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Abstract

In this study, hydrogenated amorphous silicon (BhSsolar cell was fabricated by
plasma enhanced chemical vapor deposition (PECWIgt, we optimized condition of the
deposited single layer for p-layer, i-layer anchgelr, respectively. In order to investigate film
property, the optoelectronic and optical propertvess measured by Fourier Transform
Infrared Spectroscopy (FTIR), UV/VIS/NIR spectroerst The property of hydrogenated
amorphous silicon carbide (a-SiC:H) p-layer was suead and discussed. Comparing the
photovoltaic performances of the as grown solad edth p-layer for a-Si:H and
a-SiC:H ,respectively. By using wide bandgap p-tatee open-circuit voltage ) increased
from 0.75V to 0.78V with cofresponding -short-citcucurrent (J) increased from
10.23mA/cni to 12.76mA/crA. Post-treatment of the cell was also carried adtsignificant
increase in the fill factor (FF), efficiency, and,Mvere observed. The experiment result
showed an improvement between the Ag back elecendeamorphous n-layer. Different cell
area of 2x2 cfhand 1x1 crhwere also fabricated. A cell conversion efficierfy8.67% was

achieved for a cell area of 2x2&m
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Chapter 1 Introduction

1.1 Preface

The world is currently dependent on fossil fuelsd anther sources of
non-renewable energy. The constant consumptiomanid-wide demography expansion add
to the potential risks of ecological and human stisiaassociated with global warming. These
reserves are finite resources and as such thetaeeduce our dependency on them is widely
agreed on, to the point where ideally energy geéioeracould be self sustaining over the
whole planet. This makes it a necessity‘tpAdgvawable energy technologies. Renewable

energy can be harvested from ma,:rili/ hatu];ﬁl;sbpnéh;ajing wind, geothermal heat, sunlight,
. Jl II I.‘ -l". A '
hydroelectricity, etc. From the Fi:gure_li.;'g'_th_e éqﬂaviier has more potential to compensate
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Figure 1.1 Transforming the global energy mix: The exemplaaghpuntil 2050/2100 [1]



Solar Cells are classified into three generatiohglwindicates the order of which
each became important as shown in Figure 1.2. §aseration cells consist of wafer base,
high quality and single-junction devices. But tlustcis too high. Second generation cells is
thin film solar cell such as a-Si:H solar cell ,@3CdTe, etc. These materials are applied in a
thin film to a supporting substrate such as glaskicing material mass and therefore costs.
Third generation technologies aim to enhance pdectrical performance of second
generation (thin-film technologies) while maintagivery low production costs. It involves
new material and new solar cell structure. In thask, we will focus on second generation,

amorphous silicon solar cell.

US$0.10/W  US$0.20/W US$0.50/W

100 2 . -
8o — !/ Thermodynamic
' : 4 limit
‘a‘?
- 60
& 1 US$1.00/W
<0
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Figure 1.2 Efficiency and cost projections for first-, sedenand third-generation PV
technologies (wafer-based, thin films, and advamoaterials and structures, respectively) [2]



1.2 Amorphous Silicon and Crystalline Silicon

Figure 1.3 illustrates the different silicon netwan crystalline silicon and hydrogenated
amorphous silicon. Crystalline silicon is a fouldfocoordinated atom that is normally
tetrahedrally bonded to four neighboring silicoomas. The tetrahedral structure is continued
over a large range, forming a well-ordered lat{mgstal), as shown in Figure 1.3 (a).

Hydrogenated amorphous silicon (a-Si:H) is the ogrstalline allotropic form of silicon.
It can be deposited in thin films at low temperaturonto a variety of substrates. In
amorphous silicon this long range order is not gmesand the atoms form a continuous
random network, as shown in Figure.1:3(b). AltHoaghorphous silicon lacks the long range
order, it has the same short range as single digstailicon. Due to the disordered nature of
the amorphous silicon, some silicon atoms havenglotey bond. There are covalently bonded
to only three silicon atoms and have on unpairedtedn, a so-called dangling bond. These
dangling bonds are defects in the silicon randotwaok, which cause anomalous electrical

behavior.

O Siatom © Siatom
e Hatom
Es~11ev E~17ev
(a) Crystalline silicon (b) Hydrogenated amorphous silicon

Figure 1.3 Silicon network in (a) crystalline silicon (b) hydyenated amorphous silicon.



When amorphous silicon was deposited in such athatyhydrogen can be incorporated

in the atomic network, the material can be passtvéty hydrogen. Thus, the dangling bond

density can reduce by several orders of magnitudeeneral, there exist about 10 at.%

hydrogen concentrations in hydrogenated amorphdie®rs thin film. Because hydrogen

radical would passivate dangling bond, hydrogenatedrphous silicon has a sufficiently low

amount of defects to be used within devices. Du&itél bonding (1.7eV) was formed,

amorphous silicon bandgap (1.75eV) is large tharstaliine silicon bandgap (1.12eV).

However, the hydrogen is unfortunately associatétth Wight induced degradation of the

material, termed the Staebler-Wronski:.effect.

One advantage is that a-Si or its alloys-can-b@sitgn at very low temperatures. This

allows for deposition on not only- glass, but pasts well, making it a candidate for a

roll-to-roll processing technique [4-6]. Anothervadtage is that amorphous silicon can be

deposited over large areas by PECVD.

1.3 The Structure of Thin Film Solar Cell

There are two basic configurations of thin filmagotell, as shown in Figure 1.4. From

the Figure 1.4(a), it is termed superstrate comfiton and the substrate usually is used

transparent material. The p-layer is deposited, fiteen the intrinsic layer and the n-layer

deposited last. From the Figure 1.4(b), it is sdtstconfiguration and occurs when a cell is

deposited onto an opaque substrate. The sequenpeooéss reversed to the supertrate



configuration. In the case of the superstrate goméition, the glass usually was coated with
transparent conductive oxide (TCO) film. In additiche TCO layer has to be surface
textured in order to enhance light absorption ieside solar cell due to the scattering at

internal rough interface.

Light
Light
O
p-tvpe
p-type I-layer
I-layer
n-tvoe
n-type

(a) (b)
Figure 1.4 (a) The superstrate cell configuration and (k)gtbstrate cell configuration.
Thin film a-Si:H must be grown with an intrinsicgien as opposed to pn junction to

compensate for low carrier drift mobility. The dlgc field across the intrinsic region is

required to achieve effective separation of geeeératirriers and a rectifying junction.



Both configurations are usually illuminated through TCO/p-layer interface. This

improves cell performance by generating most dareose to this interface, lowing hole

recombination probability. Due to the low hole mpiof a-Si:H, efficient collection is a

priority for ensuring good cell performance. So phiayer also call window layer in the solar

cell structure.

1.4 AML.5 Light Source

Solar radiation closely matches a black body radiat 5,800 K. As the sunlight travels

though the atmosphere, chemicals react with théighinand absorb certain wavelengths.

Perhaps the best known example is the strippingltcdviolet light by ozone in the upper

atmosphere, which dramatically reduces the amotishort wavelength light reaching the

Earth's surface. A more active component of thec@ss is water vapor, which results in a

wide variety of absorption bands at many wavelesgtthile molecular nitrogen, oxygen and

carbon dioxide add to this process.

Atmospheric scattering also plays a role, removimgher frequencies from direct

sunlight and scattering it about the sky. The grette distance of atmosphere the sunlight

travels through, the greater this effect, whiclvisy the sky looks pink at sundown when the

sunlight is traveling obliquely through the atmosggh



For a thicknesd, of the atmosphere, the path lengtihrough the atmosphere for solar

radiation incident at angkerelative to the normal to the Earth's surface is

| =1,/ cos@ (1)

The ratiol /|, is the air mass coefficient.

As shown in Figure 1.5, the spectrum outside theaphere, the 5,800 K black body, is

referred to as "AMOQ", meaning "zero atmospheregllQused for space power applications,

like those on communications satellites are gehyechhracterized using AMO.

AMOD

AM 1.0

ATMOSPHERE

Figure 1.5 Schematic of air mass

The spectrum after traveling through the atmosphereea level with the sun directly
overhead is referred to as "AM1". This means "oimeoaphere”. Conveniently, silicon solar

cells are not very sensitive to the portions ofgpectrum lost in the atmosphere. Since solar



cell development is concentrated in the United €StaEurope and Japan, an AM number

representing the spectrum at mid-latitudes is moetre common. "AM1.5", which is

1.5 times the atmosphere thicknesses, corresporalsdlar zenith angle of 48°, and is almost

universally used to characterize solar panels. "A®&!, where G stands for ‘global’ and

includes both direct and diffuse radiation.

1.5 Staebler—Wronski Effect

The Staebler-Wronski Effect (SWE) refers to lighthiced metastable changes in the

properties of hydrogenated amorphous silicon. Téfea density of hydrogenated amorphous

silicon (a-Si:H) increases with light exposure, dause an increase in the recombination

current and lead to the reduction in the sunlighelectricity conversion efficiency. It was

discovered by Staebler and Wronski in 1977 [3].yTtleowed that the photo-conductivity of

hydrogenated amorphous silicon can be reducedfisgmily by prolonged illumination with

intense light. However, it could reverse the effecheating the samples to above 150

The efficiency of an amorphous silicon solar cgpitally drops during the first six

months of operation. This drop may be in the raingen 10% up to 30% depending on the

material quality and device design. After thisialidrop, the effect reaches equilibrium and

causes little further degradation. Most commergialailable a-Si modules have SWE

degradation in the 10 to 15% range and suppliepscally specify efficiency based on

performance after the SWE degradation has stabilirea typical amorphous silicon solar



cell the efficiency is reduced by up to 30% in thest 6 months as a result of the

Staebler—Wronski effect, and the fill factor fdllem over 0.7 to about 0.6. This light induced

degradation is the major disadvantage of amorphiiasen as a photovoltaic material.

1.6 PECVD

Plasma enhanced chemical vapor deposition (PECY&¢m® is widely used to fabricate

silicon thin film solar cell. Using PECVD system tteposit silicon thin film is a low

temperature process, usually less than(308o silicon thin film can deposit onto variety of

substrates such as glass, stainless steel, oicptagistrate. Comparing the silicon wafer

substrate, employing the above substrates is thd goint of view to industry for large scale

productions and cost drop. Besides; doping ang &lgers are made easily by using PECVD

method. For example, introducing source gases; il BHg or SiH, and PH mixture

doping layers can be easily deposited onto diffesabstrates.

1.7 An Overview of Amorphous Silicon Solar Cell

First commercially available thin-film solar cebbased on a-Si:H were produced for

consumer applications such as pocket calculataissalar watches. Today, a new generation

of a-Si:H-based solar modules enters the markeisiag on power applications. Several

manufacturing facilities with multi-megawatt caggidnave started production, are currently

being installed, or are announced [4, 7, 8].

The development of the first a-Si:H solar cell wagorted by Carlson and Wronski



in 1976 [9]. This single junction p-i-n a-Si:H spleell deposited on a glass substrate coated

with transparent conductive oxide (TCO) and aluommiback contact exhibited a 2.4%

conversion efficiency. Only one year later Staehled Wronski discovered the light-induced

degradation of a-Si:H (Staebler—Wronski effect, QWA a severe drawback in a-Si:H solar

cell technology. During exposure of solar cellslight the SWE results in a decrease of

efficiency until a saturation value is reached.c8ithe recognition of the SWE, development

strategies have focused on improvements of theligeb efficiency reached after long-term

operation. The stacked-cell concept has emergedpasverful tool to enhance the stabilized

efficiency [10]. Moreover, the use.of compoenenticelith different optical bandgaps

provides a better utilisation of the:solar spectftfn-12].

Much research in the field of a-Si'H solar cell wdevoted to developing and

optimizing a-Si:H base alloys in the 1980s. A petypydrogenated amorphous silicon carbide

(a-SiC:H) was incorporated in solar cells as a lavsorbing layer, usually denoted as a

window layer [13]. Hydrogenated amorphous silicogrngianium (a-SiGe:H) became an

attractive low bandgap material for stacked solisd14]. Surface textured substrates were

introduced to enhance optical absorption [15]. @j#ed transparent conductive oxide (TCO)

films and TCO/metal back reflectors minimize reflen losses and provide an effective light

trapping.

The application of high hydrogen dilutions duritg growth of intrinsic a-Si:H and

10



a-SiGe:H (hydrogenated amorphous silicon germanitilms and corresponding alloys

improves the electronic properties of these mdgermaboth the initial and the light-soaked

state [16-18]. All these techniques are combined inple-junction a-3a-SiGe:Ha-SiGe:H

cell which yields a stable active area efficien€y8% [12]. This value represents the current

world record for solar cells based on a-Si:H arsdalloys. Hydrogenated microcrystalline

silicon deposited by the low temperature PECVD mégpie emerged in this period as a new

candidate for the low bandgap material in multifimt a-Si:H based solar cells [19].

Research has concentrated on understanding andovimgr light trapping

techniques, where surface textures.as well'as né® material play a crucial role. This

activity has resulted in the commercialization olvel “deposition techniques for ZnO as an

alternative TCO material for Sn@20].“Several deposition machine manufacturers have

started developing commercial production machimesttie fabrication of thin film silicon

solar cell [21]. Most improvements in stabilizedasaell efficiency are based on adapted cell

designs and advanced light-trapping concepts. Mamdamental questions remained

regarding the growth and the material propertiea-8i:H and its alloys as well as the optical

and electrical function of complete solar cell deg.

1.8 Motivation

Thin film silicon in general, are expected to bemising material for applications to

optoelectronic device. Many growth methods havenbpeposed for the preparation of

11



device-grade a-Si:H, reactive sputtering, mercanysgized photo-chemical-vapor deposition

(CVD), direct-photo CVD, hot-wire CVD, and plasmahk@anced CVD (PECVD). Among the

variety of growth methods, PECVD is widely used dodts high potential for yielding a

uniform high-quality silicon thin film on a large<ea substrate.

In this study, hydrogenated amorphous silicon (e)Ssolar cell was fabricated by

Radio-Frequency Plasma Enhanced Chemical Vapor $itepo(PECVD). The absorption in

the a-Si:H intrinsic layer contributes to the cuatrggeneration, the optimal optical and

optoelectronic property was crucial role for satall performance. Due to lower mobility of

holes in comparison to electrons in a-Si:H ", tHayer a-Si:H of quality is the other effect for

solar cell performance. Because light enters tHar scell through the p-layer, there is

substantial absorption in this layer. The photogateel carriers in the p-layer do not

contribute to the photocurrent because the electioickly recombined. Therefore, the

absorption of the p-layer has to minimize, whichd@e by minimizing the thickness and

alloying the p-layer with carbon.

1.9 Thesis Outline

This thesis is organized into the following chapter

In the chapter 1, a brief overview of thin filmlaocell technology is introduced to

describe its advantages and bottlenecks. The atmtiv of the studies is also described in

chapter one.

12



In the chapter 2, the process flow of the sas introduced. The measurement method

also shows here in detail.

In the chapter 3, here shows the dependencenaikrial properties and device

performance on various conditions with differentlfogen dilution ratios.

In the chapter 4, this chapter will discussrdmults from chapter 3. The effect and the

dependence of the material properties on diffecentlitions will be explain here.

In the chapter 5, the results of our experimémtchapter 3 and discussions in chapter 4

are concluded.

13



Chapter 2 Experimental Details

2.1 Radio-Frequency Plasma-Enhanced Chemical Vapor Degdion

Plasma-enhanced chemical vapor deposition (PEC\#Dgommon technique used
during the manufacturing of most microeletronic idev The role of the plasma is to provide
a source of energy to dissociate silicon bearirsy géich is usually silane (Si§ hydrogen
(Hy), etc. This is done by collisions with electrom#iich originate as secondary electrons in
the plasma an build up their energy by acceleraitioan electric field. The growth of an
a-Si:H film is accomplished by attaching reactiaatigles of dissociated silane molecules,
call radicals, to the surface of the growing filinconsists in the excitation of a gas, of a mix
gases, by an electric field between two electr@desketched in Figure 2.1.

Gas Inlet

Gas phase reactions

Plasma D
O o% O -

-
GD @O @0'@@ o) ge._ @
o O 1" Substrat

Pumping i

Figure 2.1 Schematic diagram of capacitively-coupled rf PEC&Stem
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The initial event in the growth process of a-SidHelectron-impact dissociation of

the source gas materials in silane ($ildnd silane-to-hydrogen (SiHH,) glow-discharge

plasma. Sikd and B molecules were through electronic excited stafabase molecules by

inelastic collisions with high-energy electros imetplasma. Electronic excited states of

complicated molecules such as %ikre usually dissociating states at which dissmriat

occurs spontaneously to SiFbiH,, SiH, Si, H and H.

Reactive neutral and ionic species produced in glasma undergo secondary

reaction mostly with Sikland H molecules, forming a steady state. Rate constantsach

reaction are summarized in the literature [22].f&f@e, highly reactive species such as,SiH

SiH, and Si (short-lifetime species)-have much #&malalues of densities than Silih the

steady-state plasma, although the generation ohttt®se species are not very different from

that of SiH, which indicates low reactivity with SiHand H( long-lifetime species).

In the growing amorphous silicon, the 3iladicals reaching the film-growing

surface start to diffuse on the surface. Duringfaz@ diffusion, SiH abstracts

surface-covering bonded hydrogen, forming Sadd leaving a dangling bond on the surface

(growth-site formation). Another SgHadical toward the dangling-bond site on the s@fa

and forms the Si-Si bond (film growth), as scheoaly shown in Figure 2.2. This surface

reaction scheme for film growth has been proposethe basis of two experimental results

[23].

15



SiH, SiH, SiH,

0 S}MQ)))
S,

" SRR

Figure 2.2 Surface 'rgaCti_é:-h_s-during;fthe a-Si:H film growth][23

Through other radicals contribute much less togtmvth, they do play an important
role in determining the properties of the film. T8¢, and higher silane radicals have higher
sticking coefficients than SiHand be incorporated directly into the hydrogemmieated
surface [24]. However, the contribution of thesdical to the growth results in poor quality
film, and therefore the presence of these radioalse plasma should to be avoided.

An important advantage of plasma enhanced CVD demoss that the deposition is

that the deposition temperature of device quak8i:al is usually between 2QD and 250C.

16



2.2 Introduction of Experiment

Hydrogenated amorphous silicon films were deposisthg pure Sihl by radio
frequency (27.12 MHz) plasma enhanced chemical wajaposition (PECVD) system.
Doping layers were prepared by usingHB or PH with pure SiH and H dilution.
Amorphous silicon carbide was deposited by mixing,Sand CH. Prior to deposit all the
samples, the chamber was introduced gas Bifd Ar to clean the chamber. Corning
Eagle2000 glass and crystalline silicon wafer sabstwere clean by KG Cleaner and RCA
standard cleaning process, respectively. All thmpas were started to prepare after the
background pressure of the reactor.chiamber readl® tdorr. In this study, samples were
prepared simultaneously on 5.0 em* 5.0 cm Corritagle 2000 glass and 1.5cm * 1.5cm
c-si wafer. The samples gown on‘glass’ substrateused to analysis optoelectrial properties
and the films on c-si wafer were used to deternieehydrogen bonding configuration. The
devices were deposited on the glass coated TCO.

The complete range of deposition conditions inclusigbstrate temperature JT:
190~210°C, pressure: 0.3~1 torr, background presd@’ torr, power: 20~40 W, electrode

spacing (E/S): 13-25 mm.
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2.3 Determination of Thin Film Thickness

The measurement of thin film thickness has a lanethods such alpha steppeand

ellipsometery. In the measurement of the alphapstept has to be step profile. So chemical

etching is necessary to make step high. Chemicdlirgf may occur by any of several

different processes. The simplest modes of etchmaglve dissolution of the material in a

liquid solvent without any change in the chemicaltune of the dissolved species. So

choosing solvent is important for chemical etchiAgd we find the material, 30 wt.% KOH,

can etch silicon. Although it still etches silicdioxide, it etches slowly at room temperature.

KOH Etching of 100 Si
30% KOH Solution
250 -

275
200 -
175 4
150 4
125
100
75 1

50 /

|

Micronsihour

25 4
. F_____—dr’-’—’-’d
20 a0 40 a0 g0 70 &0 80 100
Temperature

Figure 2.3 The dependence of etching rate of the [100] sili®co 30 wt.% KOH on
temperature [25]
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KOH Etching of Si02
30% KOH Solution

2000 -
1900 +
1800 4
1700 4
1600 4
1500 4
1400 +
1300 4
1200 4
1100 4
1000 +

nm/hour

800 -
700 ~
500 ~
500 -
400 4
300 - *
200 ~ $

100 ~

20 30 40 a0 G0 70 80 50 100
Temperature

Figure 2.4 The dependence of etching rate:of the silicon diexin 30 wt.% KOH on

temperature[25]

The Figure 2.3 and Figure~2.4 “'show the.-correctietween the etching rate and

temperaturg25]. The 30 wt.% KOH can etch amorphous silicore ¥8e the tape attach a part

of sample area. It immerses in the 30 wt.% KOHijluhé amorphous silicon was removed.

This method leaves a well defined step profile Whicas measured at intervals of 25mm

along the length of the slide using a mechaniqaialstep.

2.4 Conductivity Analysis

In order to investigate the conductivity of the ig=$ metal contacts were deposited by

thermal evaporation method onto the film. Condutstivo ) is calculated by equation (2),

where V and | are the voltage bias and measuredrduiThe volume of material contributing
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to conductivity is determined by the width (W), ¢¢h (L), and thickness (t) of a cuboid
located between the conducting contacts used teepiee sample in the Figure 2.5.
o= L2

viw Lt )

A prepared a-Si:H film with silver contacts is shawFigure 2.5. Photo-conductivity
was measured by AM1.5G light spectrum with powerl@mw/cni. For the amorphous
silicon germanium film, the thickness is about 600. For the intrinsic amorphous silicon,

the thickness is about 600 nm. The thickness oindplayer is about 200 nm .

Figure 2.5 Sample configuration for the conductivity measueaiof a-Si:H, where t is the
film thickness

2.5 Determination ofOptical Properties

2.5.1 Tauc Bandgap

The optical bandgap of thin film use UV/VIS/NIR sp®meters to measure
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transmission (T) spectra were carried out betwe@in@ and 1.3um in the step of 2 nm.
Calculating optical bandgap {Ehas to use transmission spectra and thicknegrofilm in
equation (3).

(an@)? = clhw-E,,) ©
Wherea is the absorption coefficient of a-Si:Hija is the photon energy, andgs Tauc

optical bandgap. From Figure Z.GQ’ha))% as a function of the photo ene(@yw). The

bandgap value can be determined from the expatidiegr region line intercepts a-axis.

012 = -

35

hw (eV)

Figure 2.6 (crha))y2 as a function of photon enerdfjiw), and the Tauc bandgap

2.5.2 Fourier Transform Infrared Spectroscopy

Since hydrogen is an important element in passiathe incorporation and stability of
hydrogen in a-Si:H has the topic of intensive redealnfrared absorption spectroscopy is
widely use to provide information about hydrogemdiog configurations in a-Si:H [24].
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Three characteristic infrared absorption bandsoheerved in a-Si:H: a peak at 640trand
absorption peaks in the rage of 2000-2200cifhe peak at 640 cireflects the rocking
mode of hydrogen covalently bonded in all possiimading configurations, such as silicon
monohydride (SiH), dihydride (Stjyf and trihydride (Sik) and polymeric (Si-B), bonding
configurations. Thus, this peak is used to deteentine@ hydrogen content in a-Si:H [26]. And
peak around 2000cHis assigned to the stretching mode of the isolateld Bonds and a peak
in the range of 2060-2160¢hincludes contributions from the stretching mod&bH bonds
at internal surface, such as voids, Siadd Si-H.

Infrared absorption measurements were made withriéfoulransform Infrared
Spectroscopy on films deposited on crystallinecsili The data were analyzed following
Brodksy et al. [27]. The integrated absorptionfok, each bond was determined from the

relationship.
a(a)
| = [
[= e @

Wherea(o) is the absorption coefficient of the film at thvavenumbern. A ‘microstructure

parameter’, denoted as R, is determined from tibatezn (5).

R = ISiHZ (5)

ISiH + ISiH2
Where ky and kg2 are the integrated absorption strength of the pmakvavenumber

2000 cm and 2090 cr, respectively. The hydrogen content ®as obtained by numerical
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integration of the Si-H rocking-wagging mode [28]640 cm'. The complete procedure can

be expressed by the following equation (6):

C.(at.99 = %K@dw: %Z@Aw (6)

si

Where A,=1.6x13° cm? is the proportionality constant, and?6x10** cm* is the
atomic density of pure silicon.

2.6 Measurement of Thin Film Solar Cell

An |-V characteristic is measured by performingodtage sweep from a small reverse
of forward bias whilst measuring current flow atcleabias point. An illuminated I-V
characteristic provides a figure for cell efficignend incident light source is AM 1.5G with
power density 100mW/ch Isc and Vi, can be-determined directly from the vertical and
horizontal intercepts of the sweep.

From Figure 2.7, it shows a typical illuminated |-V chateristic using real measured
data. The current density is that measured cudamied by cell area. The corresponding
power function is shown alongside it and this isated by multiplying every voltage bias
point of the |-V characteristic by the current megasl at that bias. Important labeled features

of the graphs include ¥, J, the bottom of the graph is maximum power density

(Pmax=JmV m).
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Figure 2.7 (a) The I-V characteristics and (b) power densgéysus voltage of solar cell v
and |, are the voltage and current corresponding to theeimmum power density of the cell

The solar cell efficiencyn) is the ratio between incident light power dengRy) and

the device convert the maximum power density. Equg{) can calculate the cell efficiency.

_PMax_lem
= TP @
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Where the ratio of the maximum power density = VmJn) and R, is the light source
power density. And the other parameter is thddtdtor (FF) can describe PV solar cell quality.
It is the ratio of the maximum power density{f= VmJn) and a cell should supply if it was

ideal (P = \{cJs9) like equation (8). And the FF can be connect liih efficiency, it like the

equation (9).

AT ®
—_ le m — VOCJSCFF
n= , P 9)
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Chapter 3 Result and Discussion

3.1 Optimization of Intrinsic Hydrogenated Amorphous Silicon
3.1.1 Effect of the Silane Flow Rate on the Film Property

The optoelectronic properties of the a-Si:H depaklty the PECVD are dominated by
deposition parameters , such as pressure of thdlgasrate , substrate temperature , power
density, the electrode spacing, etc. In this wank,discuss the effects of the silane flow rate
and electrode distance on the qualities of amorpisdicon thin films.

Here, the substrate temperature was held atC198s shown in Figure 3.1, the dark-
conductivity Gdan) and photo-conduetivitychnog @s a function of the silane flow rate are

demonstrated.

5| W
—~ 10° | GPhoto
1
HC.'
lE 107 L
o
L —
> 10° |-
>
© 10° |
-]
© Gdark
c 10
10° |-0——@
8 \./.
10-11 |
10'12 | N | N | N |
20 40 60 80

SiH, Flow (sccm)

Figure 3.1 The dark-conductivitydgan) and the photo-conductivitysghog as a function of
the silane flow rate
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From Figure 3.2, the dependence of depositionwéateon silane flow is also illustrated.
The deposition rate significantly increased witlsireg silane flow rate from 15 to 30 sccm.
When silane flow rate was raised from 30sccm te@&fn, the deposition rate didn’t change
too much. The surface reaction caused the restniaif deposition rate. Both thgnet and

odark decreased with increasing of the silane flow rate.

4.0
o
<35} ™
R
S 3.0F
o
D)
(@)
2.5 [ N [ N [ N [

20 40 60 80
SiH, Flow (sccm)

Figure 3.2 The dependence of deposition rate on silane fader

The dependence of hydrogen bonding configuratiosilame flow rate is illustrated in
the Figure 3.3. The integrated absorption of SiH @i+, species depended on the silane flow
rate, as shown in Figure 3.4. The hydrogen coratlemdst was constant. When the silane flow
rate varied from 30sccm to 50sccm, the R value masmized. The silane was depleted

when flow rate was less than 30sccm. ThereforeStHebonding increased in the Figure 3.4.
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silane flow rate
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Figure 3.4 The integrated absorption of the SiH and Shénding configurations as a
function of the silane flow rate

28



On the contrary, the silane flow rate was so muwt induced gas phase reaction
drastically. The Siklbonding increased slowly as silane flow rate fre@sccm to 80 sccm.
The good qualities of amorphous silicon thin filmere attained while the silane flow rate
varied from 30 sccm to 50 sccm. The films containemhajority of SiH bonding while the
silane entirely decomposed, which was in agreemvéhtthe study of Knights and Lujan [29]

and Street et al. [30].

3.1.2 Effect of the Electrode Spacing on the Fil®roperty

The photo- and dark-conductivity of intrinsic atbmwas depended on electron spacing,

as shown in the Figure 3.5. The dark=conductivigcrdased with increasing electrode

spacing.
10°
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Figure 3.5 Dependence of photosetg and dark-conductivitydgar) of intrinsic a-Si:H on
the electrode spacing
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Due to the property of defect would cause the fidnlbe more conductive or resistive,
the quality of films didn’t determine by the dar&rxluctivity. From the Figure 3.6, deposition
rate significantly increased as raising electrquicsg. Increasing electrode spacing induced
more gas-phase reaction. That is reason the deposate increase strongly when the

electron spacing varied from 20mm to 25mm.
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Figure 3.6 The deposition rate as a function of the ele@rsphcing

The results of IR spectra were shown in the Fiduve including the hydrogen content
and microstructure parameters with different etmdr spacing, respectively. From

the Figure 3.8, the hydrogen bond configuratioiéf and SiH bonding was as a function of

the electrode spacing.
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electrode spacing

31



It figured out that the increases of microstructaral hydrogen content were due to

increase electrode spacing. The electrode spadgmgfisantly affected on SiH and SiH

species contained in the film. When the electradtadce increased, it caused more gas-phase

reaction. Therefore, it induced the increase of ,Sibinding. It concluded the optimal

electrode spacing of film quality was in the ramgérom 14mm to 17mm.

The different hydrogen bonding configuration withifre film can be understood from

Paschen’s lawlincreasing pressure or electrode spacing, theretex are more likely to

collide with the plasma constituents than the ebeles. Thus, it promotes polymerization and

can lead to the inclusion of Sitthain within the film. On the other hand, as puessis

lowered or as electrode spacing is decreased]débtan energy is limit by collision with the

electrodes. In this study, it concluded that inshegq electrode spacing induces more

gas-phase reaction.

3.2 Doping of Hydrogenated Amorphous Silicon

3.2.1 Phosphorus Doping of n-type a-Si:H

The purpose of doping is to change electrical cohdty and its magnitude by adding

a controlled amount of impurity atoms. The printigaping elements used in a-Si:H are the

same as in crystalline silicon, boron for p-typel @hosphorus for n-type material. It change

conductivity of a-Si:H by mixing the silicon sourgas, silane (Sikj, with phosphine (P}

or diborane (BHe) during deposition using the glow discharge metfsid.
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From the Figure 3.9, the dark-conductivity as acfiom of the diborane-to-silane flow
ratio. As a result of heavy doping, the dark-congity didn't change too much. The
dark-conductivity was almost ToQ*Cm™). As shown in the Figure 3.10, the bandgap and
deposition rate as a function of phosphine-to-sillaw ratio. The doping material was too
small concentration to change the bandgap.

3.2.2 Boron Doping of p-type a-Si:H

The dark-conductivitydy) of p-type a-Si:H as a function of the diboranesilane flow
ratio, as shown in the Figure 3.11. The condugtivitcreased as increasing flow ratio.
But the diborane-to-silane flow ratiowas large nthh the conductivity didn't increase.
Because the doping of a-Si:H inevitably causecdctiation of dangling bond [32], it reduced

the conductivity.
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Figure 3.11 The dark-conductivity of the p-type a-Si:H as adion of the diborane—to-
silane flow ratio
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An additional important different between a-Si:Hlasingle crystal silicon is that when
the concentration of boron and phosphorous atoma-$iH increase, then Fermi level
doesn’t move close to the valence and conductiord baobility edges than 0.3eV and to

0.15eV, respectively.
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Figure 3.12 Bandgap and deposition rate versus the diboraisdaoe flow ratio

The presence of tail and defect states in the kmndges not allow a full shift of the
Fermi level towards the band edges. This is thearaéhe conductivity of p-type amorphous
silicon was lower than n-type.

3.3 Optimization of Hydrogenated Amorphous Silicon Carhde

The purpose of alloying a-Si:H for photovoltaic Apgtion is to shift the optical

absorption spectrum to higher of lower photon elesrgnd in this way to adjust the optical

sensitivity of a-Si:H to different parts of the aokpectrum. The absorption of a-Si:H can be
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slightly changed by varying the hydrogen contera film [33]. This is done by changing the
deposition conditions, such as the substrate testyoerof dilution of silane with hydrogen. A
substantial shift of the absorption coefficient tenachieved by alloying a-Si:H with carbon,

oxygen, nitrogen or germanium.
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Figure 3.13 The conductivity of a-SiC:H versus the methaneHang flow ratio

Alloying can easily be accomplished by adding tipprapriate gases to the silane
source gas in the CVD process. Amorphous silicabida is mixed silane with methane in
the process. It can easily change the amorphoigsrsibandgap by varying the methane-to-
silane flow rate rati¢34, 35]. The conductivity and bandgap dependedethane-to-silane
flow ratio, as shown in the Figure 3.13. The cortidity of doped a-SiC:H decreased strongly,

when the methane-to-silane flow ratio increa®etause the defect of a-SiC:H was induced
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more by alloying carbon.
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Figure 3.14 The bandgap and depositionrate as a functioneofrtethane-to-silane flow
ratio

The bandgap verses methane-to-silane flow ratiostamwvn in the Figure 3.14.
The effecive of alloying carbide can improve bandgap for gohous silicon.
The bandgap of the p-type amorphous silicon typigdl.7 eV, but the amorphous silicon
carbide was large than 2 eV. Therefore, amorphdic®rs carbide can improve the device
performance by inducing more photo energy to thecde On the other hand, alloying carbon
would reduce the conductivity. Thus, The p-laye3i@:H is a trade-off between conductivity

and bandgap.
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3.4 Hydrogenated Amorphous Silicon Solar Cell

3.4.1 Solar Cell Fabrication on TCO-Coated Glass

In a-Si:H, the diffusion length of the charge cansiis shorter than in crystalline silicon.

In intrinsic a-Si:H, the ambipolar diffusion lengthabout 0.1 to 0.8m. In doped a-Si:H layers,

the defect density of doping a-Si:H is two or thorders of magnitude higher than intrinsic

a-Si:H. Due to the short diffusion length the plyatieerated carriers would virtually all

recombine in the doped a-Si:H layers before reacthie depletion region of the p-n junction.

Therefore, an a-Si:H solar cell is designed difidlsgecompared to the standard p-n junction of

a crystalline silicon solar cell.

The doped layer are usually wery thin‘at a-Si:Hh thim solar cell. The thickness of

p-type a-SiC:H layer is less than"30nm thick, thiekness of the a-Si:H p-layer is less than

30nm thick, and an n-type a-Si:H is less than 3@mok. The doping layer has two function of

the amorphous silicon solar cell. First, a suffithg high electrical conductivity is required for

both p- and n- layers in order to form a high bunlivoltage across the p-i-n junction. Second,

the doping layers establish low loss ohmic eleatricontact with the electrode. The

steabler-Wronski effect deteriorate the collectioh carriers, the thickness of intrinsic

amorphous silicon can't be too thick. So the optitheckness of the thickness of the intrinsic

layer is in the range of 250nm to 320 nm [36]. Deposition conditions of each layer in the

fabricated a-Si:H solar cell are listed in the €BI1.
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p-layer

p-layer i-layer n-layer
(a-Si:H) (p-a-SiC:H) (i-a-Si:H) (n-a-Si:H)
Substrate
temperature 190 190 190 190
(C)
Deposited ) _ . .
. SiH4+BHg SiH4+CH4+BsHg SiH4 SiH4+PH3+H»
material

Table 3.1 The deposition condition of each layer in the fedted a-Si:H solar cell
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Figure 3.15 Photovoltaic performance of the as-deposited s@hmwith a-Si:H and
a-SiC:H as window layers

From the Figure 3.15, photovoltaic performancestha as-deposited solar cell with
a-Si:H p-layer and a-SiC:H p-layer, respectivelfieTcharacteristic of solar cell with different

p-layer material listed in Table 3.Bhe cell with a-SiC:H p-layer and buffer layer (&%)
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shows increase in the open-circuit voltagg,(Wrom 0.75V to 0.78V and in the short—circuit
current (J) from 10.23 mA/crito 12.76 mA/criiat the same time. Because the wide bandgap

p-layer also increases the open-circuit voltagadducing recombination at the p-i interface

[37].
p-layer VodV) Jsdmaicm?) FF(%) M%)
a-Si:H
0.752 10.23 65 5
(1.75eV)
a-SiC:H
0.788 12.76 64.12 6.57
(1.94eV)

Table 3.2 The solar cell parameters:with different p-layeterial

But in the |-V curve shows-an S<shaped charactaichwthe current starts falling off

already at low forward bia¥he curve bending in the Figure 3.15 has showmgeifection of

the cell. Therefore we performed a thermal anngaprocess try to eliminate the current

instability and enhance the performance of thersmh.

3.4.2 Effect of Annealing on cell Performance

In the Figure 3.15 shows an S-shaped charactechwthe current starts to fall off already

at low forward bias. In order to find the originrfthis S-shaped |-V characteristic, the

photovoltaic property of a pin type solar cell macacterized by the series resistangarml the

shunt resistance sR Base on the previous study the bias-annealimgnrent is expected to

increase the ionized dopant concentration of thetamb layers and thereby improve cell
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performance. The bias-annealing increased the opeumt voltage, fill factor, and the cell
efficiency [38]. Their conclusion is the seriesiseémnce and the shunt resistance of the
hydrogenated amorphous silicon solar cell can beemied to decrease and increase

respectively after bias-annealing [39].

AM1.5 Cell Area=0.25cm”

—+— As-deposited
—+— 75°C anneal

Current Density (mA/cm “)

ok 100°C anneal
—+— 150°C anneal
— - = 210°C anneal
_10 b
. 1 . 1
-0.5 0.0 0.5 1.0 1.5
Voltage (V)

Figure 3.16 The I-V curves for the as-deposited, and the ardesblar cell after annealing
at 75C , 10@C , 15Q¢ 210C, respectively

The important parameter is annealing temperaturérad et al. eliminated the process of
bias-annealing. They also can improve solar ceflopmance by annealing without bias [40].
Figure 3.16 shows the I-V curve for the as-depdsiéad the annealed solar cell after annealing
temperature at 76, 100C, 150C, 210C, respectively. The result shows that with adequate

annealing temperature the cell performance camipeoved greatly, which can be seen in the
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Figure 3.17. The results in the Figure 3.17 indicagnificant increase ofoyand FF, while g}

remains the same.
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Figure 3.17 V., J fill factor and efficiency of the solar cell agumction of the annealing
temperature

In the thin film silicon solar cell, there are threnain factors can affect the fill factor.
First, the recombination loss in the i-layer ortla¢ p/i and n/i interface. Second, partial
micro-shunts through the i-layer. Third, the coht@ed doped layers are too high resistance
[41]. The open-circuit voltage is main effect iretbhunt resistance or the depletion region of

device. The photovoltaic performance starts to @etahe annealing temperature of Z10
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which may due to the degradation of interface duali

In order to investigate the thermal annealing ¢ffecthe solar cell, experiment of the
sequence between Ag deposition and annealing wasccaut Ag deposition and annealing
was carried out. The IV curve of the solar cell ethiwere annealed before and the Ag
electrode was deposited, as compared to the asitegpaell, as shown in the Figure 3.18.
The result indicates that the n/Ag interface andtact quality is main issue for the thermal
annealing. The as-deposited and the annealing utithg electrode didn’'t change observably.

But the annealing after Ag electrode deposited awed performance with annealing 180
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Figure 3.18 The I-V curves of the solar cells which were aaled before and after the Ag
electrode was deposition, as compared to the assdeg cell
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\]SC
VodV FF (% %
oc(V) (mA/Cm?) (%) n (%)
As-deposited 0.788 13.11 65.32 6.75
Annealed before
» 0.788 12.76 65.27 6.57
Ag deposition
Annealed after
. 0.851 13.75 74.11 8.68
Ag deposition

Table 3.3 The performance of the as-deposited solar celtlamdnnealed solar cell where
the annealing was done before and after the gileposition, respectively.
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Figure 3.19 Diagrams of \, J, fill factor and efficiency with different solaelt area of
0.25cnf, 1cnf and 4crf
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Cell area Ve Je. FF n

(cm?) V) (mA/cm?) (%) (%)
0.5%0.5 0.85 13.75 74.11 8.68
1.0x1.0 0.85 13.57 74.66 8.69
2.0x2.0 0.85 14.4 70.75 8.67

Table 3.4 The solar-cell performance with cell area of 0.5xth?, 1.0x1.0 crhand 2.0x2.0

cn?

It can conclude the thermal annealing can get béiéveen silver and n-type layer
interface. Because the defect in the interfacedhice states in the semiconductor bandgap
which can trap charges and influence the potedisdiibution at the junction. A high density
of interface states reduces the open-circuit veltagd degrades the photovoltaic performance
of the devices.The cells with size 0f10,5%0.5 én1.0x1.0 crh and 2.0x2.0 chwere
fabricated to verify the cell performance relatedutiformity. The results can be seen in the
Figure 3.19 and Table 3.9. The result shows cefopmance did not degraded on the cell

area was enlarged to 2.0x2.0°%cffihe efficiency of about 8.5 % and high perfornemere

achieved by the large area solar cell.
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Chapter 4 Conclusion and Future Work

4.1 Conclusion

In this work, we have studied the property of &4Sis function of the silane flow rate,
electrode spacing and dopant concentration. Inicrgathe electrode spacing promoted
polymerization and can lead to the inclusion of StHain within the film. The high quality
intrinsic a-Si:H was obtain at which contains 8~®naic % of hydrogen predominated
bonded as SiH configuration. The p-layer and n#dyave been doped with appropriate
dopant concentration. Alloying a-Si:H with carbcauses the bandgap to widen, but it also
reduce the conductivity. Usage of the wide bandgdgyer would increases the open-circuit
voltage and the short-circuit current of the saldt by increasing incident light and reducing
electron-hole recombination at the p-i.interfagethis study, the optimal a-SiC:H window
layer has bandgap 1.94ev and carbon compositic¥.Z@e annealing would affect solar cell
performance significantly with optimal annealingngerature of 150 The n/Ag interface is
the main improvement of the solar cell when undeivikermal annealing. The structure of
a-Si:H solar cell with area sizes of 2xZcamd 1x1crhwas also fabricated, respectively. The
cell performance did not degrade on the cell aras enlarge to 2x2cmThe best conversion

efficiency of 8.67% was achieved for area of 2x2cm
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4.2 Future Work

The performances of single junction a-Si:H soldiscdecrease during the initial

stage of due to light induced degradation. Thersmt degradation due to illumination is the

manifestation of the Staebler-Wronski effect. Aftie initial degradation, the performance of

solar cells stabilizes. Therefore, the a-Si:H saeall structure and the properties of the

individual a-Si:H based layers must be optimizaditie light soaked state. In addition, in this

study we considered only single-junction solar.célis work can be extended for tandem

solar cells, with a-Si:H cell as the bottom celtlahe a-SiGe opc-Si thin film solar cell as

the top cell for very high efficiency.
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