film tends to become amorphous when boron concentration is in the range of 1020 

cm-3 [60]. Furthermore, the boron doping efficiency is very low (10-20%) in PECVD [60]. 
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In this thesis, pure silane SiH4 and dibrone B2H4 which was diluted in H2 to concentration 3%, were 

used. The deposition temperature was kept at 180ºC. All deposited p-type µc-Si:H films had a 

thickness around 50-80nm. Fig 3.8 shows the effect of H2 on the conductivity and deposition rate. 

The SiH4 flow rate was 2sccm, B2H6/H2 0.6sccm and pressure 300mTorr. When H2 flow rate 

increased from 200sccm to 400sccm, i.e. dilution ratio increased from 98.9% to 99.5%, the 

conductivity increased around 18%, and deposition rate decreased 17%.  The abundant H2 flow 

provided sufficient atomic hydrogen to reach fully surface coverage, also broke more weak bonds to 

increase crystallinity. As a result, conductivity increased at the expense of deposition rate. 

 

Figure 3-8 Conductivity and deposition rate of p-type µc-Si:H films as a function of H2 dilution ratio. 

Fig 3.9 depicts dark conductivity and deposition rate as a function of B2H6-to-SiH4 ratio. The SiH4 

flow rate was kept constant at 2sccm with pressure 300mTorr and temperature 180˚C.  The 

conductivities were in the range of 10-2 S/cm with B2H6-to-SiH4 from 1% to 2.5%, and suddenly 

dropped to 1.1E-4 S/cm when B2H6-to-SiH4 increased to 3%. The maximum conductivity in this 

series was 6.2E-2 S/cm when B2H6-to-SiH4 ratio was 1.5%. When doping ratio was low, the amount 

of active dopants in film was low too, unable to get good conductivity since it was determined by 

carrier concentration and mobility. When the doping ratio exceeded a threshold value, the 

conductivity decreased although the carrier concentration was increasing, because heavily doping 

deteriorated film crystallinity and caused wider grain boundary barrier, thus enhanced the scattering 

effect in the grain boundary, which in turn reduced the carrier mobility and conductivity therein [60]. 

Another possible explanation was that the increased dopant concentration trapped larger amount of 
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atomic hydrogen to form neutral B-H-Si bonds complex, leading to insufficient flux density of atomic 

hydrogen to attack weak bonds, thus, the growth of microcrystalline was impaired, consequently the 

conductivity decreased. Moreover, it’s found the sticking coefficient of film precursors SiH3 on the 

film-growing surface increases with increasing boron-doping ratio [61].Furthermore, the deposition 

rate had a sharp increase when conductivity dropped rapidly, indicated possible reaction changes with 

more amorphous structure formation.   

 

Figure 3-9 Conductivity and deposition rate of p-type µc-Si:H films as a function of B2H6-to-SiH4 

ratio. The conductivity is plotted on a logarithmic scale. 

Fig 3.10 demonstrates the relation of chamber pressure on film conductivity and deposition rate. The 

SiH4 was kept at 2sccm, and B2H6-to-SiH4 was 0.009 with pressure 300mTorr and temperature 180˚C.  

Sample series 1 and 2 had the same deposition parameters except series 2 were deposited after 

chamber being well cleaned and passivated while series 1 not. The deposition rates were very similar, 

while the conductivity improved, especially in the range of 300 and 400mTorr, conductivity increased 

nearly one to two orders of magnitude. The electronic properties of p type µc-Si:H has been greatly 

affected by chamber conditions, details could be found in doped a-Si part. Although values at 400mT 

varied a lot, both lines showed similar general trend of conductivity and deposition rate. Conductivity 

increased suddenly, peaked around 300-400mTorr and then decreased one or two orders of magnitude 

lower. The highest conductivity was 2.51E-2S/cm at 400mTorr after chamber conditions stabilized, 
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and was 4.23E-3S/cm at 300mTorr before cleaning. The changes may be explained by pressure-

dependent H2 incorporation into growing film. The density of atomic hydrogen (Hα) was 

proportionate to the generation rate of atomic hydrogen[62]: 

 [𝐻𝛼] ∝ 𝜎𝜐𝑡ℎ𝑁𝑒[𝐻] (4) 

where 𝜎  is the dissociation cross-section of the collision, 𝜐𝑡ℎ  the thermal velocity of electrons in 

plasma, 𝑁𝑒  the density of energetic electrons responsible for the reaction, and [𝐻] the density of 

atomic hydrogen. The atomic hydrogen is mainly generated by electron-SiH4 collision and electron-

hydrogen collision. When pressure was low (< 200mTor), microcrystalline film was growing while 

𝐻𝛼 may be slightly insufficient to achieve good crystallinity, due to less collisions therein smaller 𝜐𝑡ℎ. 

After increasing pressure (300-400mTorr), the adequate amount of atomic hydrogen contributed to 

crystal nucleation at the beginning of deposition, leading to improved crystalline percentage. When 

pressure kept increasing, atomic hydrogen more likely converted to precursors, which would promote 

the growth of porous, hydrogen rich amorphous phase, thus reducing conductivity. It’s reported that 

higher H concentration has been measured in samples deposited at high pressure[63]. Moreover, the 

deposition rate at 400mTorr was lowest which agreed with highest crystallinity, and the quick 

increase with pressure fits well with amorphous phase growth assumption.  

 

Figure 3-10 Effect of chamber conditions on the conductivity and deposition rate on p-type µc-Si:H 

film. Sample series 1 and 2 were deposited before and after chamber conditions stabilized. 
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Fig 3.11 depicts the effect of power on electrical properties and deposition rate. Sample sets a and b 

were deposited with different pressure 600mTorr and 300mTorr respectively, with other parameters 

the same (SiH4 =2sccm, B2H6/ SiH4=0.009, H2 = 400sccm, temperature=180ºC), also, series a were 

deposited before chamber stabilized, whereas series b were after. Apparently, high power would give 

high radical densities thus high deposition rate, which was nearly linear dependence of power as 

shown in Fig 3.11. There existed a power zone (55-65W) for optimized film quality with good 

crystallinity and thus conductivity, since high power would cause loss of crystallinity and favor the 

growth of amorphous phase [62]. After optimization of deposition parameters, the highest 

conductivity for 300nm film was 7.1E-2S/cm with power 56W, pressure 300mTorr, B2H6/ SiH4 0.021 

and H2 400sccm at 180°C. 

 

Figure 3-11 Effect of rf plasma power on the conductivity and deposition rate on p-type µc-Si:H film, 

(a) deposited at 600mTorr before chamber conditions stabilized, and (b) deposited at 300mTorr after 

chamber conditions well established. 

Annealing effect has also been studied. The sample was deposited at 180 ºC for 20 minutes, and then 

annealed at 200ºC in N2 atmosphere for one hour. The conductivity increased from 4.44E-2S/cm to 

1.30S/cm, two magnitudes higher. One possible explanation originates from thermally activated 

annihilation and formation process of Si-H-B complex[59]. Boron dopants could easily react with 

silicon grain and achieve substitution doping. Hydrogen easily got involved in the unsaturated Si-B 

bonds and formed the neutral Si-H-B complex, which means boron was inactive in such a state. In 

this configuration, B-H bond was much weaker than Si-H bond, and would be easily broken, 

converting boron to active dopants, therefore, increasing conductivity. Y.Sobajima et al. [64] have 

compared the infrared-absorption spectra of B-doped μc-Si:H films as deposited and after annealing, 
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and found that the B-H-Si complex had disappeared after annealing in 200ºC in N2 atmosphere, which 

confirmed the activation of boron by thermally annihilated Si-H-B complex. 
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Chapter 4  

ICP deposition and characterization of μc-Si 

4.1 Introduction 

Thin film microcrystalline silicon (μc-Si) is widely used for the fabrication of high speed thin film 

transistors, and stable, high-efficiency solar cells. In these applications, the key issues are low 

deposition rate and high processing temperature. Normal plasma deposition employs high H2 dilution 

(98%~99%) which greatly reduces deposition rate.  

Hot wire (HW) CVD is alternatives to the conventional plasma deposition. High rate μc-Si films have 

been deposited by HW CVD deposition, while lack of low energy ion bombardment in this method is 

believed to result in relatively poor film quality. The detailed nucleation and growth process is still 

controversial. One possible model is suggested by Matsude et al.[65]. The growing surface is fully 

covered by bonded hydrogen due to high H2 dilution reactant gases and the H-recombination would 

produce local heating, both of which will enhance diffusion of precursors and find a energetically 

stable site to grow.  

Inductively coupled plasma (ICP)-CVD, as a “remote plasam” tool, has much less ion bombardment 

on the deposition surface compared to direct plasma rf PECVD, because the plasma generation region 

is separated from film deposition region, and reactant particles diffuse to deposition surface rather 

than accelerates in a electric field and hit on the surface which is the case in direct plasma chamber 

like conventional PECVD tools. Moreover, the ion density in ICP is generated by inductive coupling, 

much higher (~1012cm-3) than that traditional capacitively coupling generated in PECVD. The high 

plasma density and low ion bombardment on the substrate facilitate the deposition of device-quality 

μc-Si films with rapid growth from low hydrogen diluted silane gas.  

4.2 Experiment setup 

In this chapter, a novel change of a novel ICP chamber modification is proposed for deposition of 

low-temperature μc-Si films at high growth rates using the pure silane gas precursor. As recently 

shown by B.Strahm et al.[66], the hydrogen-dominated plasma which is essential for deposition of 

microcrystalline films can alternatively be obtained by a strong plasma depletion of the pure silane 

gas. In this plasma condition, the released H2 gas from the film surface has significantly higher partial 

pressures compared to the silane gas precursor. Here, the film surface area is considered the chamber 
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walls exposed to the SiHα radicals. As Fig 4.1 shows, in the modified system, a grounded plasma 

showerhead is placed between the high density plasma source and the bottom grounded electrode 

where the substrates are mounted. The grounded plasma showerhead plays three important roles: (i) 

increasing the H2 partial pressure by increasing the plasma exposed surface, (ii) weakening the ion 

bombardment, and (iii) increasing the fractional ionization capacity.    

In the proposed system, the plasma is excited by an inductively coupled coil connected to 13.56 MHz 

RF generator. The plasma showerhead pattern has been optimized to ensure the film uniformity and 

the easy flow of the precursors. Three adjustable stands completely separate the plasma source from 

the chamber deposition compartment.  The films for structural, electrical and optical measurements 

were deposited onto 0.5mm thick Corning 1737 glass substrates. Raman spectroscopy was employed 

to estimate the crystalline fraction (XC). Raman spectra were measured in the backscattering 

geometry using a Renishaw micro-Raman spectrometer with a 488nm excitation laser line. 

Transmission and reflection spectra of μc-Si films were measured using a Perkin Elmer lambda 1050 

UV–vis spectrophotometer and the film thicknesses extracted from these measurements following the 

procedure of Ref[45]. Samples for conductivity measurement were prepared by sputtering coplanar 

Al electrodes through a shadow mask and photoconductivity was measured under an illumination 

close to the air mass (AM) 1.5 spectral distribution and an intensity of 100mWcm-2. X-ray diffraction 

(XRD) was performed with a PANalytical X’Pert PRO X-ray diffractometer (Source: Cu Kα1; Tube 

voltage: 50kV; current: 40mA). 
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Figure 4-1 Modified ICP-CVD chamber with a showerhead between plasma generation region and 

deposition region. 

4.3 Results analysis 

Fig 4.2 shows the Raman spectra of films deposited with and without plate in the chamber. The film 

had a small crystalline peak and a wide amorphous shoulder when deposited without plate, however, 

the crystalline peak became very sharp after placing the plate in chamber, which indicated the film 

was crystallized. The effect of having plate may help to achieve high depletion of SiH4, which favors 

microcrystalline growth. Details of possible effect of plat in chamber have been explained in the 

experiment part. 
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Figure 4-2 Raman spectra of films deposited with/without plate in the chamber. 

Figure 4.3 shows the Raman spectra of μc-Si films deposited using silane gas flow rates of 20, 30, 

and 40 sccm at the substrate temperature of 180ºC. For all these depositions, pressure and power were 

kept at 5mTorr and 400W, respectively. The observed spectra were fitted with three Gaussians peaks 

centred at 480 cm-1, 504-511 cm-1, and 514-518.7 cm-1, corresponding to the transverse optical (TO) 

phonon mode of the amorphous fraction and optical vibrational modes of Si nanocrystals, 

respectively. The crystalline volume fraction, Xc, was determined using relation 

 
XC =

Ic
(Ic + ηIa)

 
(5) 

where Ia and Ic are the integrated intensities of the amorphous (480 cm-1) and crystalline (504-518.7 

cm-1) peaks, respectively. The ratio of the back-scattering cross section, η, is chosen to be 0.8. It was 

seen that silane flow rate of 20sccm result in a μc-Si film with crystalline fraction of 68% and 

deposition rate of  5.1 Å/s. In comparison with other μc-Si deposition techniques this growth rate is 

very competitive in terms of the gas usage which is an important factor in cost reduction of the 

deposition process. In conventional PECVD technique, the same growth rate can be achieved using 

relatively high hydrogen dilutions (>100sccm) and higher substrate temperatures (>250 ºC). To 

further increase the film growth rate, silane flow rate was increased to 30sccm. While the film growth 

rate increased to 6.2Å/s at this flow rate, the evaluated crystalline volume fraction decreases to 45% 

indicating suppression of crystalline growth. Additionally, the film becomes amorphous as the silane 
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flow rate increases to 40sccm (See Figure 4.3). It was observed that the deposition rate didn’t increase 

by the same rate as the silane flow rate and so was not the H2 gas density which was by-product of the 

deposited film. Here, the lower hydrogen dilution ratio was responsible for the suppressed crystalline 

fraction of the films with higher silane flow rate. Without the plasma showerhead, the deposited films 

with the same plasma conditions are all amorphous.  

 

Figure 4-3 Raman with different SiH4 flow rate. 

Figure 4.4 shows the Raman spectra of the μc-Si films deposited at different substrate temperatures. 

Power, pressure, and silane flow rate are kept constant for all depositions. While the film deposited at 

130ºC was amorphous, the crystalline peak at 520cm-1 started to appear for higher temperatures. It 

was seen that in the temperature range of 150-260ºC, Xc increased abruptly from 60% to 68% and 

then saturated at around 71%. This characteristic was fully compatible with previous observations and 

was explained by temperature dependence of H-elimination reactions on the growing surface. In order 

to study the temperature-dependent photosensitivity of the deposited films, photo- and dark-

conductivity (σph , σd) measurements were performed. As it is shown in Figure 4.5, with increasing 

the substrate temperature, both conductivities steeply increased at around 150ºC. Above this threshold 

value σph and σd remained almost constant at 10-4 and 10-6 S/cm, respectively. This abrupt change in 

the conductivity values were attributed to the higher (and constant) crystalline fraction of the film 

deposited at the temperatures above 150 ºC.  
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Figure 4-4 Raman and crystalline fraction of μc-Si:H as a function of temperature. 

 

Figure 4-5 Photo and dark conductivity of μc-Si:H as a function of temperature. 

To investigate the crystal structure, the XRD analysis of the film deposited at 180ºC was performed. 

Figure 4.6 shows the XRD spectrum of this film where three diffraction peaks corresponding to 

Si(111), Si(220), and Si(311) surfaces are distinguished from the broad background signal. The 

Al(111) peak is due to the Al electrodes deposited at the sample.  
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Figure 4-6 XRD results of μc-Si:H deposited at 180ºC. 

In order to study the thickness-dependent structural and electrical properties of the μc-Si films, 

samples with different thicknesses (35-1051nm) were deposited at the substrate temperature of 180°C 

and silane flow rate of 20sccm. Figure 4.7 and 4.8 shows the variation of Raman, photo- , and dark-

conductivity for this thickness series. As it is shown in Figure 4.6 the amorphous shoulder at 480 cm-1 

was more prominent for the 35nm film compare to that of 1051nm film. The crystalline fraction of 44% 

for the 35nm film clearly showed the presence of a very thin incubation layer at the film/substrate 

interface. The calculated crystalline fraction showed saturation at the film thickness of 300nm which 

implies the formation of fully dense conical conglomerates[67]. Figure 4.8 shows the variation of 

photo- and dark-conductivity for the thickness series. Both photo- and dark conductivities showed 

small values for thicknesses <100nm and changed abruptly for thicker films. The observed abrupt 

change in conductivity was explained in terms of percolation theory by destruction of a percolation 

cluster composed of nanocrystallites as the layer thickness became comparable to the size of a 

crystallite. A maximum photoconductivity was observed for the film with thickness of 300nm. At this 

thickness, it is believed that the film structure composed of densed nanocrystallites passivated with 

amorphous tissue. As it is explained by[68], this structure shows the best photo properties. 
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Figure 4-7 Raman and crystalline fraction of μc-Si:H as a function of film thickness. 

 

Figure 4-8 Photo and dark conductivity of μc-Si:H as a function of film thickness. 

Additionally, it has been observed that the dominant ions in ICP at high power regime (>100W) are 

ionic species like SiHX
+ and HX

+[69], i.e. electron-induced SiH4 dissociation/ionization. Due to the 

design of ICP chamber, the deposition region with a big area has lower pressure than the confined 

plasma generation region, which favors the diffusion of these species to film growing surface. When 

passing through showerhead, only one third goes through successfully and contributes to film growth 

which may possibly explain microcrystalline formation. Furth characterizations need to be studied in 

order to clear the formation mechanism of microcrystalline silicon in ICP.  
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Chapter 5  

ICP deposition and characterization of a-SiGe:H 

5.1 Introduction 

Silicon has been the predominant semiconductor material and its alloys have also drawn considerable 

attention both in lab and in industry. Among alloys with other group IV (C, Ge, Sn) elements, Ge 

gives the lowest bond mismatch (∆𝑙 ~ 4%), whereas ~34% for SiC, and ~17% for SiSn[70]. Moreover, 

the bandgap of SiGe alloys could be tuned from ~ 1.1eV (pure a-Ge:H films) to ~ 1.7eV (pure a-Si:H 

films), which makes it a great candidate for full-spectrum absorption in solar cells, e.g. tandem solar 

cells. Usually, intrinsic a-SiGe layer is used in the middle or bottom cells to enhance long wavelength 

light absorption. Furthermore, a-SiGe:H has similar absorption coefficient with a-Si, avoiding the 

requirement of thick film as in the case of μc-Si. Several methods have been employed to develop a-

SiGe film, such as HWCVD, LPCVD, sputtering etc.  The main issue originates from the fact that a-

SiGe has high defect density (>1017cm-3)[71], which leads to pronounced degradation after light 

exposure, same phenomena observed in a-Si. It also limits the deposition rate of a-SiGe, since film 

quality will be impaired as a result of increased defect density, currently the rate is around 0.8~1Å/s 

or lower. Recently, high deposition rate has been reported by Q.H.Fan et al. with 4Å/s by rf 

PECVD[72]. They adopted high pressure (2-4Torr), relatively high RF power density (116mW/cm2), 

and high H2 dilution ratio (H2:Si2H6=100:1).  

5.2 Experiment setup 

In this chapter, trial deposition of a-SiGe:H has been done on Corning Eagle XG glass substrates by 

ICP with an initial deposition rate up to 4.7Å/s, with very low pressure (5mTorr), low H2 dilution (< 

63%), and moderate power density. SiH4, GeH4 and H2 were used as reactant gases.  Three sets of 

samples were deposited with different gas ratio and temperature. Raman spectroscopy measurement 

was done in the backscattering geometry using a Renishaw micro-Raman spectrometer with a 488 nm 

excitation laser line. Cross-section view of transmission electron microscopy (TEM), annular dark-

field scanning transmission electron microscopy (ADF-STEM) STEM, and energy-dispersive x-ray 

spectroscopy (EDS) were conducted by JEOL 2010 field emission TEM/STEM. 
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5.3 Results analysis 

The dissociation of silane and germane is mainly due to collision with electrons in the absence or low 

dilution of H2, and the most possible radicals are SiH3, SiH2, GeH3 and GeH2[73]. Radicals along 

with a very small amount of atomic hydrogen would diffuse to the growing surface and form films. 

Fig 5.1 shows the original Raman spectra of a-SiGe:H films with different deposition temperature.  A 

strong photoluminescence background was observed with film deposited at 150ºC, and decreased 

when temperature increased. The PL background was believed from radiative recombination of 

electron and hole pairs[74]. It’s strongly influenced by H2 content in the film and experiences 

exponentially increase once H2 content exceeds a threshold value[75]. Herein, it was predicted that 

less H was incorporated into a-SiGe:H films at elevated temperature which was in consistent with 

other works[76]. Additionally, the activation energy of Ge-H bond is 0.30eV, lower than 0.76eV of 

Si-H bond[77]. As a result, Ge-H bond was more easily broke than Si-H bond and hydrogen were 

selectively taken off from Ge sites. So hydrogen in a-SiGe:H film was more preferably attached to Si 

sites in the form of SiH2 or SiH. And SiH2 would desorb hydrogen rapidly with temperature. 

Consequently, the preferential H attachment to Si induced more Ge dangling bonds than Si, which 

increased with high Ge content. The pl background was subtracted to avoid any adverse effect on 

further analysis, shown in Fig 5.2. Also, due to the nonconstant total Raman signal, the scattering 

intensity was normalized.  

Fig 5.3 presents the modified Raman spectra of a-SiGe films. The three broad peaks 280, 390 and 480 

cm-1 correspond to Ge-Ge, Si-Ge, and Si-Si transverse optical (TO) vibrations, respectively[78]. It 

was obvious that the film was SiGe alloys instead of a mixture of pure Si and Ge particles. The film 

deposited at 150ºC was mainly composed of Ge-Ge bonds, with some Si-Ge bonds, no evidence of 

Si-Si formation, which could be explained by lower activation energies associated with germanium 

deposition compared to those associated with silicon. Moreover, Ge has higher sticking coefficient 

which gives more chance for Ge-Ge bonds growth[79]. When precursors reached and got absorbed in 

the growing surface, they diffused to reactive sites and formed chemical bonds, while those with low 

sticking coefficients were more easily to be desorbed from surface, leaving a Ge-rich film in this case. 

When temperature increased to 300ºC, Si-Si bonds appeared and the intensity of Si-Ge bonds 

increased at the expense of Ge-Ge bonds because the sticking coefficient of Si radicals has been 

proved to increase with high temperature[80], and SiH2 radicals has higher sticking coefficient than 

SiH3, so it’s relatively easy for SiH2 radicals to stick to the open dangling bond sites whereas SiH3 
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would move randomly in the growth zone and tends to react with atomic hydrogen to form SiH2 and 

hydrogen due to the high cross section of such reaction[81]. By further increasing temperature to 

400ºC, both Si-Ge and Ge-Ge peaks increased slightly and peaks got wider, showing that a-SiGe 

alloy formation was thermally favored. Quite similar trend has been found when the flow rate of 

GeH4-to-SiH4 flow is 2, and Ge-Ge is as expected more obvious than Si-related bonds.  

 

Figure 5-1 Raman spectra of a-SiGe:H samples with the flow rate of GeH4-to-SiH4=1. 

 

Figure 5-2 Raman spectra of a-SiGe:H sample at 150˚C after subtraction of PL background. 
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Figure 5-3 Raman spectra of a-SiGe with the flow rate of GeH4-to-SiH4=1(left) and  

GeH4-to-SiH4 =1/2 (right) after PL background subtraction and normalization 

Although same amount of SiH4 and GeH4 gases have been introduced into ICP chamber in above set 

of samples, the film turned out to be slightly Ge-rich. Fig 5.4 shows the Raman spectra with half-

reduced GeH4 flow rate deposited at different temperatures. Ge-Ge and Si-Ge peaks were still 

obvious at low temperature although GeH4-to-SiH4 ratio was 2. Si-Si peak began to grow when 

temperature increased, indicating more Si was incorporated at high temperature. Moreover, the Si-Si 

peak was located around 500cm-1 which indicated possible crystallization in the film, and peaks 

exhibited red-shifting which confirmed increased Si content and could be used to calculate Ge 

percentage in the film by equation[82]:  

                                                                 y=520-70x                                                                      (6)   

where y is the Si-Si peak position and x is the fraction of Ge in the bulk. The estimated Ge content is 

36.2%, 33.5% and 32.2% respectively. 
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Figure 5-4 Raman of a-SiGe:H film with the flow rate of GeH4-to-SiH4=2 . 

In order to obtain the distribution of Si and Ge along growth direction, cross-section STEM analysis 

was conducted on film deposited at 300ºC, and shown in Fig 5.5. The elemental line scanning profile 

provides a semi-quantitative estimate of composition (%wt). It was clear that the film was slightly 

dense close to substrate, and direct evidence of structural inhomogeneity was observed as dark region 

in TEM image (Fig 5.6).  Fig 5.6 shows the EDS measurements on sp 2 and sp3 which were labelled 

in the cross-section TEM image. Main contributions are from silicon  

[Si-K(𝐸𝛼1=1740eV, 𝐸𝛽1=1832eV)], and germanium [Ge-L(𝐸𝛼1=1186eV, 𝐸𝛽1=1216eV),  

Ge-Kα(𝐸𝛼1=9885eV) and Ge-Kβ(𝐸𝛽1=10,981eV)][83].  

Fig 5.7 shows the microstructure has columnar shape.  The bright columns were presumed low-

density, void-rich, and mostly probably with high dihydride-to-monohydride ratio, both would lead to 

poor electronic properties[83]. The columnar-like microstructure was suggested caused by a reduced 

average surface mobility of the depositing radicals as a result of high fractions of germane in the 

plasma [84]. The dense island coalescence was hindered and self-shadowing induced column 

formation visually.  It turned out the film was mostly amorphous with some nano-scale crystallites 

embedded by HRTEM (Fig 5.8). Most crystallites were distributed located close to interface which 

gradually disappeared and the film became more amorphous near surface. The dimension of 

crystallites varied from roughly 3nm to 10nm. The insets were live Fast Fourier transform (FFT) 

images.  
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Figure 5-5 STEM micrograph of the a-SiGe:H film on glass substrate. 

 

Figure 5-6 EDS spectra for a-SiGe:H sample with  the flow rate of GeH4-to-SiH4=1/2 at 300˚C 
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Figure 5-7 (a). Cross-section TEM micrograph of a-SiGe:H sample with SiH4=8sccm, GeH4=4sccm, 

H2=20sccm at 300˚C, (b) & (c) HRTEM of region b and c, d) HRTEM near substrate. 

The energy bandgap Eg can be determined by Tauc plot, which was a very effective method to 

analyze amorphous thin film materials. Fig 5.8 presents Tauc plot for one group of a-SiGe samples, 

where the intercept with x axis gives Eg values. The three regions give some information about band 

structure[85]. In the first extended-to-extended state transition region, the absorption coefficient is 

above 2×104 cm-1, and can be described by equation: 

 (𝛼ℎ𝜈)1/2 = 𝐵(ℎ𝜈 − 𝐸𝑔) (7) 
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where 𝛼 is the absorption coefficient (cm-1), ℎ𝜈 is the photon energy (eV), B constant, Eg the bandgap. 

The 2nd band-tail states transition range is also known as Urbach edge which spans a few tenths of an 

eV both above and below the optical bandgap Eg. The transition mainly occurs between valence tail 

states and extended conduction states.  The characteristic Urbach energy can be calculated by the 

slope of absorption coefficient vs photon energy plot. The 3rd is the defect-to-extended state transition 

range where the integral of absorption coefficient is related with density of states associated with 

dangling bonds or similar defects. The transitions are most probably between defects and extended 

states of conduction bands. It can be seen that the optical bandgap decreases monotonously from 

1.63eV to 1.42eV when temperature increases, which also agrees with other reports[86]. Fig 5.9 

summarizes bandgap for all three groups of samples.  Clearly, with increased temperature, bandgap 

decreased gradually. And it increased by increasing SiH4-to-GeH4 ratio.   

 

Figure 5-8 Tauc plot of a-SiGe:H with band states labeled. 
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Figure 5-9 Optical bandgap of a-SiGe:H with different SiH4 –to-GeH4 flow rate and temperature. 
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Chapter 6  

Fabrication and characterization of proto-type thin film solar cells 

6.1 Introduction 

In this chapter, several heterojunction solar cells on silicon substrates will be introduced. Compared 

to conventional c-Si solar cells in industry, heterojunction cells require shorter thermal treatment time 

and lower temperature, thus greatly reducing thermal budget (Fig 6.1), also, bowing of thin wafers is 

avoided which makes it possible to use very thin wafers. Moreover, the lifetime degradation of 

minority carriers is inhibited and therefore low quality c-Si wafers could be employed [71]. 

  

Figure 6-1 Comparison of thermal process in c-Si and a-Si solar cells[71]. 

Up to now, the record efficiency of HJ solar cells is 23.0% by Sanyo on CZ n-type c-Si substrate, 

with production efficiency around 20%[87]. The CZ n type c-Si substrate is costly, and the low 

doping efficiency of p type a-Si:H makes it challenging to form p+ a-Si:H/TCO tunnel junction with 

n-type TCO at the emitter.  Meanwhile, the development of HJ on p type c-Si substrate has drawn 

much attention. The p-type c-Si is widely available including solar-grade mono-crystalline and multi-

crystalline Si wafers. And highly conductive n-type a-Si is more achievable than p+ a-Si:H. The 

highest reported efficiency on p-type Si was 17.4% by PECVD[88], and 19.3% by hot-wire CVD[89]. 

In this report, HJ cell on p-type substrate was analyzed first followed by some trials on n-type Si 

introduced briefly.  
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6.2 Experiment setup 

Fig 6.2 shows the schematic structures of heterojunction (HJ) solar cells in this work. No anti-

reflection coating or back reflection or other light trapping schemes was used. The p type c-Si wafer 

was CZ wafer, with resistivity1-2Ωcm and thickness around 300μm.  The wafer was RCA1 and 

RCA2 cleaned, HF passivated right before going into chamber. A very thin intrinsic a-Si layer was 

deposited first which would reduce wafer surface defect density by hydrogenation, successively the n-

type a-Si emitter was deposited to set up electric field. On top of a-Si layers, Al doped Zinc Oxide 

(ZnO:Al) was sputtered which acted a transparent conductive layer, there was no other metallic 

contact to collect charge carriers which would be further discussed later. On the back side, aluminium 

was used as back contact.  
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Figure 6-2 Schematic structure of heterojunction cell on p-type c-Si wafer. 

6.3 Results analysis 

A comparison of external quantum efficiency (EQE) of HTJ cells with and without textured substrate 

was given in Fig 6.3. For non-textured HJ cell, the interference fringes with deep valleys and tall 

crests were observed due to smooth interface between layers. The maximum EQE was 86.7% 

achieved at 570nm which was very good considering not any light trapping schemes were employed.  

When HJ had a textured substrate, those interference fringes disappeared as expected. The EQE 

became a smooth curve with maximum value 77.3% near 650nm. The current density of both cells is 

very similar, 26.23mA/cm2 and 26.73mA/cm2 for non-textured and textured cells respectively. Fig 6.4 

presents the SEM image of textured wafer surface. The surface coverage of pyramid was close to 
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100%, and size of pyramids was around 1 to 10μm. The present of pyramids would greatly reduce 

surface reflection, from 30% to around 10% at long wavelength region and from 60% to 30% at short 

wavelength region. The reflected light has more chance to bounce back onto the surface for 

absorption. It’s reasonable that textured cell has better short wavelength EQE due to the reduced 

refection, while not much improvement in the whole range. EQE data has proved that the good p-n 

junction has formed between n-type a-Si and p-type substrate. 

 

Figure 6-3 External quantum efficiency of textured and non-textured heterojunction cells. 

 

Figure 6-4 SEM image of textured c-Si surface 
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Lift-off process was employed to add aluminium fingers and busbars on top of ZnO:Al layer in order 

to reduce series resistance. The schematic structure was shown in Fig 6.5. However, the addition has 

deteriorated the EQE at short wavelength range, shown as red curve in Fig 6.6. It could be explained 

by degraded ZnO:Al layer after lift-off process.  
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Figure 6-5 Schematic structure of heterojunction cells with Al fingers. 

 

Figure 6-6 EQE of heterojunction solar cells with one 200nm layer of ZnO:Al layer (black curve)  

and Al fingers with 80nm ZnO:Al (red curve) as front contact. 
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It’s reported that photoreisit developer and removal will attack ZnO:Al layer, reduce its transparency 

and increase resistivity[90]. Negative AZ nlof photoresist and AZ developer were used to form 

pattern, and aceton acted as “stripper” to remove photoresist and undesired parts. Fig 6.7 shows 

microscopy images of two sets of developed pattern with different developing and stripping time. The 

first sample was developed for 1 minute (Fig 6.7a) and had nearly vertical side walls. Consequently, 

metal was deposited on side walls as well when depositing contacts, and when it came to removal, the 

all-connected metal made it really hard and took very long time. Shown in Fig 6.7b the sample has 

been in aceton for half an hour and none of single cells was successful. The edge got peeled off due to 

large contact area with aceton, some fingers pumped up whereas the rest were still adhered, leaving 

no hope for successful lift-off contacts. In comparison, the other sample was developed for 2 minutes, 

and showed double-line clearly on the edge as an indication of steeply developed sidewalls (Fig 6.7c). 

And all fingers got off less than 1 minute when immersed in aceton (Fig 6.7d). The ZnO:Al surface 

got less compact and had more pore present after lift-off process, which may act as recombination 

center and trap carriers. It in turn could explain the reduced short wavelength EQE since short 

wavelength light has low absorption depth and is absorbed near the surface. The roughed surface may 

also be the reason for smooth EQE curve.  
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a) b)

c) d)
 

Figure 6-7 Lift-off samples a) developed one minute, b) after 30 minutes in aceton stripping, c) 

developed two minutes, d) after 1 minute in aceton stripping 

Fig 6.8 depicts the effect of intrinsic a-Si layer thickness on EQE. One set of samples ZnO:Al as front 

contact, the other set has fingers and busbars either made of aluminium or silver.  Both have observed 

EQE drop especially around 800nm.  It’s reasonable because more light-generated e-h pairs got 

recombined due to less-effectively passivated interface between intrinsic a-Si:H layer and substrate as 

a result of reduced i-layer thickness. The collected e-h pairs were decreased so as EQE which is 

defined as collected current over incident light energy.  
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Figure 6-8 External quantum efficiency of heterojunction cells with different intrinsic a-Si:H layer 

thickness and different contacts. [91] 

Moreover, dark IV measurement was conducted to further investigate the junction properties by 

Agilent combined with a dark box. The current-voltage relationship in a Si solar cell can be expressed 

as[92]: 

 
𝐼(𝑉) = 𝐼0𝑅 [𝑒𝑥𝑝

𝑞(𝑉 − 𝐼𝑅𝑆)

𝑛1𝑘𝑇
− 1] + 𝐼0𝐷 [𝑒𝑥𝑝

𝑞(𝑉 − 𝐼𝑅𝑆)

𝑛2𝑘𝑇
− 1] +

𝑉 − 𝐼𝑅𝑆
𝑅𝑠ℎ

+ 𝐼𝐿 
(7) 

where I0R and I0D stand for recombination and diffusion saturation currents, n1 and n2 the ideality 

factors, k Boltzmann constant, T the temperature, q the electron charge, RS the series resistance and 

Rsh the shunt resistance. Theoretically n1which defines the diffusion process within solar cells equals 

one, and n2 is around 2 which reflects recombination in the depletion region. Fig 6.9 presents the 

semi-logarithmic I-V plot for 1cm2 solar cell at room temperature. At low voltage range (0.05V to 

0.2V), the current is primarily determined by shunt resistance. From 0.2V to 0.4V, the effect of 

electric field and depletion in the intrinsic layer becomes dominant. Then the current injection by 

diffusion appears importance from 0.4V-0.6V. The effect of series resistance turns more obvious 

from 0.6V upwards. The ideality factors were determined by doing linear fit at certain voltage range. 

The n1 and n2 turned out to be 2.3 and 3.3 respectively which indicated loss of photocarriers by 

recombination at the junction. In addition, the derivation of n2 didn’t count in interface and surface 

recombination for simplification which are critical for heterojunction cells.  
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Figure 6-9 Dark IV of a heterojunction cell with area of 1cm2, which has 15 nm intrinsic a-Si:H layer 

and aluminium fingers on the front surface. 

When incident light was applied on the same cell, there was a deflection point in the fourth quadrant 

which severely reduced solar cell’s fill factor thus performance, and it got worse with stronger light 

intensity (Fig 6.10). When at low reverse bias, the reverse current was limited by reverse bias voltage, 

and after reverse voltage has exceeded a threshold value, it became proportional to light intensity. 

Same phenomenon has been shown by M.Glatthaar et al.[93] which was believed caused by a slow 

charge transfer at one electrical contacts of the absorber layer. It’s plausible at first thought 

considering the corroded ZnO:Al layer after lift-off process where additional charges injected from 

the good contacts were accumulated and transferred slowly. They also modeled same kink by 

reducing the extraction velocities for the charge transfer at one interface from 1000cm/s to 10-4cm/s.  
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Increased light intensity

Dark

 

Figure 6-10 I-V curves of a heterojunction cell with area of 1 cm2 at different light intensity. 

However, same bump occurred in cells with titanium (Ti, 30nm) and silver (Ag, 800nm) as front 

contacts and silicon nitride (SiNx) as anti-reflection coating. At low reverse bias, carrier transfer was 

insufficient and limited by reverse bias, probably due to the present of an energy barrier between n+ a-

Si:H layer and front contact, which would be reduced by increasing reverse bias, so the current 

became limited by light. It’s suspected that one energy barrier has formed between n+ a-Si:H layer 

and contact. J.Loffler et al.[94] has observed same phenomenon in their tandem solar cells and 

mentioned it was caused by a counter diode formed between absorber layers.  In order to analyze, the 

schematic band diagram of the front contact barrier height of HTJ (Ag/Ti/a-Si:H(n+)/a-Si:H(i)/c-Si(p) 

was shown in Fig 6.11. The intrinsic c-Si has electron affinity 4.05eV[92] with bandgap 1.12eV, and 

Fermi level was shifted up 0.53eV after doping by calculation[95], so the work function of p-type c-

Si was 4.48eV (4.08eV=4.05eV+1.12eV/2 -0.53eV). And the work function of a-Si:H is 4.3eV fresh 

and 4.6eV with surface oxidation[96], and Fermi level never approaches closer than 0.2-0.3eV to the 

mobility edge [97] with a bandgap 1.7eV, so the work function of n-type a-Si:H would be around 

3.65eV~3.75eV (3.75eV=4.3eV-1.7eV/2+0.3eV). And the work function of titanium is 4.33eV[98]  , 

and silver is 4.35eV[99]. At equilibrium (Fig 6.11), a Schottky diode was formed between Ag and n+ 

a-Si:H, with an inversion region due to higher work function of Ag (Schottky barrier). The Fermi 

level at n+ a-Si:H was pinned at one energy rather than bended due to large numbers of surface states 

[100]. When forward bias was applied, on the one side, the built-in electric field was reduced and 
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minority carriers were swept across junction and became majority carriers to contribute to currents, 

while current collection at low bias was not effective due to the high Schottky barrier, and by 

increasing forward bias the reversion region decreased gradually, resulting exponentially increased 

forward current. When reserves bias was applied, electric filed in the junction was extended and 

enhanced, so drift current was reduced (less electron from p region to n region, and less hole from n 

region to p region), the tunnel junction between n+ a-Si:H and contact became thinner and more states 

available in the Schottky barrier. So electrons would occupy low energy states first when illuminated, 

and would occupy high energy states by increasing light intensity. All would be transferred to metal 

contact if enough available states have been provided which would increase by increasing reverse 

bias. As a result, reverse current under high light intensity got saturated at an increased reverse bias 

voltage. The leakage current was mainly limited by tunnel junction between n+ a-Si:H and contact at 

low reverse bias, and become saturated proportional to light intensity when reverse bias exceeded one 

threshold value.  So it’s possible to explain the bump in IV curve by introducing a reverse diode 

caused by work function difference and it still works when it comes to cells with ZnO:Al contacts. 

The working function of ZnO:Al varies from 3.3eV to 4.7eV[101], depending on deposition process 

and composition. No relevant characterization has been done to get the work function. Fig 6.12 shows 

the band diagram assuming ZnO:Al with a lower working function than that of a-Si:H(n)was used. 

Ohmic contact was formed and the built-in potential in contacts has the same direction to that in a-

Si:H(n) and c-Si(p). So the ZnO:Al in our case is suspected to high work function. In conclusion, the 

kink in IV curve could be explained by Schottky diode caused by working function difference.  The 

open circuit voltage was 567mV in this case determined by solar simulator under AM 1.5 spectrum.  
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n+ a-Si:H
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Figure 6-11 Energy band diagram when Schottky barrier is formed between emitter and metal. 

Metal Contact

Schottky barrier

n+ a-Si:H

P c-Si

 

Figure 6-12 Energy band diagram when emitter and metal form ohmic contact.  

Additionally, heterojunction solar cells have been tried on n-type c-Si substrate. Fig 6.13 presents the 

structure and EQE results. Although back surface field was applied, EQE was much lower than that 
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on p type Si substrate, most probably it was caused by the ineffective doping of p-type a-Si which 

greatly impaired junction properties. Due to the lack of finger and busbars, IV characterization wasn’t 

conducted. 
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Figure 6-13 Structure of HIT cell on n type c-Si substrate and its EQE 
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Chapter 7  

Summary 

 

Comparing to conventional c-Si solar cells, thin film solar cells require less raw material, and can be 

deposited on cheap, flexible substrate, enabling building-intergrated applications. Also, 

monolithically manufacturing allows large area fabrication and continuous processing, which greatly 

reduces manufacture time, especially for CdTe solar cells which takes less than 2.5 hours from a bare 

substrate to capsulated module. It’s also worth mentioning that thin film solar cells have better 

performance under harsh environment conditions such as high temperature, low light radiation.  

 

Common tools for thin film deposition include PECVD, VHF-CVD, and HWCVD etc. Rf-PECVD is 

employed for a-Si:H and μc-Si:H deposition, both intrinsic and doped on 4 inch Corning glass wafers. 

High conductive n type a-Si:H has been developed at low temperature by pure SiH4 and H2-diluted 

PH3. And n type μc-Si:H  has achieved 17S/cm conductivity with 98% H2 dilution at 180ºC. 

Correspondingly, p type μc-Si:H has been deposited by SiH4, B2H6 with 99% H2 dilution. The effect 

of B2H6-to-SiH4 ratio on conductivity and deposition rate has been investigated with highest 

conductivity obtained at B2H6-to-SiH4 from the range 0.010 to 0.025. Also, it’s found that high 

power is required to activate boron dopants, a narrow power zone around 180mW/cm2 has been used 

to get high conductivity, whereas 17mW/cm2 for n type μc-Si:H.  

 

 ICP-CVD has been modified to achieve high deposition rate of μc-Si:H and a-SiGe:H films with 

high uniformity. The μc-Si:H is deposited with pure SiH4, microstructure started to form at 150 ºC 

with crystallinity 59% for 300nm thick film. The deposition rate is as high as 5 Å/s with crystallinity 

68%, and 6.2 Å/s with crystallinity 45% on a 4 inch glass substrate. Moreover, a thin incubation layer 

has formed near substrate and film became fully dense conical conglomerates at 300nm since the 

crystalline fraction for 35nm film is 44%, 69% for 300nm film, 70% for 1μm film. The crystal 

orientations are Si(111), Si(220) and Si(311) determined by XRD.  In addition, a-SiGe:H has been 

tried with modified ICP-CVD system. Energy bandgap has been adjusted by changing SiH4-to-GeH4 

ratio from 1.25 to 1.63eV. Also, microcrystalline structure appears in Si-rich region.  
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Heterojunction solar cells have been deposited by films developed in this thesis. Interference fringes 

have been observed in EQE spectra on smooth substrate, which can be avoided by using textured 

substrate. The HIT cell shows good EQE spectra with maximum 86% around 700μm wavelength. 

The effect of intrinsic layer thickness has been studied and the optimum thickness is 15nm in this 

thesis. Moreover, dark I-V curve has been characterized. It’s suspected that Schottky diode has 

formed between emitter and metal contacts, which caused a kink in the fourth quadrant of I-V curve 
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