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Abstract

The crystalline fraction is an important issue fdhe hydrogenated
microcrystalline silicon i{c-Si:H) thin film solar cell. To keep crystallineattion by
catalytic chemical vapor deposition (Cat-CVD), wedastigated the controlling of,H
dilution ratio in this study. In addition, the imfoation on microcrystalline silicon
bonding configuration was obtained by Fourier Tfama Infrared Spectroscopy
(FTIR) and we have used photo conductivity and deokductivity to analyze
hydrogenated microcrystalline silicopet Si:H) thin film.

In addition, we have proceeded experiment aboustetle temperature to
deposit hydrogenated microcrystalline silicon thim. And then we have discussed
substrate effect probably influence our experimeatwe will use glass substrate
amorphous silicon / glass substrate and microdtystasilicon / glass substrate to

discuss in this study.
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Chapterl

| ntroduction

1.1 Preface

Since the 20th century, with the improvement of halm standard of living and
prosperous development in social economics, theaddmfor energy is ever
increasing. However, petrochemical energy is notialimited energy source and it
generates much environmental pollution during tbenlsustion process. With the
recent soaring in petroleum price, people stapayp attention to the importance of
alternative energies. In many different types. of méternative energy, solar energy is
the one energy received the mast attention. 1rpteeent market, it is also the most
popular energy source used. The ultimate objedtiibe development of solar cells

is to replace the traditional energy. Solar is alimited energy source, and the energy

23
emitted from the sun is approximately equivalenBi8x10 kW of electric power.

14
The energy of sunlight that reaches the earth @itah.8x10 kW. This energy is

about one hundred thousand times higher than teeage power generation in the
world. If we can utilize this energy effectively, mot only solves the issue of

exhausted petrochemical energy, but also the emvienital protection issue. [1,2]



1.2

Introduction to photovoltaic (PV) technology

1.2.1 Current developments of PV technology

Thin-film solar cells based on hydrogenated amoughsilicon (a-Si:H) are

today the most widespread alternative technologyrystalline silicon solar cells [3].

The advantages of thin-film technology are low mateconsumption, low process

temperatures which allows the use of cheap substnaterials (e.g. glass, stainless

steel, plastics) and the feasibility of large ateposition. However, the efficiencies of

commercial silicon thin-film modules are still 10<8%). Stable efficiencies

exceeding 10% have been realized for stacked swmHis made of a-Si:H and

microcrystalline silicon (c-Si:H); whereuc-Si:H acts as absorber material for the

bottom cell [4-10]. First cells “based on this' cetincept were developed by the

University of Neuchatel [4]. Thac-Si:H shows high stability against light-induced

degradation (Staebler— Wronski effgtt,12]) and offers the extension of the spectral

response to near infrared light. However, the Itwsoaption ofuc-Si:H requires thick

absorber layers (>1um) and therefore high depositites despite the progress of the

light trapping structures.

The institute of photovoltaics (IPV) started reskaonpuc-Si:H in the mid-90s

[13][14]. PECVD at very high frequencies (VHF) wihe first technique used for the

preparation ofuc-Si:H material and solar cell. Detailed materialdsees combined



with the preparation and characterization of sotals gave success in the

development of highly efficienfic-Si:H solar cells. A broad variety of methods is

applied to investigate the structural, optical amdectronic properties of

uc-Si:H[15-21]. Structural properties are studiedRgman, XRD and TEM [17,22].

The microstructure and hydrogen bonding is investig by infrared spectroscopy

and hydrogen effusion[16]. Electronic properties siudied e.g. via conductivity and

mobility measurements, electron spin resonancq43JLpnd optical absorption [24]

are applied to study defect densities. The density states is probed by

photoluminescence experiments:[19]." Together wigviak-modeling a better

understanding of the device  properties is obtaif#5][26]. Today, a variety of

deposition techniques, including PECVD at RF [@AH VHF [27,28] and hot-wire

CVD [29-35], are investigated at the IPV in ordemthieve a better knowledge about

the relationship between the deposition processthadmaterial properties and to

develop highly efficient solar cells at high depiosi rates. In addition, the

improvement of light trapping and therefore thealepment of high quality TCO is

another important task followed by the IPV [5,36]

1.2.2 Introduction to catalytic chemical vapor deposition (CAT-CVD)

Solar cells prepared by PECVD and HWCVD are vemilar in terms of the

achieved efficiencies. Howevgc-Si:H solar cells prepared by HWCVD stand out by



their high V. of up to 600mV before switching to a-Si:H growt¥hich is unequalled
by any other technique. A comparison of HWCVD arelCR'D solar cells will be
presented in the second chapter of this thesis.

Recently,uc-Si based thin film solar cells have attractedswberable attention
as a bottom cell of hybrid solar cells. However, tioe reduction of manufacturing
cost of solar cells, deposition rates should bearobd up to 1- 2 nm/s. Matsumura
and Tachibana[37] and Mahan[38] proposed Catal@tiemical Vapor Deposition
(Cat-CVD) method and obtained a-Si:H films with doguality at high deposition
rates of over 1 nm/s. From these viewpoints, CabG¥ one of the promising
methods for obtaining a-Si:H-ana-Si:H thin films since high deposition rate, low
substrate temperature and high. efficiency of gamgeiscan be expected [39]. In
previous studies about Yuji SaitcAkira Yamadal and Makoto Konagai, relatively
high growth rates of 0.4-3.0 nm/ s were demongtratdow substrate temperatures
of around 208C.[40] The difference between their Cat-CVD metlaal previous
CAT-CVD method is the layout of the filament. Ineth Cat-CVD method, the
filament is located perpendicular to the substhatieler. Because of this layout of the
filament, the reactant gas decomposes effectivaijeviraveling through the filament
and the decomposition rate of the reactant gaeases. In this work, first, they

attempted to reduce impurity concentrations ingttSi:H i-layer and also attempted



to obtain high quality films in terms of structuiahd electrical properties. Second, a
novel 2-step growth method was proposed in orderetluce the thickness of the
incubation layer in the initial growth of an i-lay&@hen, deposition parameters in the
1st and 2nd layers of the 2-step growth method wapémized for further
improvement of solar cell performances. Furthermdrigh-rate depositions were
investigated angdc- Si:H solar cells were fabricated with high dapos rate [41].

It was not until advantages which mentioned in pinevious paragraph been
discovered recently that Cat-CVD drew attentiorutfitothe technique been invented
few decades earlier. In 1979, Wiesmann et al. wsebon and tungsten to make
filament which increased filament temperature t0®6 SiH, was used to deposit
a-Si thin film but with unsatisfied film quality #}. In 1985, Matsumura et al. used
SiF, and H to deposit high quality thin film a-Si:F:H with ttaire CVD in Japan
Advanced Institute of Science and Technology (JAI$43]. Matsumura and
Tachibana considered that filament acts as a italyCVD system, and therefore
they named the system as Catalytic Chemical VagmoBition (Cat-CVD).

Amorphous silicon became applicable after incorpoga hydrogen to
compensate dangling bonds, however, decade arfiongy Staebler-Wronski effect
reduce the long term solar cell efficiency. Theeeffis believed to be originated from

excess hydrogen content that easy of breaking981,1Mahan [44] had deposited



a-Si:H thin film with low H content €1 at.%) by Cat-CVD. In 1991, Matsumura
deposited poly silicon thin film at substrate temapere 308C, he expand deposition

way for Cat-CVD. In 1996, Heintze use varied #bw rate to transform a-Si into

poly-Si by Cat-CVD [45-47].

In addition, K. Saito use TEOS and® to deposit Si@layer and Iridium to
make filament, because Iridium and oxygen reacteomlifficult at high filament
temperature, although film quality is not well bw had overcome that Cat-CVD
can’'t deposit SiQlayer [48].

Since 1998, JAIST had cooperated.with enterprisedéwelop Cat-CVD
technology. In Germany, U. Weber use Cat-CVD tetdgyoto deposit p-i-n thin film
solar cell that efficiency is 8.9 %. In"USA, NREkauCat-CVD technology to deposit
p-i-n thin film solar cell that efficiency is 5.7 @nd deposition rate is about 13nm/s.
In Netherlands, R. E. I. Schropp use multi-chandystem to deposit p-i-n thin film
solar cell that improve film quality [49-50].

1.2.3 Differences between pc-Si:H and a-Si:H solar cell

Microcrystalline silicon layers and solar cells da@ produced in virtually the
same manner and with the same equipment as ama@ilbeon, but have quite
different material properties, for example:

(a)A complex material microstructure, that varieastically with deposition



conditions.
(b)An increased sensitivity to layer contamination
(c)A lower bandgap (1.1 eV instead of 1.7 to 1.8f@\Va-Si:H). Due to this,
there is a capacity for absorbing and convertimgining light in the near
infrared region of the solar spectrum.
(d) A much milder light-induced degradation.
(e) An indirect bandgap, i.e. a lower absorptioafftaient in the visible range
of the solar cell spectrum compared with a-Si:HeBDwthis, there is a
necessity for using thicker absorbing layers thathe case of a-Si:H and
more efficient light trapping within the 'solar cell
1.2.4 Tandem solar cell
The best way of using microcrystalline silicon fiirotovoltaic appears at present
to be in the tandem solar cell, i.e. in the comtiamaof a microcrystalline silicon
bottom cell with an amorphous silicon top cell. élestabilized efficiencies in the
range of 11 to 12% are obtained for small arearktboy cells. The world record
initial efficiency for such tandem small area cdiss now reached 14.7%. Kaneka
Corp. has brought out commercial PV modules basethe tandem approach with

stabilized efficiencies of over 8 %[51].



1.3 Motivation

Although Cat-CVD has been develop for decades,ldagchanism and precise

control of deposited film are still not clarifieBor example, microcrystalline silicon

film tend to become more crystallized accompanyhwdeposition time and film

thickness. One may measure a film grown by oneokerameters and get certain

desired crystalline fraction; however, the crystallfraction of the film is not uniform

from top to bottom. This may cause reduction infgenance because the

photovoltaic effect is seriously depending on fdpmality. Therefore, in this study we

setup a series of experiments trying to controldhstalline fraction throughout the

whole film. The properties of the film were measure

In addition, we perform experiments to measureaitteal substrate temperature

since the circumstance in Cat-CVD is more comptidaBesides, the substrate effect

that affects the crystalline fraction of microcieiihe film was studied



Chapter2
Literaturereview

2.1 Fundamental theory

The photovoltaic effect is the direct conversiortled energy coming from light
into electrical energy. Figure 2-1 shows the diagiet the photovoltaic effect. The
first step of the conversion is photons impingimgeomaterial transfer their energy to
electrons. If the energy of a photon is greaten thaequal to energy gapvha Eg),
electrons could be promoted from ground states Xoitexl states to generate
electron-hole pairs. Then, electron-hole pairs Wduweg separated by built-in voltage
(Vbi). This is the photocurrentpp. The p-njunction is the most common structure of
solar cells. Figure 2-2 is the“energy band diag@tha p-n junction in thermal
equilibrium. As shown in the diagram, when elecsranthe conduction band of the n
type material try to move into the conduction bafg type material, they would see
a potential barrier. This barrier is the built-ioltage (\{n)'

When the p type semiconductor is contacted withyme tsemiconductor,
majority-carrier holes in p type semiconductor webbkgin diffusing into the n type
semiconductor and majority-carrier electrons inypet semiconductor would begin
diffusing into the p type semiconductor. When thisreo external connection to the

semiconductors, this diffusion process would stgcause electrons diffuse from n



region to p region, positively charged donor atqioss) would be left behind. As
same as electrons, holes diffuse from p region teegion, negatively charged
acceptor atoms (ions) would be also left behinds Bpace-charged-region is called
depletion region as shown in Fig.2-2. A p-n juneteblar cell would be illuminated
on the top of the p-type region. The electron-lpdé@s are photo-generated in the p
region, the depletion region, and the n regiorthénp region and the n region, there is
no electric-field (quasi-neutral regions) so theotphgenerated electron-hole pairs
would not be separated by the electric-field. Aiddially, when electron-hole pairs
were photo-generated in these two r'egio'ns,“ theyd/uml essentially recombined with
the majority carriers. Thereforé, the photoéurmainly comes from photo-generated

carries in the depletion regionu[52]

e flow ;%////////// /////
% c:uudumm;aun /

\
O\

Fig. 2.1 Diagram of photovoltaic effect
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2.2 Cat-CVD system
2.2.1 Cat-CVD method
Almost all electronic devices such as integratedudis (ICs), solar cells, and

liquid crystal displays (LCDs) contain various kindf thin films with a thickness of
less than 1/1000 mm, and the properties of suoisfoften have to be formed below
400°C, and sometimes below 1% in order to avoid thermal damage to devices.
Plasma-enhanced chemical vapor deposition (PEC\A3) lbeen the conventional
method used for obtaining the films. In the PECV[2thod, gas molecules are
decomposed in plasma and the:decomposed speciassedeto form thin films.
However, there are various issues triggered bynas
Catalytic CVD (Cat-CVD) is “a.method of . forming thiny decomposing gas
molecules on a heated catalyzer surface using ytatatracking reactiosm and

transporting them to sufficiently cooled substrates

12
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Fig. 2.3 Typ-i‘cal C;at-CVD system
2.2.2 Difference between Cat-CVD and EECMQ _.
In the PECVD method,:‘_"_jgasirn_(')@l_e‘s_ ;re decomposetbw—probability
collisions with accelerated eléétrons in ‘élllﬂvacuuham:ber at about 100 Pa
(~0.75Torr)(1 atm corresponds to 760 Torr). On thieer hand, in the Cat-CVD
method, gas molecules collide with a heated sokthihsurface and are decomposed
by a catalytic cracking reaction on it. In otherrds high-probability collisions
between points and planes are utilized for gasmposition form. Consequently, the
decomposition probability for gas molecules in that-CVD method, that is, the
efficiency of gas use, is five or ten times lartean that in the PECVD method. This

property is particularly significant for the fabaiton of large-scale devices such as

solar cells and LCDs requiring large amounts ofemak gases. Furthermore, since a

13



number of decomposed species contributing to filmmftion are generated, a high

deposition rate can be realized, resulting in lgductivity of film formation.

Since Cat-CVD is plasma-less process, damage &irates due to charged gas

molecules can be completely avoided. This indicalbes the Cat-CVD process is

applicable to the fabrication of devices using coom semiconductors such as

GaAs and GaN, and Si integrated circuits (ICs) vaithunderlying insulator which

must be free form plasma damage [53].

The hydrogen content of films formed by PECVD isrenthan 10%, and the

large amount of hydrogen causes degradation offitms. In contrast, hydrogen

content is as low as 3% in films deposited by tlae-CVD method. Thus, the films

have high atomic density, high-chemical resistaanua high barrier property against

moisture and oxygen penetration, so that they canutilized as high-quality

encapsulation films. In addition, the film propedithemselves also show high

stability [53].

In addition, the efficiency was compared betweert-@Q4D and PECVD.

Depositing amorphous silicon (a-si) thin film solaell in Cat-CVD produce

efficiency that is about 8.9 % (stable efficiensys.5% ) with NREL and USSC and

the efficiency is about 13 % (stable efficiencyaisout 9 %) in PECVD. If using

Cat-CVD deposit the a-si i-layer, but p-layer anthyer was deposited in PECVD

14



that the efficiency is about 10.2 (stable efficignis about 7 %). Depositing
microcrystalline silicon{c-si) thin film solar cell in Cat-CVD produce efigncy that
is about 6 % with NREL and the efficiency is 8 %40 % in PECVD. If using

Cat-CVD deposit the a-si i-layer, but p-layer anthyer was deposited in PECVD

that the efficiency is about 9.4 % [54].

2.2.3 nc-Si deposition method by Cat-CvVD
a. Gas phase reaction
SiHs and B was decomposed’at filafient temperature over 260@as phase

reaction produce &i Si;H, and-SjHe. In addition, SiHwas decomposed that produce

Si and H and it probably react Si with QJbb] :

Si + SiH, — SiH + Sik (2)
Si + SiH, — HSISiH; (2)
Si + SiH, — 2SiH, 3)

(1) and (3) is an endothermic reaction, (2) is avtleermic reactions, so (2) is easy to
produce that is predominant reaction. And thenrdbpbly react HSIiSikl with
SiH4[56].

HSiSiH; + SiHy(+M) — SigHg(+M)  (4)

HSISiHa(+M) — H,SiSiH(+M) (5)

15



HSiSiH; + SiH; — SiH, + SkHg (6)
M is third body at (4) ~ (6), we can see (5) isyet@sreact and bBiSiH; structure is
closed shell structure that is very stable stractiherefore, bBiSiH; is important
product for experiment. In addition, Sik¢act with SiHagain at (6):

SiH, + SiFu(+M) — SipHe(+M) ()
Researchers find that 8is is predominant production at gas phase reaction.
In addition, H react with Sikf57] :

H + SiH; — H, + SiHs (8)

SiH; don't react with Silj, but it is reaction with itself

SiHs + SiHs — SiHs=+ SiHs (9)
SiHs + SiH; — Hp + HSiSiH (10)
SiHs + SiHs(+M) — SibHg(+M) (11)

Due to (1) ~ (11), $Hsand HSiSiH;is final production at gas phase reaction.

b. Deposition of thin film
SiHg react with Si[58][59]:

Si + SiH; «—— Si-H + SiH; (12)
And Si-H bonds probably react with itself

Si-H + Si-H— Si-Si + b (13)

16



So we can find H2 that was discharged at experiment

In addition, deposition theory of thin film was awd for Cat-CVD by

Molenbrok[55]:

Si + SiHs)— SiSiHs) = SiH) + 2(dangling bonds) (14)

H + SiHs) — H + dangling bond (15)
SiHz + dangling bond- SiHs(s) (16)
Si + dangling bond> Si + 3(dangling bonds) a7
H + dangling bond- SiH, (18)

SiHg)is Si-H, Si react with Si-H by (14) and H.reactwBi-H by (15), (16) ~ (18)
show SiH, Si and H that react with dangling bonds. Si redth ®i-H and dangling
bonds both producing new dangling bonds by (14) (&7). And dangling bonds are
probably to combine to form Si-Si. H react withtsithat produce dangling bond and
H, by (15), H react with dangling bond that reduceglimg bond, SiH react with
dangling bond that reduce dangling bond, too. Tioeee dangling bond is very

important for thin film by Cat-CVD.
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Chapter3
Experimental details

3.1 CAT-CVD system setup

SiH, H, _—

Power

Tungsten wire

Substrate
Heater

- -

Pumping aut
N ¥

Fig. 31 "Cat-CVD SYS?em setup

The sample was placed on a substrate equippecviiiater. Shower head located under
the lid of chamber was responsible for processflgas The vacuum was established by dry
pump to reach low vacuum and turbo pump to reagh kiacuum (under 10torr ). Mass
flow controllers (MFC) was used to precisely cohpmcess gas flow rate. The reaction gas
used in the study were SiHH, Ar and NR. Auto pressure control (APC) kept the pressure
during the experiments. Ar and pN#ere used to clean Cat-CVD chamber in order took&m
Si thin film on chamber wall. Waste gas was proedsa burn box to reduce gas activity by

scrubber.
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For Cat-CVD, a coiled tungsten wire with diametélO&/mm and length of 38.5cm
was used with filament-substrate spacing rangioghf6Omm to 100mm, as can be seen in
Fig. 3.2. The temperature of the filament was datifrom ohm’s lawp = po( 1 +aT ). The
substrate surface temperature was measured dinedthythermal couple. Fixed substrate
temperature was set with varied filament-to-substdistance from 50mm to 100mm. In the

thesis, filament temperature ranged from 1700-198€ used for the experiment.

[ |

235 cm

b 12 5cm

Fig. 3.2 Filament structure

3.2 Analysisinstruments

3.2.1 Measurement of thethin film thickness

In this study, the thickness of the film was meadursy an Alpha stepper. A step of

the film was required for the measurement and weaated by chemical etching. There

are various etching techniques to remove unwantatenmals. In this experiment, wet

etching was carried out to dissolve uc-Si:H filnHere we choose an alkaline solution,
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KOH, with concentration of 30wt%. Although KOH sb@n etches not only silicon

(including crystalline and amorphous silicon) bigoasilicon dioxide (which is one of

the components of glass), the etching rate betwleerniwo materials are significantly

large.Fig 3.3 and Figure 3.4 show the etching ddtsilicon and silicon oxide as a

function of temperature [66].Part of the sample wasered with tapeand was then

immersed in the KOH solution not until the silicovas removed. The taped was

removed and leaves a well defined step profile tviciEn be measured by alpha stepper.

KOH Etching of 100 Si
30% KOH Solution

8 175
2
21004
=
75 4
50 -

et

25 4
1
20 30 40 50 G0 70 80 40 100
Temperature

Figure 3.3 Etching rate as a function of tempegatar [100] silicon in the 30wt% KOH
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KOH Etching of Si02
30% KOH Solution
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300 b
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Figure 3.4 Etching rate as a function of tempesgatar silicon dioxide in the 30wt% KOH
3.2.2 Raman spectroscopy
The Raman spectroscopy measurement was carrietb aitain information of the

crystalline structure of the deposited silicon. A-Ne laser of 632.8 nm wavelength was used
as an excitation source. The Raman scattering Wwagistcollected and in a typical experiment,
the measured Raman signal was processed with autemghe time constant used for all
measurements of Raman spectra was unity.

We could estimate the grain size and volume fraabibsilicon nanocrystals within the
deposited film.

-1 -1
® Scattering in the region of 430 cA»70cm comes from the transverse optical (TO)
vibrational modes of the amorphous silicon.
® The lower wave number component (a) at around 48%]3; assigned to a-Si.

-1
® The intermediate component (b) at around 510 arose due to the bond dilation at
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the grain boundaries.
® The higher wave number component (c) at around@ﬁ(l)is associated with the
c-Si.
Considering the intermediate component as a paripartion of crystallinity, the crystalline

volume fraction was estimated as [60][61]:

Xe=(Ib+Ic) / (Bla+ I+ Ic) (29)

where &, Ib, and t are the integrated intensities of the amorphous pomant, the
intermediate component and the crystalline comppmespectively, an@ is the ratio of the
cross-section of the amorphous phase’to the dipstahase.

In case of uc-Si:H films having small crystallints=1. So the crystalline volume
fraction was estimated as :

Xe=(lb+Ic)/ (lat+ Ib+ Ic) (20)
323 FTIR

The optical characteristics can be measured byraewptical measurement vmethods.
FTIR measurement can reveal the hydrogen bondmgtate in theuc-Si:H thin film. The
absorption of IR radiation is different for differtesilicon-hydrogen bonding configurations.

The most important modes is Si-H Wag-Rocking moal@ &i-H Stretching mode, and
their corresponding frequency (or wavenumber) aB6-80 crmi and 2000-2300 cth

respectively. Actually, we often concentrate on thesorption peaks at 630¢m
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2000cm'~2005cnT, and 2070ci~2100cnt. And anther peaks reveal different information,
the 2000cm-1~2005cm-1 absorption peak results tben(isolated monohybrids) bond, and
the 2070crit~2100cnT peak results form SiH(di-hybrids),(SiH),, and SiH(Tri-hybrids).

And the microstructure defined as

R = ( 12070~2100) / (12000~2005 + 12070~2100) (21)

Where I2000~2005 IS the integrated absorption band due to isolateld Bonds, For all other

bonds the IR absorption shits to 2070~2100"cih has been reported that hydrogenated
amorphous silicon film with microstructure valueeRse to zero is preferred [62].
3.2.4 Photo (opn) and dark conductivity (6q)
Photo 6pn) and dark conductivityol) of intrinsic: films were investigated by coplanar
conductivity measurements at room temperature.Vetee of the photosensitivity isy/cq
[63]. Ag electrode with thickness of 150 nm wasa@{ed by thermal evaporation. Annealing
was carried out for 35 minutes at 1%D

The conductivity (Fig. 3.5)was estimated as :
Ro=V/I (22)

In Eq.22, R represents the calculated resistance, V is thesuned voltage and | is the
measured electric current.

c=()/ (Ryw-t) (23)
| is distance between Ag electrodes, w is the lkemftAg electrode and t is thickness of the

film.
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Ag Electrode Ag Electrode

uc-Si thin film

Glass

Fig. 3.5 Schematic diagram of Ag electrode arrareg@rfor conductivity measurement
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Chapter4

Result and Discussion

4.1 Themeasurement of the substrate temperature

Gas flow on
&
Heater on/off

ot

n ! Smein-30min
Heater on - Filament on .

omin

Gas off

Fig.4.1 The substrate temperature measurementgsoce

Fig. 4.1 shows the process for measuring the satbsiemperature. Firstly, the heater
was turned on for about 40 minutes. The filamentgronvas thened turn on for about 5
minutes to 30 minutes. Depending.on. the set filaraad heater temperature, the heater was
then turned off or remained on when gas-flow wasdd on. The initial substrate temperature
was recorded. After 60minutes of gas flow, thelfsubstrate temperature was also recorded.
As mentioned in the previous chapter, the substesiperature in the Cat-CVD system
is complicated due to the heating source of bolistsate heater and filament. Therefore,
before measuring the actual surface temperatutteecubstrate, the heating effect originating
from the substrate heater have to be measuredranad. In this study the substrate heater
was set at a temperature of 28@&and 348C with a fixed filament-to-substrate spacing of
75mm. The saturation temperature after duratiorabofit 25mins and 30mins were 980

and 226C, respectively, as can be seen in Fig.
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Fig.4.2 Substrate temperature with heater temperafi280°C and 34(°C, respectively

4.1.1 Process of controlling the substrate températureto 220°C

After the glass heated by substrate heater, taenéiht power was then turned-on.
Depending on the filament temperature, the time temperature saturation was
determined, as can be seen in Fig. 4.3. When ldmadint temperature set at 1700the
substrate heater remained turn-on because of shiffiment heat radiation from filament.
In the case of filament temperature of 1%D@nd 1908C before gas flow, the substrate
heater was turned-off. This was due to the effelsickv the thermal radiation at high
temperature and heat transfer from filament to sates by flowing gas. The time

dependence temperature variation was shown in4Eg.
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Fig. 4.3 Temperature profile of controlling substreemperature to 220.

Heater temperaturéQ) 220
Filament temperaturé) 1700 1800 1900
Duration time before gas flow-(min) 15 20 5
Heater status after gasflow on off
Substrate temperature when turning on gas fRay ( 219 223 218
Substrate temperature after 60 mit@®)( 223 219 224

Table 1 Parameters for keeping surface temper&it20°C with dcs of 50 mm

4.1.2 Process of controlling the substrate temperature to 260°C
Similar to keeping the substrate temperature t0°@2@o0 keep the substrate
temperature of 26(C, the heater was set at 3@0to reach actual temperature of 220

Depending on the filament temperature the duratioe before gas flow was ranged
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from 10 to 30 minutes. In order to reach highefame temperature of 280, the heater
was turned-on for the tree filament temperaturec#s be seen in Tab.2 and Fig4.4, the

stabilized substrate temperatures weré’@6265C and 268C, respectively.

—~. 260 |
@)
e
o
=
]
—
o 240
W
@ —1700°C
)] - 1800°C
= = 1500°C
220 l t | t ] } ] } ]
40 60 80 100 120

Time (min)
Fig. 4.4 Temperature profile of controlling substreemperature to 280.

Heater temperaturéQ) 220
Filament temperaturéQ) 1700 | 1800 1900
Duration time before gas flow (min) 30 20 10
Heater status after gas flow on
Substrate temperature when turning on gas fi@y ( 255 255 255
Substrate temperature after 60 mit@®)( 263 265 268

Table 2 Parameters for keeping surface temperai280°C with dcs of 75 mm

4.2 TheThin Film Properties
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Sandard Recipe

Ts(°C)

des(mm)

T+ (°C)

P(mtorr)

H(sccm)

220

75

1750 ~ 1850

45 ~ 105

70 125

4.2.1 Influence of filament temperature

Filament temperature was varied about £25800°C, 1850°C and 1908C, Fig. 4.7
shows deposition rate at different filament tempers Fig. 4.8 shows the crystalline fraction
and R of FTIR at different filament temperature; decrease by filament temperature
increased because decompositionof gas increa®esidee filament temperature increases.
Therefore, precursors have not enough time to ldxagon and film quality degradedVhen
filament temperature is 178D and % is 61 %. The film quality slightly improves and
filament life times probably shorten. When filarhéemperature is 188G and 1908C, X,

is 32 % and 0 %. R value is 0.32 and 0.18. The {jlrality is needed to improve. Therefore

filament temperature is 1880 that is optimization for experiment.
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Fig. 4.7 Deposition rate at different filament tesrgture

— 1 L 1 B 1 L 1
X
< 604 0.6
(&}
>
S—
= 404 S 0.4
8 Y
— o
2
= 20 - ° 0.2
%
- o- FTIR
-
@)

1750 ' 1800 1850 1900
Filament temp. (OC )

Fig. 4.8 X and R value at different filament temperature

4.2.2 Influence of pressure
Pressure of experiment was varied 45 mtorr, 60 mn7&r mtorr, 90 mtorr and 105
mtorr, Fig. 4.9 shows deposition rate at differpréssure. Deposition rate is saturated
over 90 mtorr because gas has been so much irhdmaber that call gas supply limit

regime. Fig. 4.10 shows the crystalline fractior & value at different pressure. X
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increase by decrease of pressure, when pressusades that is small quantity of gas in

the chamber. Precursors have enough time to deateda. In addition, the film quality

was improved by decrease of pressure. Finally vp®sle microcrystalline silicon films

at pressure about 45 mtorr, 60 mtorr. As showngn49, the deposition rate is higher at

60 mtorr than at 45 mtorr. Therefore, we chose &rmfior following experiments.

Depositionrate (A /S)

[
-
1
T

60 80 100
Pressure ( mtorr)

FY
Q

Fig. 4.9 Deposition rate at different pressure
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Fig. 4.10 X and R value at different pressure

4.2.3 Effect varied SiH4 flow rate

SiH, flow rate was varied ‘about™14sccm;-12scc, 10s@stecm, 8sccm and 7scem
[H2 dilution ratio = (B) / (Ho+SiHg)] Fig. 4.11 shows the crystalline fraction an®R
FTIR at different H dilution ratio.

The crystalline fraction of SiHflow rate over 12 sccm (under; Hilution ratio =
0.905) is approach of amorphous silicon phag¢hen SiH flow rate is under 8 sccm
(over H dilution ratio = 0.94) , the Xis about 70 % and increase is slighthwhen SiH
flow rate is between 8 sccm and 10 sccra @Hution ratio is between 0.905 and 0.94),
the crystalline fraction is 5 % - 70 % that ¥ very Sensitive Kdilution ratio; The
crystalline fraction is 5% - 70% that R value isvibeen 0.1 and 0.4, it is high R value for
microcrystalline silicon thin film following (R vak is about 0.25-0.3 that is better for X

= 60 %[43]) . Therefore, we have to improve filmafjty.
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Then we will vary H flow rate and vary Sildflow rate while keeping constant

H./SiH, ratio to reach 60 % for X

—_ 80 . T . T . T . T . T . 0.8
X 70
S 70
o A
> 60 - 0.6
S 50
'..8 4
© 404 -0.40C
LS
s ]
@ 30
£
= 20 0.2
@ ] —0—Raman
101g . - - --
S’ 1® b - - FTIR
(= 0.0

-
089 090 091 092 093 094 0.95
H2 dilution ratio

Fig. 4.11 X% and R value at differentalilution ratio

4.2.4 Effect varied H, flow rate
H, flow rate was varied about 85'sécm, 93 sccm, téhsand 115 sccm, Fig. 4.12
shows the crystalline fraction and R of FTIR afafént H dilution ratio.
Varying H, flow rate is slightly varied X and We find a better recipe for
experiment about @ 60 % and R value = 0.28 (when fibw rate is 93 sccm andH

dilution ratio is 0.921) form Fig. 4.12.
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Crystalline fraction, Xc (%)
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Fig. 4.12 X and R value at differentzlilution ratio

4.2.5 Effect of SiH, flow rate while keeping.constant H»/SiH, ratio

(H2)/(SiH4+tH,) ratio was fixed to+0.92,- Hflow rate and Sig flow rate

simultaneously were varied about115/10, 105/98,932/7 and 70/6 (yflow rate/SiH,

flow rate), Fig.4.13 shows the deposition rateifieéent SiH, flow rate, Fig. 4.14 shows

the crystalline fraction and R of FTIR at differeBiH, flow rate. Deposition rate

decrease and Ancrease when Hlow rate and Sikiflow rate simultaneously decrease,

because it is small quantity of gas in the champeacursors have enough time to do

relaxation. It is experiment that has reachedXtarget 60 % by decrease of deposition

rate form Fig.4.14, too.
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Crystalline fraction, Xc (%)
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Fig. 4.13 Deposition rate at different Qiftow rate
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Fig. 4.14 X and R value at different SiHlow rate

35

0.8

0.6

0.4

-0.2

0.0




4.2.6 Brief summary

T+ (°C)

Ts(°C)

P(mtorr)

dcs(mm)

SiH 4(sccm)

H(sccm)

1800

220

60

75

93

Table 3 Best recipe for our experiment
Finally we get a better recipe for experiment fofable 3. Xis 60 %, R value is
0.28.
4.3 Substrate effect

Experiment conditions are as following: filamenngerature was 1860, pressure was
60 mtoor, silane flow rate was 8 sccmrand hydrdtpen rate was 93 sccm. Deposition times
were 300s, 400s, 600s, 800s, 960s'and 1200s resbhgchlso, there were three kinds of
substrates: a-Si/glass, glass aneSi/glass. The above mentioned a-Si was 150nrk #rid
uc-Si was 150nm thick with crystalline fraction 60%8e can see tendency of “thickness vs.
deposition time”, “deposition rate vs. depositiong” and “crystalline fraction vs. deposition

time” from Fig. 4.18, Fig. 4.19 and Fig. 4.20 respeely.
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Fig. 4.16 Deposition rate of thin film at differesh¢position time
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Fig. 4.17 X and R value at different thickness

4.3.1 Deposition rate

Among the three different substrates; deposited-8ifglass substrate owns the highest
deposition rate, the second wasparSi/glass, while deposited on glass substrate dkans
lowest one. That may be because the different noeggh When precursors landed on the
surface, they moved over it. And due to the kinetiergy provided by substrate heat, they
might desorb from surface. For the precursorserbfit roughness correspond to different
diffusion length on the surface and get differa@nekc energy, causing different amount of

precursors desorbs and different deposition rates.
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4.3.2 Template effect

With the same recipe, crystalline fractionjanSi/glass substrate was the highest among

the three different substrates. The second one ggass substrate, while crystalline fraction

on a-Si/glass was the lowest.

Since a-Si/glass substrate would suppress theatigestievelopment, while the

nucleation part onc-Si/glass substrate would promote crystallizatidme crystalline fraction

(X¢) on a-Si/glass substrate is lower than thaioi$i/glass substrate. And that on glass

substrate is in the middle. It is called the “teatpleffect”.

4.3.3 Variation of X; at different thickness

When Si deposit on a-Si/glass substrate, we carcryselline rate that is lower than

crystalline rate for other substrate. We consitlat probably transform into a-Si to uc-Si on

a-Si/glass substrate, it have to undergo a tramsfoon. Therefore, it has to long time to

transform and form crystalline grain that is smal, reach 40%, X slightly increase,

although it probably form crystalline grain, butrfistructure is not strong, so it is difficult to

transform into small crystalline grain to big ciaiéihe grain.

When silicon deposit onc-Si/glass substrate, crystalline rate is highantbrystalline

rate for other substrate. Following template eff€ctdeposit omuc-Si /glass substrate that is

easy to form crystalline grain. When deach about 60%, it increase that is very slowxior
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with pc-Si/glass substrate and glass substrate, we @r$idt probably receive restriction

of recipe ( limit of H2 etching ) over thickness2@m.

4.4 Discussion of controlling crystalline fraction

The goal of the following experiments is to contooystalline fraction (%) to 60%

within the entire i-layer for 1.mm for review paper [73]. But this review paper eiplthat

laser of 514 nm ( green laser ) so the penetraauth is of the order of 300 nm fac-Si:H,.

Therefore, the crystalline fraction isn't 60 % frdvl.5 um that is only 30-50 %. Our

experiment is that the penetration depth-at 63&18sof the order of um for uc-Si:H so the

measurement of crystalline fraction: of owec-Si:H thin film is higher review paper, so

efficiency probably is optimizationwith“under t68.% of crystalline fraction. However we

only to study maintaining crystalline fraction bgned H dilution ratio.

we separated i-layer into 6 parts to maintain whielayer with uniform crystalline

fraction, using the method of varying hydrogen tildo ratio and when we vary hydrogen

dilution ratio that we don't blank vacuum.

4.4.1 Theinitial layer

The recipe of initial layer was based on Tablen@ deposited to 270 nm thick. The

crystalline fraction and FTIR R value in the inltiayer are showed in Fig. 4.18.
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Crystalline fraction, Xc (%)
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Fig. 4.18 Section of 270 nm for Xc and R valueitiecent H, dilution ratio

4.4.2 The second layer

After finished the initial layerwith 60% crystaik fraction, we deposited the

second layer with different hydrogen dilution-ratio 530 nm, trying to maintain the

same crystalline fraction. The crystalline fracteomd FTIR R value in this layer are

showed in Fig. 4.19.
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Fig. 4.19 Section of 530 nm for Xc and R valueitiecent H, dilution ratio

The crystalline fraction reached 62% when diluttatio was 0.903. FTIR R value

41



slightly increased with the increase of crystallireection. Compared to Fig. 4.18, we can

find that different thickness with the same crystal fraction would lead to diverse

FTIR R value.

4.4.3 Thethird layer

We deposited the third layer with different hydrogklution ratios to 780 nm,

trying to maintain the same crystalline fractioheTcrystalline fraction and FTIR R

value in this layer are showed in Fig. 4.20.
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Fig. 4.19 Section of 780 nm for Xc and R valueitiecent H, dilution ratio

What we use in measuring is Raman scattering, atigetlaser is red, which means
the penetration depth is deeper than that of goedsiue, the crystalline fraction is the
average value among the penetration depth. Bec#usestructure profiling, the

crystalline fraction in the lower part would be lewthan average value, and that of
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higher part would be higher than average value.sTithen deposited on the surface
owns higher crystalline fraction, we don’t needune hydrogen dilution ratio down too

much and can still maintain the crystalline fractaround 60%.

4.4.4 Theforth layer

We deposited the this layer with different hydrogidation ratios to 995 nm, trying
to maintain the same crystalline fraction. The @afse fraction and FTIR R value in

this layer are showed in Fig. 4.21.
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Fig. 4.20 Section of 995 nm for Xc and R valueitiecent H, dilution ratio
During the layer from 780 nm to 995 nm, we maintaie hydrogen dilution ratio as
0.895 to keep the same crystalline fraction. Theesoae we don’t need to lower the
hydrogen dilution ratio might be the surface filmres slightly lower crystalline fraction

than 60%. If we use lower hydrogen dilution ratibe crystalline fraction would be

lower than what we expected.
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4.4.5 Thefifth layer

We deposited the this layer with different hydrog#iution ratios to 1240 nm,
trying to maintain the same crystalline fractiorheTcrystalline fraction and FTIR R

value in this layer are showed in Fig. 4.22.
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Fig. 4.21 Section of 1240 nm.for Xc and R valuditierent H dilution ratio

Contrast to the previous tendency of dilution rat@nge, at this layer, we need to
tune up the hydrogen dilution ratio slightly to @0%to keep the same crystalline fraction,
it is that K dilution ratio decrease to 0.895 form 530 nm t& 9@n that probably is

varied too much or filament probably crack thateifilament temperature.
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4.4.6 Thesixth layer

We deposited the this layer with different hydrog#iution ratios to 1500 nm,
trying to maintain the same crystalline fractiorheTcrystalline fraction and FTIR R

value in this layer are showed in Fig. 4.22.
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Fig. 4.22 Section of 1500 nm.for Xc and R valuditierent H dilution ratio
In the last layer, we keep the hydrogen dilutiotioras 0.900 to maintain the
crystalline fraction as 60%. Similar to the prewomference, we tune the hydrogen

dilution ratio based on the change of surface atlsé fraction.

4.4.7 Other discussion

With the same crystalline fraction (60%), the ageraleposition rate in different
thickness owns different value. It is due to thet that different hydrogen dilution ratio

result in diverse etching effect, then incur disndeposition rate.
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Fig. 4.23 Deposition rate at different thickness

Besides, we can see that the microcrystallineasilimdeed need be thicker than

amorphous silicon to absorb-enough'light. The pleatnductivity increases with the

increase of thickness, it might be due to that dissonore light in thicker thickness,

while the photoconductivity and darkicanductivigfio keeps almost constant.
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Fig. 4.24 Conductivity and Photosensitivity at drént thickness

46



Chapter5
Conclusions

Less gas being decomposed as filament temperatareased (from 1960 to 1756C),
causing the deposition rate becomes lower (frore A/2 to 1.74 A/s). Due to this fact,
precursors have enough time to do relaxation osuniace and make the crystalline
fraction increases (from 0% to 61%). However, tréases the film quality (FTIR R
value from 0.18 to 0.4) and might shorten the fadatlifetime because of silicidation.

. Crystalline fraction decreases (from 60% to 0%hwiite increases of pressure (from
45mtorr to 105mtorr). While the film quality:decses (FTIR R value from 0.25 to 0.55).
. After tuning several parameters (including silalogfrate, hydrogen flow-rate, filament
temperature and pressure), we-get a fine recigehigh film quality for maintaining
constant crystalline fraction (60%) within the wlaaollayer.

It might be harder for Si to deposit ao-Si/glass substrate than on a-Si/glass substrate.
Thus, deposition rate qre-Si/glass substrate is lower than that on a-Sggtabstrate.

. Since a-Si substrate would suppress the crystdiitelopment, the crystalline fraction
(X¢) on a-Si/glass substrate is lower than thaioi$i/glass substrate. It is called the
“template effect”.

Even with the same recipe, if the dilution ratisrhigher enough, the crystalline fraction

would increase with the increasing thickness. Thugget uniform crystalline fraction

47



(60%) within the whole i-layer, modulating hydrogémw-rate in each thickness is
necessary. The corresponding hydrogen dilutioo rateach thickness can be referred to
Fig. 5.1. Besides, we found that when thicknessve 780nm, crystalline fraction with
high dilution ratio reaches one constant valueramtbnger increase with the increasing
thickness. In addition, we increase dHlution ratio from 0.895 to 0.9 with maintaining

crystalline fraction ( 60 % ) over 1000nm, it isthilament probably crack.
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Fig. 5.1 Maintaining Xc to 60 %

7. As the above point of view, each layer correspdodiifferent hydrogen dilution ratio to
maintain the crystalline fraction (60%). With thi&erent hydrogen etching strength,
there are different deposition rates in each |éygy. 4.33).

8. Maintaining the same crystalline fraction (60%}he whole i-layer, both photo
conductivity and dark conductivity increase witle ihcreasing thickness due to the light

absorption raises. However, when total thicknessv& 1000 nm, the increasing
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magnitude of both conductivities becomes more siq#id. 4.34).

Futurework

We can improve film quality abouic-Si i-layer in the future. For example, we can use
varied ds(distance between filament and substrate) or satestemperature for improvement
of film quality. In addition, following S. Klein pzer that use 514 nm of raman laser that
efficiency probably is optimization with under t6@ % of crystalline fraction[73]. Therefore,
we can maintain different crystalline fraction thHilms, and analyze efficiency for solar cell
to find best for cell.Furthermore, further we can analyze defect by ESR apsorption
coefficient to improve film quality. We expect efiiency that increase for solar cell in the

future.
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