JAIST Repository

https://dspace.jaist.ac.jp/

nddddboooobobddcat - cvbOoooood

100

Title goddjddddddddgdgUgggg o
gogooooooo

Author(s) Trinh, Thi Cham

Citation

Issue Date 2015-03

Type Thesis or Dissertation

Text version

ETD

19/ 12772

URL http://hdl . handle.net/ 101
Rights

L Supervisor :: goooo, oooooono
Description

, HEN

HREREREREEN

AIST

JAPAN
ADVANCED INSTITUTE OF
. SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



Doctoral Dissertation

Development of high-quality Cat-CVD SiN,
passivation layer for n-type c-Si and its application

to back-contact c-Si solar cells

TRINH THI CHAM

Japan Advanced Institute of Science and Technology



Development of high-quality Cat-CVD SiN,
passivation layer for n-type c-Si and its application

to back-contact c-Si solar cells

TRINH THI CHAM

Submitted to
Japan Advanced Institute of Science and Technology
In partial fulfillment of the requirements
For the degree of

Doctor of Philosophy

Supervisor: Associate Professor Keisuke Ohdaira
School of Materials Science

Japan Advanced Institute of Science and Technology

March, 2015



Referee in Chief:

Referees:

Associate Professor Keisuke Ohdaira

Japan Advanced Institute of Science and Technology

Professor Tatsuya Shimoda

Japan Advanced Institute of Science and Technology
Professor Toshikazu Suzuki

Japan Advanced Institute of Science and Technology
Professor Hideyuki Murata

Japan Advanced Institute of Science and Technology
Professor Hironobu Umemoto

Shizuoka University



ABSTRACT

Nowadays, besides the trends of innovating high technical products to take human life to
the top luxury comfortable life, scientists have paid much attention to solving two
problems: shortage of energy and environmental pollution. Solar cell, an electric device
which can directly convert light to electricity, is a novel product to solve both problems.
The ways to improve solar cell efficiency and decrease its cost are the most concerning for
scientists in this field.

The purpose of my study is to increase solar cell efficiency by improving the passivation
quality and transparency of passivation layers formed by catalytic chemical vapor
deposition (Cat-CVD), aiming at application to back-contact crystalline silicon (c-Si) solar
cells. Passivation layers play important roles in realizing high-efficiency solar cells
because they can reduce optical loss caused by the reflection of coming sun-light and
electrical loss caused by the recombination of photo-generated carriers on c-Si surfaces. To
meet this purpose, my study aims to improve the passivation quality and transparency of
Cat-CVD anti-reflective silicon nitride (SiNy) films.

I have succeeded to obtain Cat-CVD high-transparency SiNy films with high-passivation
quality on n-type c-Si surfaces, and to significantly improve the passivation quality by
doping phosphorous (P) on a n-type c-Si surface. This doping is performed by exposing a
c-Si surface to P-related radicals generated by the catalytic cracking of PH3 (Cat-doping),
called P Cat-doped layer, before the passivation with the Cat-CVD SiNy single layer. By
using the SiN,/P Cat-doped layer structure, an extremely low surface recombination
velocity (SRV) is obtained to be 2 cm/s on flat c-Si wafers. A SRV of 6.7 cm/s is also
obtained for textured c-Si wafers, which are essential for high-performance solar cells due
to its ability of lowering optical reflectance and enhancing light trapping inside c-Si
absorber. For SiN,/P Cat-doped layer/c-Si textured samples, optical reflectance less than
10% in visible range can be achieved.

The obtained results indicate that Cat-CVD have potential application in passivation
technique for high-efficiency solar cells, particularly for n-type back-junction solar cells.
Based on the remarkable results for the passivation of n-type c-Si surfaces, | will
investigate the application of these passivation layers to n-type back-contact solar cells.
The solar cells which will be realized in my research have several advantages as below:

High transparency and high passivation quality by using SiN,/P Cat-doped layers.

No shading effect by metal grids on the front side.

Fabrication processes at low temperature (< 200 °C).

By these advantages, the solar cells with the highest efficiency ever should be expected.

Keywords: Catalytic chemical vapor deposition (Cat-CVD), Phosphorus Cat-doping,
surface recombination velocity, silicon nitride (SiNy), passivation quality.
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Chapter 1  Introduction of solar cells and the background

of the research

1.1 Current status of c-Si solar cells and its perspective

The outrace development of science and technology has given human a
comfortable life with many amazing inventions that human could not even imagine it
could be. However, together with it, human beings are facing two serious problems. They
are air pollution caused by exhausting when burning coal produce electricity and the
shortage of energy sources. Figure 1.1a shows an increase in the world energy
consumption according to BP statistical review of the world energy 2013 [1]. The main
energy sources are oil, coal, and gas, as shown in Figure 1.1b. All of them are limited
sources. Based on the energy consumption and the cavity of these energy sources, it is
estimated that current oil and coal reserves will be completely depleted in 2050 and 2155,
respectively. The pollution is increasing day by day mainly due to pollutant disperse. In
particular, pollution gases such as carbon dioxide (CO) which are produced form vehicle
and industry are the most concerning. CO; pollution causes environment degradation such
as green house effect and global warming, which affects harmful on human lives.
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Figure 1.1: The world energy consumption (a) by year and (b) by energy source



Figure 1.2 shows a drastic increase in CO, emission in recent years, which is
calculated by BP Statistical Review of World energy 2013 [1]. Many traffic accidents
including train, car, and air-plane crash were recorded, related to bad-weather. Until now,
nuclear power may be the most efficient to solve energy shortage. There are now 440
nuclear reactors which provide a fifth of world electricity consumption [2]. However,
benefit of the energy source comes together with unfortunate risk. The world has faced to
two nuclear crisis, which are Chernobyl nuclear disaster in 1986 and Fukushima Daiichi
nuclear disaster in 2011. The serious consequence of the disasters still make people scare
even just thinking about it. Additionally, it requires much cost, geologic conditions as well
as high techniques to build one nuclear plant. They are reasons why nuclear energy
production is lower compared to other energy sources.

Seriously talking, if we bring a comfortable life for our coming generation, we

should firstly bring their lives long enough to enjoy it.
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Figure 1.2. CO, emissions

To solve these above problems, using renewable energy sources are extremely
necessary. Solar energy is the biggest potential energy candidate. It is abundant and widely
available energy. Total energy the earth receives from the sun is about 3850000 exajoules
per year, corresponding to 10700000000 TWh/year [3]. The amount of solar energy
reaching the surface of our planet is so vast that solar energy that the earth receives in one
hour is much more than the world energy consumption per year, as shown in Figure 1.1. In
solar technology, solar cells are useful products because they can directly convert sun-light
to electricity, based on photovoltaic effect. The production of solar cells is growing rapidly
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and widely applied in many industrial products such as vehicles, calculator...as well as
supporting electric power for housing furniture. The great increase in worldwide solar cell
production from 1999 to 2013 is shown in Figure 1.3 [4]. Many scientists believe that it is

just the matter of time that solar cells will become power for all industrial products and

vehicles.
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Figure 1.3. World solar power installation and corresponding capacity from 2000 to 2013
[4].
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Among photovoltaic cell types, crystalline silicon (c-Si) solar cells are
overwhelming share of 80-90% of the photovoltaic market [5]. This is because silicon is
the second most abundant element in the earth’s crust and has the advantage of being
available in sufficient quantities. Additionally, producing process of the material does not
burden the environment. Another advantage of the c-Si solar cell is that manufacturing
technology has been developed from the huge knowledge base of the microelectronics
industry. Therefore, c-Si solar cells have good efficiency performance and are cost-
effective.

With the development of science and technology, the efficiency of c-Si solar cells
has been improving significantly. By 1954, Chapin et al. [6] at Bell Labs has demonstrated
the first silicon single-crystal solar cell with 6% efficiency. After a few year, Si solar cell
efficiency increases up to 15% [7]. In 2014, the highest efficiency c-Si solar cell with an
efficiency of 25.6% has been realized [8]. It is close to theoretical maximum efficiency of
29% [9].

N
o
—T
1

1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Figure 1.4. Price history of silicon solar cells[11]

However, there are two problems that photovoltaic technology needs to overcome.
One is that the cost of the product is still high. According to calculation of Bloomberg New
energy finance, photovoltaic prices have fallen dramatically. The price of c-Si solar cells
was 76.67 $ per watt in 1977 [11]. About 10 year later, it fell to about 1 $ per watt and it is
estimated to be 0.36 $ per watt in 2014, as shown in Figure 1.4 [11]. However, its cost is



still higher than conventional energy sources. The second one is that solar cell efficiency is
not high enough to balance its cost. As I mentioned above, c-Si solar cell efficiency
increases significantly and reached a high value. But when applying in solar panel, and to
industrial products, power price is still very high, becoming a barrier for the expansion of
solar cell’s market.

Due to easier fabrication processing, p-type wafer c-Si solar cells are the most
dominant c-Si solar cell. n-type wafer c-Si solar cells are available, but their market share
is at very low level (around 4%) [11]. However, because of many advantages compared to
p-type wafer c-Si, n-type wafer c-Si has recently become more and more attractive to
photovoltaic research, raising forecast of switch from p-type to n-type wafer c-Si solar
cells on photovoltaic industry [11-12]. For p-type c-si which uses boron (B) dope exhibit
light-induced degradation. Illumination enhances interstitial oxygen dimers (Oy)
diffusivity in this cell. The Oz can combine with substitutional Bs; forming BO»;
complexes which can act as trap centers for carriers. For n-type c-si, no light-induced
degradation is observed. Additionally, a survey of the recombination effect of metallic
impurities on c-Si has showed that p-type c-Si has higher recombination strength than n-
type because the capture cross section of these impuries for electron is lager than that for
hole [13]. Moreover, phosphorus doping for back surface field for n-type is easier than
boron doping for p-type c-Si, resulting to higher diffusion length and better back surface
reflectance for n-type. Thus, efficiency of p-type based c-Si solar cell is lower and less
stable than that of n-type based c-Si solar cell [14]. The highest-efficiency solar cell of
25.6% has been recorded for an a-Si/n-type wafer c-Si hetero-junction back-contact solar
cell in 2014 [8].

1.2 Back-contact solar cells and the importance of surface passivation

There are many types of c-Si-based solar cells categorized based on the structure of
the cells or techniques used for the cells [12]. Among these cells, back-contact solar cells
are the most interest for scientist and industry because they have many advantages such as
[14]:

e No shading loss due to the absence of the metallization grid on the front side, thus

high short circuit current can be obtained. The benefit of no metallization grid on



the front is not only high short circuit current but also decreasing grid resistance
due to wider coverage and reducing stringing costs.

e Avoiding the trade-off between series resistance and reflectance.

e Simpler and easier module fabrication.

There are several types of back-contact solar cells such as metallization wrap-
around, metallization wrap-through (MWT), emitter wrap-through (EWT), back-contact
back-junction solar cell or interdigitated back-contact solar cell. Some examples of these
cell structures are shown in Figures 1.5 and 1.6. For the first three types, because of
emitter wrap through or around cell, they do not require high quality c-Si wafers. It has
reported an efficiency of up to 19.7% with low cost industrial techniques on n-type
Czochralski (CZ) wafers. Bifacial modules using MWT back-contact technology can have
conversion efficiencies of above 20% [11]. Back-junction back-contact solar cell is
realized as the most promising cell among back-contact cells. It has easier fabrication
process and higher efficiency. Back-junction back-contact solar cell has paid much
attention by scientist and industry. Its efficiency is more and more improved. The A-300
back-junction back-contact solar cell was first manufactured and reported by SunPower in
2004 on a large area having a maximum cell efficiency of 21%. In 2010, SunPower
reported a new record efficiency of 24.2% at R&D level. [12-15]. Recently, Panasonic HIT
back-contact solar cell has achieved highest world level of cell efficiency of 25.6% [8].

n=contact

emitter
, metallised i :
edge n-contact  p-contact n-contact  p-contact
L (bushar) (finger)

Figure 1.5. From left to right: Metallization wrap around, metallization wrap through,

emitter wrap through cells [16]
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Figure 1.6. Schematic of a back-junction back-contact solar cell from SunPower [17].

However, back-junction back-contact solar cell requires high c-Si base quality.
For this cell, photo-generated carriers should not be trapped on a c-Si surface and have
high diffusion length to pass from front to rear side to reach collector electrodes. In other
words, high bulk carrier lifetime and low surface recombination velocity (SRV) are critical
parameters for a high efficiency cell. Figure 1.7 shows the Liebig Law of the Minimum
applied to describe the efficiency potential of a solar cell [18]. The shortest stave will
decide the capacity of barrel with unequal-length staves. There are many factors affecting
efficiency of solar cells such as optical loss due to reflection, non-absorbed region,
electrical loss due to surface recombination, bulk trap recombination, series resistance,
shunt resistance... Here, SRV is the shortest stave due to the fact that passivation layers for
c-Si solar cell are not well-optimal at this moment. If this factor will be improved more, a
solar cell with highest efficiency ever would be expected. Reported simulation data shown
in Figure 1.8 indicates that front SRV of <10 cm/s and a bulk carrier lifetime of >1000 ps

are required for back-junction solar cells [19].



Liebig’s law adapted to solar cells.

Figure 1.7. Law of minimum applied to describe the potential efficiency of a solar cell [18].

4 Efficiency [%]

Front Surface Recombination Velocity

10° 10° 10° 10
Minority Carrier Lifetime = [us]

Simulations of the efficiency of a one-dimensional back-junction solar
cell structure in a wide range of carriers lifetime and front surface
recombination velocity. The thickness of the simulated device is 200 um.
The resistivity of the n-type base is 1 £2cm and the p-type rear emitter

has a sheet resistance of 30 2sq. Simulations were performed using
PCID

Figure 1.8. Relationship of front SRV, bulk lifetime and the efficiency of a back-junction
solar cell [19].

There are various types of passivation layers and passivation stacked layers for c-Si
solar cells, such as Al,O3, SiNy, SiO...[15,20-27]. These passivation layers contribute
significantly to reduction in the surface recombination of minority carriers on both n- and

p-type c-Si. There are two mechanisms for passivation technique to reduce surface
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recombination:

o,

++ Reduction of interface states density (Di;) by terminating dangling bonds on a c-
Si surface. In this mechanism, hydrogen (H) atoms play a critical role (see
Figure 1.9).

+« Reduction in the amount of excess carriers on the surface of c-Si by means of
field effect passivation. Fixed charges in passivation layers cause band-bending
which can act as a barrier preventing minority carriers coming close to a c-Si
surface. Thus, the probability of carrier capturing at defects on the c-Si surface
is reduced (see Figure 1.10).

Before passivation Hydrogen terminated defects

Figure 1.9. Defect termination by H atoms.
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Figure 1.10. Minority carriers (hole) in n-type c-Si wafer are pushed away from c-Si

surface by band bending caused by (a) fixed charges and (b) a n* layer.



Thermally-grown silicon dioxide (SiO,) layers can significantly reduce interface
state density, while passivation mechanism of plasma enhanced chemical vapor deposition
(PECVD) SiNy layers are mostly based on field effect passivation. Typical values of Dj
and fixed charge density are 10" cm2eV™* and 10™ cm? for SiO, and 10" cm?eV™ and
10" cm? for PECVD SiNy layers [27]. SiN, passivation layers are paid much attention by
researchers and industry because they have not only high passivation quality but also
excellent anti-reflective property. They can thus reduce both electrical loss and optical loss
and SiNx becomes potential passivation layers for high-efficiency solar cells.

Therefore, in this study, | would like to introduce the passivation quality of high-

transparency SiNy layers and its application for back-contact n-type c-Si solar cells.

1.3.  Application of catalytic chemical vapor deposition to passivation technique for
c-Si solar cells

As | mentioned above, excellent passivation techniques are very important in
producing high-efficiency solar cells. It is well known that SiNy layers are effective anti-
reflection and good passivation layers for c-Si to gain high efficiency of c-Si solar cells.
They act as an anti-reflection coating; thus, reducing the optical loss. Furthermore, SiNy
layers have high H content, which can terminate defects on the surface as well as in the
bulk of Si substrates, and consequently, reduce recombination of carriers. Schmidt et al.
[28] reported that outstandingly low SRV below 10 cm/s can be achieved when mirror-
polished 1 Qcm p-type float-zone (FZ) silicon wafers are passivated with SiNy films
fabricated by high-frequency direct PECVD. However, it is known that direct contact
between SiNy and c-Si makes P-centers [29], which are defect centers caused by nitrogen
dangling bonds in Si network. If this problem can be solved, extremely low SRV can be
obtained. The combination of SiNy layers and other passivation layers can improve
passivation ability. It was reported that stacked structures consisting of thermally-grown
SiO;, films and PECVD SiNj films show excellent passivation ability on a 2.5 Qcm n-type
CZ Si wafers with a SRV lower than 2.4 cm/s [23]. Focsa et al. [25] reported that a SRV
for SiN,/intrinsic amorphous silicon (a-Si) stacked layers which are formed at 50 °C by
remote PECVD on n-type FZ Si wafers reaches 11 cm/s and for p-type FZ Si wafers
14 cm/s. Nevertheless, PECVD uses plasma to activate precursor gases into radical

species; it can cause plasma damage on c-Si substrates. Therefore, an excellent method
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preventing plasma damage is favorable for application in passivation technique for c-Si.
Catalytic chemical vapor deposition (Cat-CVD), also referred to as hot-wire CVD [30], is
one of the most promising methods satisfying the requirement. In Cat-CVD system,
radicals are formed by decomposing gas sources on a heated catalyzing wire, and thus no
plasma damage occurs; high passivation quality of Cat-CVD films on c-Si is expected.
The results obtained by Cat-CVD passivation films have proved this prediction. In
particular, SiNy/a-Si stacked layers formed by Cat-CVD have demonstrated excellent
passivation ability with a SRV of lower than 1.5 cm/s for n-type c-Si wafers and a SRV of
lower than 9.0 cm/s for p-type wafers [31]. The obtained SRV is the best world level for

n-type c-Si passivation.

In the next part of the chapter, I would like to describe Cat-CVD system and
explain the reason why high passivation quality can be obtained by using films prepared
by Cat-CVD system.

1.3.1 Introduction of Cat-CVD system

Cat-CVD is a novel method to prepare thin films with high film quality and high
film/c-Si interface quality. In this method, gas sources are decomposed to radicals on a
heated catalyzing wire (usually at very high temperature, more than 1000 °C). During the
deposition process, no energetic ions can be formed, and thus there is no serious damage
on c-Si surfaces or film/c-Si interfaces. Therefore, Cat-CVD is very suitable for

application in semiconductor devices.
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Figure 1.11. Working principle scheme of Cat-CVD
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The working principle scheme of Cat-CVD is shown in Figure 1.11. The key point
of this method is the way of forming activated radicals. In Cat-CVD system, radical
species are formed by decomposing gas sources on a heated catalyzing wire such as
tungsten and tantalum. Compared to conventional PECVD, in which energetic ions are
formed when source gases pass through plasma reactors, Cat-CVD film/c-Si interfaces can
have better quality due to no damage from plasma.

Cat-CVD has been firstly introduced by Wiesmann et al. [31, 32] in 1979 as a
method of producing hydrogenated amorphous silicon (a-Si) films at a high deposition
rate. Until 1985, H. Matsumura has found the catalytic role of a heated filament (tungsten
(W)) and firstly succeeded in preparing device-quality a-Si by using only Si source gas and
a heated W wire by adjusting deposition parameters, and he named the method catalytic
CVD [33-35]. He has also succeeded in preparing high quality amorphous silicon
germanium (a-SiGe) in 1987 [36], SiNy in 1989 [37] and polycrystalline silicon (poly-Si)
at low temperatures in 1991 [38], which showed the large feasibility of the method. In
1991, Mahan et al. [39] reported the comparison of Cat-CVD a-Si films with PECVD
films, and indicated the superiority of Cat-CVD technique for the preparation of excellent
quality a-Si films. Since this report was so clear to understand the feasibility of Cat-CVD,
many researchers started to study this new exciting topic. Since they used the term of hot-
wire CVD (HWCVD) in their reports, many people also started to use this term instead of
Cat-CVD. Since 1991, the properties of Cat-CVD films have been widely investigated
particularly in Europe in addition to USA and Japan, and various results of device
application such as solar cells [40] and thin-film transistors (TFTs) [41- 44] have been
reported. Since the discovery of Cat-CVD, there are also many new methods developed
based on the working principles of Cat-CVD, such as initiated CVD, organic catalytic
CVD, plasma-assisted HWCVD...

Since 2000, the international conference on Hot-wire CVD was held biennially. An
increase in participants in this conference indicates an increase in interest of this method as

well as the expanding of its application.
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1.3.2 Cat-CVD application in passivation technique for c-Si solar cells

Due to the absence of energetic ions during deposition process, Cat-CVD film/c-Si
interfaces with high interface quality are realized. Therefore, this method has high
potential for application in passivation technique for c-Si solar cells. It has been reported
by Koyama et al. that an extremely low SRV of 1.5 cm/s can be obtained for SiN,/a-Si
stacked layers passivating on a 2-5 Qcm FZ (100) n-type c-Si wafer [30]. The insertion of
an a-Si layer contributes greatly to improvement in lowering SRV for SiN,/a-Si/c-Si
structures. This layer plays a critical role in lowering defect centers forming during SiNx
deposition, which is clearly indicated as the observation of a damage layer in a scanning
transmission electron microscopy (STEM) image [45].

Moreover, Cat-CVD system can also be used for impurity doping to c-Si. A shallow
phosphorus (P) doped layer with high doping concentration can be obtained when PH; or
mixed PH3/H, was introduced to a Cat-CVVD chamber with a heated catalyzing wire. This
doping process is performed at low substrate temperature as low as room temperature.
Sheet carrier density of the shallow doped layers is in a range from 10 to 10" cm?,
depending on substrate temperature. This shallow P Cat-doped layer with suitable donor
concentration is a promising layer for creating field effect passivation for a n-type c-Si
wafer. Applying the P Cat-doped layer to passivation technique for a c-Si wafer has been
reported by Hayakawa et al. [46]. They investigated the passivation quality of a-Si films,
a-Si/n-type a-Si and a-Si/P doped layers on n-type c-Si. a-Si films play important roles in
reducing trapping centers on a c-Si surface, and n-type a-Si and P Cat-doped layers causes
band bending, sending minority carriers away from a c-Si surface. The use of these

passivation layers can improve greatly minority carrier lifetime.

However, the use of a-Si films is not desirable since a-Si has high optical
absorption property. This parasitic absorption in a-Si causes reduction in solar cell
efficiency. The materials with high transparency and high passivation quality are more
favorable. Si-rich SiNy, which is more transparent than a-Si, is one of the promising layers
for replacing a-Si. In my master thesis, | have reported that a low SRV of 4.4 cm/s can be
obtained for 2-5 Qcm FZ (100) n-type c-Si passivated by Cat-CVD SiN,/Si-rich SiNy
layers and the use of Cat-CVD Si-rich SiNy film can enhance significantly optical

transparency [47]. In particular, I achieved 30% improvement in the optical transparency at
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the wavelength of 400 nm compared to that of the SiN,/a-Si stacked layers. In Cat-CVD,
Si-rich SiNy film properties can easily change by changing SiH4s/NH3; flow rate ratio.
However, the more Si-rich, the lower SRV, but the lower transparency can be obtained.

1.4.  Purpose of this study

For both study of Koyama and my master thesis, top Cat-CVD SiNy films is
stoichiometric films which was optimized for excellent oxidation resistance applying in
ultralarge scale integrated circuits [48]. The deposition conditions of Cat-CVD SiNy films
for the best passivation quality have not been optimized yet. A SRV of the SiN,/c-Si
structure is high, more than 100 cm/s. In my master thesis, | found that post-annealing
process is also effective in improving the passivation quality of Cat-CVD SiN,/Si-rich
SiNy films. The diffusion of H atoms in Si-rich SiNx films to a c-Si surface is a key point
for the SRV improvement. Therefore, in this dissertation, my aim is to optimize deposition
conditions for Cat-CVD SiNy passivation layers, improve its passivation quality and then,

apply it to n-type c-Si back-contact solar cells.

Due to the purpose of my study, | would like to divide my dissertation in 7
chapters.

Chapter 1 is introduction. In this chapter, | would like to briefly mention the current
status of solar cells and its perspective. The role of passivation layers, achievement of
applying Cat-CVD for passivation technique on c-Si as well as research motivation are
also described to point out the main purpose of the study.

In Chapter 2, based on the obtained results from master thesis, which shows that c-
Si wafers passivated with SiN,/Si-rich SiNy stacked layers have low SRV and a drastic
reduction in SRV is realized after post-annealing, in this study, | firstly investigate the role
of H and fixed charge on passivation quality of SiN,/Si-rich SiNy stacked layers on c-Si.
We found that H contributes significantly to improvement in the passivation quality of the
Cat-CVD stacked layers. The effect of adding H, into Si-rich SiNy films on their

passivation quality is also examined.

The results from Chapter 2 suggest that, if SiNy films contain high amount of H,
the passivation quality of the films might be enhanced greatly by annealing. The optical
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transparency of the film is very important for a passivation layer. Thus, in the next step, |
investigated the passivation quality of high-transparency single Cat-CVD SiNy films. H
content of SiNy films (with a refractive index of ~2) were varied by changing substrate
temperature and pressure during the film deposition. The details of this study are clearly

expressed in Chapter 3.

As | mentioned above, a P Cat-doped layer can lower SRV by field effect
passivation. In order to reduce SRV for SiN,/c-Si structure, a P Cat-doped layer is
introduced before depositing SiNy films. Chapter 4 describes a drastic reduction in SRV in
SiN,/c-Si when a P Cat-doped layer is introduced.

My aim is to apply passivation films into back-contact solar cell application. For
this cell, textured c-Si has a critical role in reducing reflection and enhancing light
trapping. Therefore, the passivation quality of optimized SiN films on textured Si should
be investigated. The details of this investigation are presented in Chapter 5.

Chapter 6 focuses on the application of Cat-CVD SiNx and SiN,/P-Cat doped
layers in back-contact solar cells. Cell characteristics and how enhancement in cell

efficiency by using films prepared Cat-CVD technique is clearly discussed.

Finally, Chapter 7 gives conclusive summary of the dissertation.
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Chapter 2  Passivation mechanism of Cat-CVD Si-rich

SiN,/SiN, stacked layers on c-Si

2.1. Introduction

It is very important to provide an excellent coating layer for high-efficiency c-Si
solar cells. The important roles of the coating layers are to decrease optical and electrical
losses on a c-Si surface which cause reduction in c-Si solar cell efficiency. As | mentioned
in Chapter 1, Cat-CVD system can be utilized as a promising method to prepare
passivation layers for c-Si because of its advantage of no plasma damage to a c-Si surface.
As a result, an extremely low SRV of 1.5 cm/s is obtained for n-type c-Si passivated with
SiN,/a-Si stacked layers prepared by Cat-CVD [1]. However, a-Si absorbs sun-light,
causing reduction in c-Si solar cell efficiency. In order to overcome this problem, in my
master thesis, | have attempted to use Si-rich SiNy films, instead of a-Si films. Here, Si-
rich SiNy is defined as SiNx whose composition ratio [Si]/[N] is larger than 1.3 (in other
word, its refractive index (n) at wavelength of 630 nm is larger than that of stoichiometric
SiN (n~2)). | have found that the SiN,/Si-rich SiNy stacked layer structure prepared by
Cat-CVD is a promising candidate for a coating structure on a c-Si surface with a low SRV
of 3 cm/s and higher transparency than a-Si [2]. However, the passivation mechanism of
the stacked layers has not been investigated yet.

In this chapter, in order to clarify the passivation mechanism of the staked layers, |
focus on the effect of fixed charges and H concentration in Si-rich SiNy films on the
passivation quality of the stacked films. The obtained results suggest that the amount of H
atoms formed in a Cat-CVD chamber during film deposition can be an important factor to
enhance the passivation quality of the stacked layers. Si-rich SiNy films are thus deposited
using SiH4, NH3 and H; as gas sources to improve more passivation quality of the stacked
layers.
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2.2.  Experimental Procedure

2.2.1 Sample Preparation

After cleaning c-Si wafers by diluted (5%) hydro-fluoric acid (HF) solution to remove
native oxide on c-Si surfaces, 10-nm-thick Si-rich SiNy films and 100-nm-thick SiN films
were deposited by Cat-CVD in this order. The films were formed also on glass substrates
for optical transmission measurement. Si-rich SiNy films and SiNy films were deposited in
the same chamber. Source gases introduced to the chamber were decomposed on a heated
tungsten catalyzer, which has a length of 210 cm and a diameter of 0.5 mm. The distance
between substrate and catalyzer (D.s) was 8 cm. Substrate temperature (Ts) and catalyzer
temperature (Tc) during deposition process were kept unchanged at 250 and 1800 °C,
respectively. The deposition conditions and composition ratios ([Si]/[N]) of the films,
which were evaluated by X-ray photoelectron spectroscopy (XPS), are summarized in
Table 2.1. For Fourier-transform infrared (FTIR) spectroscopy, Si-rich SiNy films with a
thickness of about 150 nm were deposited on n-type (100) c-Si substrates with a resistivity
of 3460 Qcm. The reason for choosing the high resistivity c-Si substrate is to prevent
infrared absorption by free electrons.

Table 2.1. Deposition conditions of Si-rich SiNk and SiNy films.

Films SiH4 NH3 H, Pressure | Dcs Ts | Tear | [SI)/[N]
(sccm) | (sccm) | (sccm) | (Pa) (cm) (°C) | (°C)
10 250 0 10 8 250 | 1800 | 1.4
12.5 250 0 10 8 250 | 1800 | 1.8
Si-rich  SiNy
) 15 250 0 10 8 250 | 1800 | 2.0
(without Hy)
17.5 250 0 10 8 250 | 1800 | 2.7
20 250 0 10 8 250 | 1800 | 3.5
SiNy 6.9 200 0 10 8 250 | 1800 | 0.8
Si-rich SiN, | 15 20-50 |50-200 |10 8 250 | 1800

(with Hy)
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2.2.2 Characterization of Prepared Samples

The thickness and refractive index (n) of SiNyx and Si-rich SiNy films were
measured on J. A. Woollam Co., HS-190™ spectroscopic ellipsometer, using the Cauchy
model for data analysis [3]. More details of the working principle of spectroscopic
ellipsometry and Cauchy model using for fitting data are described in Appendix A-1.
Optical transmission spectra were observed on an Ultraviolet-visible-near infrared
spectrophotometer, SHIMAZU Co. Ltd., UV-3150. The film density was measured by X-
ray reflectivity. In order to investigate the passivation quality of the stacked layers on c-Si,
microwave photo-conductivity decay (u-PCD) measurement was carried out on
KOBELCO LTA-1510EP using a pulse laser with a wavelength of 904 nm and a photon
density of 5x10% cm™. For this measurement, SiN,/Si-rich-SiNy stacked layers were
deposited on both sides of 290-pum-thick n-type (100) floating-zone (FZ)-grown Si wafers
with a resistivity of 2.5 Qcm. Therefore, an excess carrier density of 1.7x10" cm? is
estimated. The cross-sectional schematic of the structure is shown in Figure 2.1(a). e iS
determined from the exponential decay of microwave reflection intensity and can be

expressed as below:

1 1 +28 1 (2.1)

Tetr  Touk W

where z,uik, W, and S represent minority carrier lifetime in c-Si bulk, wafer thickness, and
SRV, respectively. In this study, | calculate the maximum value of SRV (SRVnax) by

assuming tpyk=oo .

Si-rich SiN, (10 nm)
n-type c-Si
p-type c-Si
Si-rich SiN, (10 nm
Al
(a) (b)

Figure 2.1. Cross-sectional schematic of samples for (a) lifetime measurement and (b) C-V

measurement
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For capacitance-voltage (C-V) measurement, a 100-nm-thick aluminum (Al) layer
was deposited on one side of 2 Qcm p-type (100) FZ c-Si wafers by evaporation method.
To obtain Ohmic contact, the Al/c-Si structure was annealed at 400 °C for 15 minutes in
N atmosphere. Then, Si-rich SiNy films and SiNy films were deposited on the other
surface of the c-Si wafer. Finally, 2-mm-diameter Al electrodes were evaporated on SiNy
layers through a hard mask. The cross-sectional schematic of a sample for C-V
measurement is shown in Figure 2.1(b). C-V characteristics were obtained in the dark at a
high frequency of 1 MHz using Keithley 6517A. Fixed positive charges density Q: was
calculated by:

Qf = Qtotal _Qm'

Here, Qi and Qn are determined by:

C
Quotal :K(Aqoms _VFBl) ,

Ci
Q= ﬁ(VFBi _VFBZ) ,

where C; is an insulator capacitance, A is the area of electrodes, Ag, is work

function difference between the metal and the silicon, and Vgg; and Veg, are flat band
voltages for forward and reverse C-V curves, respectively. They are determined through
flat band capacitance, which is calculated to be 6x107° F [4].

The concentration of bonded H (Cy) in Si-rich SiNy films is determined from the
integrated areas of a Si-H stretching mode peak (Asi.n) and a N-H stretching mode peak

(An-n) In FTIR spectra using the following equation:
C, =1.36x10" x(L4x A, + A ) x% (cm?),

where d is a thickness of the film [5].
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2.3.  Results and discussion

2.3.1. The role of fixed charges

It is reported that both H atoms included during deposition process and fixed
charges contribute to improvement in the passivation quality of SiNy layers on c-Si [6].
Fixed charges in SiNy layers can prevent the recombination of photo-generated carriers by
field effect passivation, while H atoms can decrease recombination centers by passivating
dangling bonds on the surface of c-Si. In order to investigate clearly which factor is more
significant in the passivation quality of the stacked layers, | evaluated fixed charge density
and H content in the films. For this study, the composition of Si-rich SiN films was varied
by adjusting the ratio of the silane (SiH4)-to-ammonia (NHs3) gas flow rates (R=
[SiH4]/[NH3]) from 0.04 to 0.08. R was varied by changing the SiH, flow rate from 10 to
20 sccm at a fixed NH; flow rate of 250 sccm.

Figure 2.2(a) shows the C-V curves of an Al/SiN,/Si-rich SiN,/c-Si structures
before and after annealing at an annealing temperature (T,) of 350 and 500 °C for 30
minutes. One can see large hysteresis for all the C-V curves. | consider that the hysteresis
originates from mobile positive charges. The mobile charges are ionic impurities such as
Na®, K*, Li" and H*[7], and | believe that the main mobile charges are H* ions because a
large amount of H atoms must be captured in the films during deposition process due to
the dissociation of SiH, and NHs. Hysteresis becomes smaller after annealing, which may
be because the H atoms can bond with Si dangling bonds or bond together to form H;
molecules. Figure 2.2(b) shows the fixed charge density of the films before and after
annealing at 350 °C for 30 min as a function of R. The highest value of Qy is 2.29x10" cm®
2 for only stoichiometric SiN, film. With Si-rich SiN, film insertion, Q tends to decrease
with increase in R and reaches 1.54x10** cm? when Si-rich SiNy films with R=0.08
(n=2.92) is used. The positive fixed charges are probably Si dangling bond defects with a
configuration of N3=Si" in SiNy films, generally referred to as K* centers [8, 9]. Although
Qr decreases after annealing, the values of Qs are still sufficiently high for effective field
effect passivation [8], and can partially contribute to suppression in the surface

recombination of minority carriers. However, SRVnax rather decreases with increase in R,
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that is, with decrease in Qy, as shown in Figure 2.2(b). This means that there is a more

significant factor to reduce SRV other than field effect induced by fixed charge.
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Figure 2.2. (a) C-V curves of Al/SiN,/Si-rich SiN,/c-Si structures before and after
annealing at T, of 350 and 500 °C for 30 minutes, and (b) Q; and SRVax before and after
annealing at 350 °C for 30 min as a function of R.
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2.3.2 The role of hydrogen

H atoms formed during deposition process can contribute greatly to improvement
in the passivation quality of the SiN,/Si-rich SiNy stacked films. For more detailed
understanding of this effect, H content in Si-rich SiNy films is investigated.

07 MmN sio ' s T T T[N
R=0.08 |
0.6
05 \ R=0.06 |
0] \‘- -1
= ity il
s
g 04 R=0.05]
g NG .
2
5 03 -
2 R=0.04
i M il
0.2 -
i R=0.035
ot
0.1 "mmlh ih h'—
1 L 1 " | L 1 | L 1 " |

500 1000 1500 2000 2500 3000 3500 4000
Wave number (cm™)

Figure 2.3. FTIR spectra of 150-nm-thick Si-rich SiNy films deposited with various R.
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Figure 2.4. Splitting of FTIR peaks of Si-rich SiN films (R=0.08) using Gaussion fitting
method.
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Figure 2.5. H concentration of Si-rich SiN, films before and after annealing at T, of 350 °C and

film density as a function of R.

Figure 2.3 shows the FTIR spectra of 150-nm-thick Si-rich SiNy films deposited
with various R. A Peak corresponding to N-H stretching mode is located at around 3326
cm™ and Si-H stretching mode is around 2140 cm™. One can see the increase of Si-H peak
area with increase in R. The position of Si-H peak shifts to high wavelength in less Si-rich
SiNy films may be due to the increase in electro-negativity of the backboned Si atoms
when N content in the film increases [10]. At high R, there are two peaks beside the Si-N
peak. By Gaussion fitting to split this spectrum, | obtain four peaks corresponding the Si—
O-Si asymmetric stretching mode, N-H bending mode, Si-N stretching mode and Si-H
wagging mode, as shown in Figure 2.4. The presence of the Si-O peak suggests that the
films deposited with high R have low film density, and thus, oxygen in ambient can be
absorbed easily into the films. To support this suggestion, film density was measured by
X-ray reflectivity method. Film density as a function of R is shown in Figure 2.5. One can
see that film density decreases when R increases. This fact supports the hypothesis that Si-
rich SiNy films deposited with high R can allow more diffusion of H atoms into c-Si
wafers during SiNy deposition and during annealing process, resulting high passivation
quality. Figure 2.5 also shows the H content in Si-rich SiNy films as a function of R before
and after annealing at 350 °C for 30 min. The film density of Si-rich SiNy films is also
plotted in the same Figure. H concentration increases with R due to increase in Si-H
bondings. Increase in H concentration in Si-rich SiNy films after annealing at a T, of 350
°C may be because Si-rich SiNy films have low density, as shown in Figure 2.5, and H
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atoms existing in the voids of the films can diffuse and bond with Si dangling bonds,
forming Si-H bondings. However, Si-H peak around 2100 cm™ disappears after annealing
at a T, of 500 °C, as shown in Figure 2.6, which means that Si-H bonds are broken and H
atoms are released to environment in form of H,. | have previously reported that SRVmax
drastically increases to 50 cm/s after annealing at a T, of 500 °C, as shown in Figure 2.7
[2], the reason of which is probably the desorption of H atoms from the films observed in

this study.

The above results show the important role of H content in the passivation quality
of the SiN,/Si-rich SiNy stacked layers on c-Si wafers. The H atoms may passivate
dangling bonds on a c-Si surface not only during the deposition of Si-rich SiNy films but
also during SiNy film deposition and annealing. Therefore, rich H content is an important

factor to realize the good passivation quality of SiN,/Si-rich SiNy stacked films.
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Figure 2.6. FTIR spectra of a Si-rich SiNy films before and after annealing at 350 and 500
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Figure 2.7. SRVnax Of c-Si passivated with SiN,/Si-rich SiNy stacked layers as a
function of annealing temperature (data obtained in my master thesis).

2.4.  Addition of H; during Si-rich SiNy deposition

Before starting the investigation of the passivation quality of SiN,/Si-rich SiNy
stacked layers on c-Si, | firstly discuss gas phase reaction occurring during film deposition
in Cat-CVD system. Si and H radicals are produced by the catalytic decomposition of SiH,4
gas, while SiH; formed by a gas phase reaction betwee H and SiH, is one of the most
important deposition species [11-14]. H and NH, radicals are primary decomposition
products on catalyzer surface when only NHs is gas source [15]. NH radicals are formed in

gas phase reaction such as:
NHz+H > NH+H,
NH>+NH>; 2> NH+NH;

The addition of SiH, can strongly decrease the catalytic decomposition efficiency
of NHs. SiH4 is decomposed into Si and 4H at catalyzer surface, causing Si-contaminated
tungsten surface [16], which leads to reduction in the decomposition efficiency of NHs. It
has been reported that the reaction of radicals forming aminosilane molecules is dominant
to form SiNy films prepared by PECVD and photo-assisted CVD [17-19]. For example,
SiH3 and NH; species reacts to form SiNHs [19]. Possible aminosilanes (SiHx(NH2)ax
(x=0-3)) were also observed [18]. It has been found that increase in the amount of NH3 gas
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leads to the formation of aminosilanes over disilane and trisilane. The mechanism of the
formation of aminosilanes from SiH3.«(NH2)x (x=0-3) was proposed as below [18]:

NH2+SiH3.X(NH2)X9H+ Sin.x(NHz)x+1 (X:0-2)
Sin-X(NHz)x+1+H9 Sng-X(NHz)x+1 (X:0-2)
NH2+Si(NH2)39H+ SI(NH2)4

However, in Cat-CVD system, it was found that the densities of SiH; and NH,
radicals are much larger than NH density and no aminosilane signal is obtained [16]. This
implies that not aminosilane molecules but NH, and SiH3 are major deposition radicals to
form a SiNy film in Cat-CVD system. The addition of H; as gas source can significantly
improve the decomposition efficiency of NH3 due to the cleaning of a catalyzer surface by
H, [20]. Quality of SiNy films deposited with H, dilution is found to be higher than that in
the case of without H, dilution [21-22]. Additionally, as mentioned above, the amount of H
atoms formed during a deposition process is a key point for improvement in the
passivation quality of the SiN,/Si-rich SiNy stacked films. Therefore, in this study, H, gas
was added during the deposition of Si-rich SiN films.

Various Si-rich films with different n were deposited by changing R. H; flow rate
was fixed at 100 sccm. Figure 2.8 shows SRVnax Of c-Si wafers passivated by SiN,/Si-rich
SiNy stacked layers as a function of n when Si-rich SiNy films were deposited with and
without H,. One can see reduction in SRVmax When Si-rich SiNy films are deposited with
H, addition. In particular, | obtained a ze 0f 5.1 ms for a Si-rich SiNy film with a n of 2.92
deposited with H; dilution, corresponding to a SRVyax Of as low as 2.9 cm/s, which is much
better than a SRVmax for a Si-rich SiN films deposited without H; dilution showing zes of
3.3 ms, corresponding to SRVmax 0f 4.4 cm/s. One possible reason for this tendency is that
higher amount of H atoms a SRVax re formed in the Cat-CVD chamber during deposition
process with H, dilution, and therefore, more H atoms passivate dangling bonds on the
surface of c-Si. In order to support this hypothesis, Si-rich SiNy films were deposited at
various H; gas flow rate with keeping n of the films.
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Figure 2.8. SRVnax of c-Si wafers passivated with SiN,/Si-rich SiNy stacked layers as a function of
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Figure 2.9. SRVnax of c-Si wafers passivated with SiN,/Si-rich SiN, stacked layers

(n=2.82) and H content in Si-rich SiNy films at various H, flow rate

Figure 2.9 shows SRVnax Of c-Si wafers passivated with SiN,/Si-rich SiNy stacked
layers (n=2.82) and H concentration in Si-rich SiNy films at various H, flow rate. SiH, and
NH; flow rate was fixed at 15 and 30 sccm, respectively. One can see that H concentration
in the films increases monotonically with increase in H, gas flow rate. The data can also be
confirmed in H concentration profiles measure by elastic recoil detection annalysis
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(ERDA), as shown in Figure 2.10. SRVpnax also tends to decrease with H, flow rate up to a
H, flow rate of 100 sccm, while starts to increase after reaching the lowest SRVpmax.
Decrease in SRVnax is probably due to higher H content during film deposition which acts
to terminate dangling bonds on c-Si surface. At H, gas flow rate of 200 sccm, SRVmax
becomes higher compared to SRVnmax in case of without H; dilution even higher H contents.
One possible reason for increased SRVnax is that very large amount of H atoms come onto
the surface of c-Si wafers during film deposition, and cause damage by the etching of Si

leading to increase in SRVpax.
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Figure 2.10. Concentration profiles of Si-rich SiNx samples with and without H, addition.

Figure 2.11 shows the transmission spectra of Si-rich SiNy (n=2.92) films deposited
with and without H,. Although Si-rich SiNy films deposited with H; dilution can improve

passivation quality, transparency of the films seems not to be different from Si-rich SiNy
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films deposited without H; dilution at the same n. This result demonstrates the benefit of
the addition of proper amount of H, gas for Si-rich SiNy deposition. However, SRVmax may
reach the limited value for each Si-rich SiNy film. It does not improve significantly even
after the sample is annealed. For example, for Si-rich SiNy films with n=2.92, SRV« 0Of c-
Si wafers passivated by SiN,/Si-rich SiNy stacked layers is 4.4 cm/s for as deposited
sample and decreases to 3.0 cm/s after annealing. With addition of Hz, SRVyax 0f 2.8 cm/s

for as deposited sample and slightly decreases to 2.7 cm/s after annealing.
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Figure 2.11. Transmission spectra of Si-rich SiNy (n=2.92) deposited with and without H,.

Transmission spectrum of an a-Si film was shown for comparison.

2.5. Conclusion

In this chapter, the roles of fixed charges and H in Cat-CVD Si-rich SiN films for
the passivation of c-Si surface are elucidated. Fixed charge density in the stacked layers is
sufficiently high and can contribute to field passivation effect; however, it does not
contribute to improve in passivation quality by annealing. H content is found to be more
important in the passivation quality of the SiN,/Si-rich SiNy stacked layers on c-Si wafers.
H atoms terminate c-Si defects not only during deposition process but also during
annealing. The addition of H, during the deposition of Si-rich SiNy films improves
significantly the passivation quality of the stacked layers. The best 7.« obtained for Si-rich
SiNy film (n=2.92) deposited with H; dilution is 5.1 ms, corresponding to a SRVpax Of 2.8
cm/s, which is much larger than the case of using a Si-rich SiNy film with the same n
deposited without H dilution showing ze 0f 3.3 ms, corresponding to SRVmax 0f 4.4 cm/s.
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Chapter 3  Passivation quality of a Cat-CVD SiN, single

layer on n-type c-Si

3.1. Introduction

The obtained results from Chapter 2 indicate that c-Si passivated with SiN,/Si-rich
SiNy stacked layer has lower SRV but higher transparency than in the case of SiNy/a-Si
stacked layers. However, Si-rich SiNy films still have considerable light absorption. Ideally,
further improvement in transparency should be achieved. Stoichiometric SiNy films do not
only have high transparency but also act as anti-reflective coating layers on c-Si [1]. For
both study of Koyama and my master thesis, top Cat-CVD SiNy films were stoichiometric
films which was optimized as excellent oxidation resistance applying in ultralarge scale
integrated circuits [2-4]. Deposition conditions of Cat-CVD SiNy films for the best
passivation quality have not been optimized yet. A SRVmax Of the SiN,/c-Si structure is
high, more than 100 cm/s. In the previous chapter, | elucidated that annealing process is
effective in improving the passivation quality of Cat-CVVD SiN,/Si-rich SiNy films, and the
diffusion of H in Si-rich SiNy films to a c-Si surface is a key point for the passivation
quality improvement [5]. These results suggest that passivation films with high
transparency and high H content may passivate significantly a c-Si surface and become
excellent passivation layers for application to c-Si solar cells. Therefore, in this study, I
study the passivation quality of a high-transparency Cat-CVD SiNy single layer (n of ~ 2 at
a wavelength of 630 nm) on c-Si. The obtained results demonstrate that passivation quality
of the films is improved significantly by annealing. Samples prepared at lower substrate
temperature during deposition (Ts) show more significant improvement in z.; by annealing,
probably due to higher H content. The highest z. obtained for the sample deposited at a Ts
of 100 °C and a pressure (P) of 10 Pa is about 3 ms, corresponding to a SRVpax of 5.0 cm/s.
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3.2.  Experimental procedure

3.2.1. Sample preparation

After cleaning c-Si wafers in diluted (5%) HF solution to remove native oxide on
c-Si surfaces, 100-nm-thick SiNy films were deposited by Cat-CVD. SiNy films with an
approximately the same n of ~ 2 at a wavelength of 630 nm were deposited at various Ts
and P. SiNx films were also deposited onto glass substrates for optical transmission
measurements. | also formed 100-nm-thick SiNx films on quartz substrates to measure the
defect density of the films. The deposition conditions of the SiNy films are summarized in
Table 3.1.

Table 3.1. Deposition conditions of SiNyfilms. n and thickness of deposited films are also

summarized.
Film | SiH, NH; Pressure | Ts Teat Deposition n Thickness
(sccm) | (sccm) | (Pa) (°C) [ (CC) [time(s) (nm)

1 8.7 150 10 50 1800 | 144 2.01 [103
2 8.4 150 10 70 1800 | 160 2.04 | 103
3 8.2 150 10 90 1800 | 180 2.02 | 103
4 8 150 10 100 | 1800 (190 1.99 103
5 7 150 10 150 | 1800 [ 220 2.01 |98

6 6 150 10 200 |1800 | 240 1.99 | 100
7 5.6 150 10 250 |1800 | 250 2.06 | 102
8 5.3 150 10 300 |1800 | 300 2.02 |96

9 3 60 35 150 | 1800 (520 2.01 [102
10 55 150 7 150 | 1800 (300 1.99 102
11 8.5 150 13 150 | 1800 | 180 2.02 [101
12 9.5 150 15 150 | 1800 (170 2.01 |98
13 115 150 18 150 | 1800 | 130 2.01 | 105
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To measure H content by FTIR, SiNy films with a thickness of about 100 nm were
deposited on c-Si substrates with a high resistivity of 3460 Qcm. The method used to
calculate H content is the same as described in Chapter 2. Q; of SiNy films was calculated
based on the results of C-V measurement for metal-insulator-semiconductor (MIS)
structures. The sample structure and the method to calculate Qs are the same as described
in Chapter 2. 100-nm-thick SiNy films were deposited on both sides of 290-um-thick n-
type (100) FZ Si wafers with a resistivity of 2.5 Qcm to measure ze. Figure 3.1 shows the
cross-sectional schematic of a sample for z+ measurement. The samples were then
annealed in N, atmosphere to investigate the effect of annealing on the passivation quality
of SiNy films.

100 nm-thick SiN,

290 pm-thick-{100)
n-type FZ-c-Si

100nm-thick SiN,

Figure 3.1 Cross-sectional schematic of a sample for T measurement.

3.2.2. Characterization of prepared samples

The thickness and n of all the SiNx films were measured on J. A. Woollam, HS-
190™ spectroscopic ellipsometry, using Cauchy model for data analysis. The film density
was measured by X-ray reflectivity. Atomic contents of the SiNx films were measured by
XPS. The transmission spectra of SiNx films were measured in a Shimadzu, UV-3150
ultraviolet-visible-near infrared spectrophotometer. Defect density of the SiNy films was
calculated by using electron spin resonance (ESR). The details of the method and defect
density calculation are given in Appendix B. In order to investigate the passivation quality
of the SiNy layers on c-Si, | carried out p-PCD measurement (Kobelco LTA-1510EP)
using a 904 nm wavelength pulse laser with a photon density of 5x10™ cm™. The method
to determine SRVnax has been described in the previous chapter.
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Interface state density (Di) of SiN./c-Si samples was estimated by using four
methods: conductance method, Terman method, high-low frequency method, and low
frequency method. | firstly estimated Dj using Terman method, high-frequency C-V
curves was obtained by using Keithley 6517A electrometer/high resistance meter and
6440B component analyzer. However, due to the limitation of this system, low frequency
C-V shape curve could not be obtained. Therefore, for conductance method, | employed
impedance measurement Solarstron 1296 and 1290 to obtain C-V curves.

3.3.  Results and discussion

3.3.1. Chemical composition of SiNy films

In order to form SiNy films with high transparency, | changed SiH, flow rate,
substrate temperature (Ts) and gas pressure (P), as shown in Table 3.1. The variation of
these factors will change Si and N content in SiNk films. | firstly measured chemical
composition of these films. The chemical composition of SiNy films at various Ts and P are
shown in Figure 3.2. Si content in the films decreases with increase in Ts or decrease in P.
Note that SiH, flow rate was also changed together with T or P to keep the n of SiN films
to be ~2. Increase or decrease in Si content can thus be related to the change of SiH; gas

flow rate during SiNy deposition.

Figure 3.3 describes [Si]/[N] composition ratio of SiNy films deposited at various P
and Ts. One can see all the samples show [Si]/[N]<1.33 and are thus not Si-rich SiNy. All
the samples have high optical transparency, as shown in Figure 3.4. The small difference
and the shift of maximum peak may be due to the slight difference in thickness and/or n of
the samples (see Table 3.1). After the confirmation of the high-transparency property of
the SiNy films, in the next step, | will examine the passivation quality of these layers on n-

type c-Si.
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3.3.2. Passivation quality of SiNy films on c-Si wafers

The passivation quality of SiNy films on c-Si has been investigated by many
researchers [6-29]. Sputtering SiNy film with excellent homogeneity, high-film density
silane-free process and long-service cycle is promising-coating layer [27]. It has been used
as passivation layer for c-Si solar cell fabrication and efficiency of 17.5% is obtained.
Passivation quality of the sputtering films is not as high as PECVD method [28]. It is
reported that addition of H, gas during sputtering can slight increase in passivation quality.
However, there is also report that H, gas does not make any positive effect on improving
passivation quality but also causes blister to SiNx films [29]. Therefore, it is not suitable to
passivate surface which need high passivation quality film such as multi-crystalline Si
solar cells. Most of SiNy films were prepared by PECVD and low SRVs have been
achieved. It has been reported that a low SRV of 3.8 cm/s can be achieved when
stoichiometric PECVD SiNy films are deposited on 3-5 Qcm n-type Si wafers [11].
Schmidt et al. have achieved a SRV lower than 10 cm/s for 1.5 Qcm p-type Si wafers
passivated by stoichiometric SiNy films [14]. Like PECVD films, Cat-CVD SiNy films are
formed by using SiH, and NH3 gas sources. Therefore, film properties such as composition
and H content in films are easily controlled by changing deposition condition such as gas
flow rate, pressure... Cat-CVD SiNy films are found to have lower H content, higher
density and thus, lower film stress compared to PECVD SiNy films. The Cat-CVD film
properties are supposed to be superior to those of PECVD [10]. Due to advantages of the
films, Cat-CVD SiNx with high passivation quality to c-Si would be expected. There are,
however, few reports for the passivation of c-Si surfaces using Cat-CVD SiNy films [16,
17]. The work of Cat-CVD SiN/c-Si was already published from our institute in 2003 [17].
However, at that time, the effect of annealing and the role of H content in the films were
not noticed, and the results obtained are not sufficiently good.

The effect of annealing on the passivation quality of various SiNy films has also
been reported by many authors [9, 23, 24]. It is demonstrated that the rearrangement of
SiNy network structure and H diffusion during annealing can terminate defects on a
SiN,/c-Si interface, which results in improvement in passivation quality. In my previous
study, I also found that the passivation quality of Cat-CVD SiN,/Si-rich SiNy films on a c-

Si wafer is enhanced significantly after annealing [4,5]. In this study, | thus firstly
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investigate the effect of annealing temperature (T,) and annealing time (t,) on the

passivation quality of stoichiometric SiNy single films on c-Si wafers.

Figure 3.5 shows SRVnax 0f SiNx films deposited at Ts of 50, 100, and 150 °C at a

fixed P of 10 Pa, and their H concentration deposited at a Ts of 150 °C as a function of T,

with a fixed duration of 30 min. SRVnax decreases with increase in T,, reaches the

minimum value, and then increases. The reduction in SRVnax With T, may be related to the

diffusion of H atoms from the films and the termination of defects on a SiN,/c-Si interface

by the H atoms during annealing. T, of 350 °C might be a proper temperature to support

sufficient energy for H diffusion and defect termination, resulting in the formation of a

good-quality SiN,/c-Si interface.
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Figure 3.5 SRVpax Of SiNy films deposited at T of 50, 100, and 150 °C at a fixed P of 10
Pa. The blue-colored data shows H concentration of those films deposited at a T, of 150 °C

as a function of T, with a fixed duration of 30 min.
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Figure 3.6 FTIR spectra of SiN films deposited at a Ts of 150 °C annealed at

various T, for 30 min.

Figure 3.6 shows the FTIR spectra of SiNy films deposited at a T of 150 °C at
various T, for 30 min. Increase in H content after annealing at 350 °C, shown in the FTIR
spectra, indicates increase in the number of Si-H bonds. This suggests that, during
annealing, H atoms combine with Si defects inside SiNy films, and H atoms existing near
the SiN,/c-Si interface and/or inside the SiNy film diffuse to a c-Si substrate and
recombine with dangling bonds on a c-Si surface. However, at excessively high T,, H
atoms can be released to environment and do not terminate defects, and SRV becomes high
[15-25]. As shown in Figures 3.5 and 3.6, H concentration and Si-H bonding density
decrease dramatically at a T, of 450 °C, which is a clear evidence for H loss to

environment.

The passivation quality of SiNy films can be stable for long time annealing, as
shown in Figure 3.7. Degradation of passivation quality for very long t, may be due to H
desorption caused by the breaking of Si-H and N-H bonds. In the next steps, | used a T, of
350 °C and a t, of 30 min as optimized annealing conditions for high passivation quality
after annealing.
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Figure 3.7 SRVnax as a function of t, at a T, of 350 °C.

Figure 3.8 shows SRVnax Of c-Si wafers with SiNy films as functions of Ts and P
before and after annealing at a T, of 350 °C for 30 min. SRVpax Of an as-deposited film
before annealing decreases with increase in Ts, while increases with increase in P. The
high SRVmax 0btained at low T is considered to be due to low film quality or the effect of
etching by atomic H, which is known to occur more significantly at lower Ts [26]. The
effect of etching may be negligible, because at low Ts with high deposition rate, the rapid
covering of a c-Si surface with a SiNy film can suppress H etching effect. In order to
confirm it experimentally, the surface morphology of c-Si samples was observed by AFM.
| firstly deposited a SiN film at a T of 100 °C, and the SiN film was then removed by
diluted HF (30%). After 5 seconds, the SiNx was completely removed. The removal of
SiNy was confirmed by spectroscopic ellipsometry. Figure 3.9 shows the AFM image of c-
Si surfaces after removing the SiNy film. The morphology of a c-Si surface etched by
diluted HF is also shown for comparison. For the sample without a SiNy film, a root-mean-
square roughness (Rrms) is 0.095 nm while for the sample with SiNy deposition, Ryys is 0.15
nm. One can see that etching occurs during SiNy deposition, which is, however, not so
serious. The fact that a low SRVnax 0f 5 cm/s is obtained proves that the effect of etching

by atomic hydrogen may be negligible.

However, films deposited with a high deposition rate (at low Ts and high P) might

leads to the insufficient coverage of c-Si surface, resulting in increase in SRVmax. The

44



reason of high SRVmax under these conditions can also be explained by low Qy, which will
be discussed later. Figure 3.8 also shows that SRVmax is improved significantly after
annealing. For the annealed samples, SRVmax reaches its lowest value at T of 100 °C, then
it increases with increase in Ts, while SRVnax decreases with increase of P and reaches a
saturated value at P > 10 Pa. 7. obtained for the as-deposited sample at a Ts of 100 °C and
a P of 10 Pa is about 0.1 ms, corresponding to a SRVmax Of 144 cm/s. e Of the same
samples increases up to 3 ms after annealing, which corresponds to a SRVpax 0f 5.0 cm/s.
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Figure 3.8 SRVnax as functions of (a) Ts and (b) P before and after annealing at a T, of

350 °C for 30 min in N, atmosphere.
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Figure 3.9. Surface morphology of (a) c-Si etched by HF 30% for 5 s.

(b)c-Si after SiNy removing by HF 30% for 5 s.

Figure 3.10 shows the optical transmission spectra of SiNy films deposited at a Ts
of 150 °C and a P of 10 Pa before and after annealing at a T, of 350 °C for 30 min. The
appearance of fringe in transmission spectra is probably due to the effect of interference. |
also plotted the simulated transmission spectrum of the SiNy film evaluated by using
Beer’s equation [30]:

I =1, exp(—axd),

where absorption coefficient (o) and film thickness (d) obtained by analyzing
spectroscopic ellipsometry data using by the Cauchy mode are used. The stoichiometric
SiNy films show sufficiently high optical transmission even in short wavelength region,
unlike the case of a-Si or Si-rich SiNx films [3, 4]. Furthermore, the transparency of the
films does not significantly change by annealing. The very small difference in the
transparency in a short wavelength region might be related to the slight change of network
structures such as Si-H bonds by annealing. The improvement in the passivation quality of
stoichiometric SiNy films without decreasing transparency after annealing is of great
advantage for the application of the films in c-Si solar cell fabrication.
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Figure 3.10 Transmission spectra of SiNy films deposited at a T, of 150 °C and a P of 10
Pa before and after annealing at a T, of 350 °C for 30 min. The simulated transmission

spectrum of the SiNy film is also shown.
3.3.3. Role of H content and fixed charge density on passivation quality of films

In order to investigate the origin of the high passivation quality of SiNy films, I
evaluated H content and Qs in the films [6, 12, 15]. Positive fixed charges send minority
carriers (holes) back away from an n-type c-Si surface. They can therefore reduce the
trapping probability of minority carriers (holes) at defects near the c-Si surface. Another
way to reduce recombination is the termination of defects by H atoms.
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Figure 3.11 Film density and H concentration of SiNy films before and after annealing at
a T, of 350 °C for 30 min as functions of Tsand P.

Figure 3.11 shows SiNy film density and H concentration in SiNy films before and
after annealing at a T, of 350 °C for 30 min as functions of Ts and P. H concentration of
SiNy films were determined from FTIR spectra, parts of which are shown in Figure 3.12. H
concentration in SiNy films decreases with increase in Ts, which is probably due to more
enhanced H desorption during deposition at higher Ts. Higher P leads to the inclusion of
larger amount of H in SiNy films, while Si-H/N-H bond density ratio is kept almost
constant. Compared to SiN films deposited at higher Ts, the SiN film deposited at a T of
50 °C have a Si-H peak shifted to lower wavenumber. This might be related to the lower
electro-negativity of backboned Si atoms for SiNy films with lower N content [31]. The
number of Si-H bonds increases much with decrease in Ts and increase in P, while that of
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N-H bonds slightly increases with increase in Ts and P. The samples with high H content
show more effective decrease in SRVpax by annealing, and H may contribute to
improvement in passivation quality. Sample prepared at T <100 °C exceptionally shows
less significant improvement in passivation quality even with higher H content. This may
be due to low film density. During annealing, low-density materials would release H in the
molecular form, while denser films would make H desorsption slower [16, 31]. Here, SiNy
film density is ~2.1 g/cm® for the sample deposited at T of 50 °C, while it is more than 2.4
g/lcm® for the sample deposited at Ts> 100 °C, as shown in Figure 3.11. H atoms might
thus be released to atmosphere during annealing and not contribute to the passivation of a
c-Si surface, resulting in a high SRVmax. Samples formed at higher Ts with much higher
film density can suppress H desorption, and H atoms can significantly contribute to
passivating defects on a c-Si surface. | also similarly explain improvement in passivation
quality after annealing samples deposited at various P. Improvement in film passivation
quality may be related to H concentration and density of the films. Most of films deposited
at various P have sufficiently high film density and samples deposited at higher P have
higher H concentration, and passivation quality is improved more significantly after
annealing for SiNy films deposited at high P.
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Figure 3.12 FTIR spectra of SiN films deposited at various Ts (P=10 Pa) and P
(Ts=150 °C).
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Figure 3.13 N content and Qs of SiN films as functions of Ts and P before and
after annealing at a T, of 350 °C for 30 min.

Figure 3.13 shows N content and Qs of SiNx films as functions of Ts and P before
and after annealing at a T, of 350 °C for 30 min. Qs increases with increase in Ts, and
reaches highest value at a Ts of 250 °C, then it slightly decreases at 300 °C. Qs of 7.5x10"
cm? is quite low for the SiN films deposited at Ts of 50 °C, which can be one of the
possible reasons to explain high SRVnax for the sample deposited at low T and high P, as
shown in Figure 3.8. N content increases with increasing Ts or decreasing P. It may be
correlative to film density, which is related to the migration of radicals on c-Si surface

during film deposition. The origin of fixed charges is known to be Si-dangling bond
defects whose configuration is N, = Si*in SiNy films, generally called K* centers [15, 21,

32, 33]. From Figure 3.13, one can also see that Qs is proportional to N content in films. It
is in good agreement with the suggestion of the origin of fixed charges as mentioned above.
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Decrease in Qs at a Ts of 300 °C might be related to decrease in Si dangling bonds in SiNy
films when they were deposited at sufficiently high Ts.

Figure 3.14 shows H distribution in SiNy films deposited at T, of 100 °C before and
after annealing at 350 °C for 30 min. The profiles were obtained by secondary ion mass
spectroscopy (SIMS). One can see that there is no difference in H concentration for sample
before and after annealing. It is noted that H concentration calculated in previous part is
relied on Si-H and N-H bonds in SiNx measured by FTIR spectra. Si-H bonds increases
when sample is annealed at 350 °C, H concentration thus increases. The obtained results
suggest that not diffusion but the bonding —rearrangement during annealing assists defect
termination, resulting in improvement in passivation quality. In order to confirmation of
defect termination by annealing, in next part, | will investigate defect density in SiNy films

and interface state density at SiN,/c-Si interface.
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Figure 3.14. H profiles of SiNx films deposited at 100 °C before and after
annealing at 350 °C.

Figure 3.15 shows the defect density of SiNy films as functions of Ts and P before
and after annealing at a T, of 350 °C for 30 min. One can see lower defect density at higher
Ts. One possible reason for this tendency is more enhanced migration of radicals on a c-Si
surface during film deposition at higher Ts. Dangling bonds in SiNx films are related to Si-
dangling bonds back bonded to three N atoms, Ns=Si-, generally called K° centers, which
contain an unpaired electron and are observable by ESR [12, 13, 34]. The g value reported
for the K° defects is 2.003. The g value for a-Si of 2.0055 is reported by Street [35]. In this
study, the g value obtained is 2.0033~2.0047 for SiNx samples. For sample deposited at
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100 °C, g value is 2.0033 for both as-deposited and annealed samples. The shift in g value
obtained in thus study implies that defects observed by ESR for SiN, films are both K°
dangling bonds and dangling bonds exiting in i-a-Si films. The defect density of SiNy films
deposited at low Ts may thus be related to N content in the films. Defect density of the
SiNy film deposited at low Ts is relatively low, and higher P leads to lower defect density,
as shown in Figure 3.15. These trends are the same as those of N content in SiNy films. It
has been reported, by Leliévre et al., that H atoms can combine with Si-dangling bond
defects (K™ centers) during annealing, resulting in the formation of neutralized dangling
bonds (K centers) [15]. Other group has also reported that K° centers will be converted to
K* and K™ centers by annealing [30]. In this study, defect density (K°centers) and fixed
charge K" decreases significantly by annealing, as shown in Figures 3.13 and 15. These are
clear evidences of defect termination by H in SiNy films during annealing. | guess that H
can terminate defects not only inside SiNx but also on a SiN,/c-Si interface during
annealing, and SRVnax decreases significantly by annealing. The samples with lower film
density and higher H content show small change in Q; and defect density by annealing, as
shown in Figures 3.11 and 13. This may be because denser films can prevent more
hydrogen atoms from releasing to atmosphere during annealing, which results in more H
atoms combine with Si-dangling bonds in SiNy films, and more decrease in Q; and defect
density. This consideration cannot explain the change of defect density and Q: by
annealing for samples deposited at high Ts. The difference of H content in the films might
be related to this phenomenon.
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Figure 3.15 Defect density of SiNy films as functions of Ts and P before and after

annealing at a T, of 350 °C for 30 min.

Finally, I discuss the origin of remarkably low SRV, 0f Si wafers passivated with
SiNy films. The value of Q; on the order of 10'>cm™ is high enough to induce field-effect
passivation. Fixed charge in SiNy films can thus partially contribute to suppression in
surface recombination. Qr, however, decreases after annealing, while film passivation
quality is significantly improved by annealing. This fact indicates that not Qs but defect
termination by H atoms mainly contributes to improvement in the passivation quality of
SiNy films, which is consistent with our previous results shown in the previous chapter [5].
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3.3.4. Interface state density of SiNx/c-Si structures

In order to demonstrate more clearly the effect of defect termination by H atoms on
the passivation quality of SiNy films on a c-Si surface, | estimated D;; of these samples
from their C-V curves by using the following three methods: Terman method, conductance
method, and low frequency method [36-39]. Details of three methods are summarized in
Appendix A-10. Matlab codes using for calculation are also given there. However, for both
low frequency and conductance method, the samples before and after annealing do not
show so much different Dy. Dj; obtained for sample before and after annealing is 5.6x 10™
and 6.8x10™ eV™'cm?, respectively. The value after annealing is comparable with value
reported by other groups, at which the high z« obtained for SiN,/c-Si [40-42], but the one
before annealing is not consistent with low zf. It may be because the accumulation
capacitance of the sample before annealing varies greatly when frequency changes.
Although corrected capacitance and conductance are taken into account, the result obtained
is still unreasonable. See Appendix A-10 for more detail about this calculation and

limitation problem.

Terman method may give the best simulation result for my samples. Frequency used
for the calculation is 1 MHz. According to the analysis results by Terman method, Dj; of
the sample before annealing is on the order of 10" eV/*cm™, while Dj; after annealing is on
the order of 10" eV™'cm™. Figures 3.16 and 18 shows Ditayerage as a function of surface
potential for SiN, samples deposited at 70 °C and 100 °C before and after annealing. Dj.
average IS €stimated as average Dj; values in low Dj region from calculated Dj - surface
potential curve. One can see a significant decrease in Ditaverage fOr the samples after
annealing. It is in agreement with the explanation of improvement in passivation quality.
Figures 3.17 and 3.19 shows the experimental and theoretical C-V curves of the samples
deposited at 70 and 100 °C before and after annealing. The theoretical C-V curves are
drawn under the assumption of no Dj. One can see good overlap of the theoretical and
experimental curves only for the samples after annealing. In particular, in the case of the
sample deposited at 100 °C which demonstrates low SRV« of 5 ms after annealing, the
experimental and ideal C-V curves show the best coincidence and Dit.average Calculated is
1.0x10" eV™'cm™. SRVpnax as a function of Ditaverage OF the SiNy/c-Si samples deposited at
various Ts before and after annealing at 350 °C for 30 min are ploted in Figure 3.20. For
the samples before annealing with large SRVinax, Ditaverage are on the order of 10*2 eVcm™.
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Dit-average decreases to the order of 10'* eV™'cm? after annealing, at which low SRV less
than 10 cm/s can be obtained. This fact strongly supports the suggestion that H atoms
terminate defects at SiN,/c-Si interface, resulting in low SRVnax by annealing.

Figure 3.21 shows experimental results obtained by Wan et al. [36]. The
dependence of SRVnax on Dj; at mid-gap and Q; of SiN,/c-Si samples are summarized in
this graph. D;; at mid-gap is calculated by using Terman method. From this data, one can
see that SRVmax becomes less than 10 cm/s when Dy, is around 10** eVcm™ and Q;~ 10*

-2

cm?. SRVmax >100 cm/s corresponds to Dy >10™ eV'cm™. These are consistent with Dj;

and SRVnax obtained in my study.
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3.4. Conclusions

Stoichiometric SiNy single films prepared by Cat-CVD have good passivation
quality on c-Si wafers. Samples prepared at lower Ts and high P show more significant
improvement in film passivation quality by annealing. The possible reason for this effect is
related to the diffusion of H atoms in the films and the termination of defects on a SiN/c-
Si interface by H atoms during annealing. H content in samples deposited at low Ts or high
P is high, and more H atoms can contribute to SRV suppression. H content in the films
thus plays an important role on improving passivation quality. Fixed charges in SiNy layers
may affect the passivation quality of the films before annealing, while it does not
contribute to improving SiNy film passivation quality after annealing. The highest ze
obtained is 3 ms, corresponding to a SRVmax 0f as low as of 5.0 cm/s. This study highlights
the feasibility of the Cat-CVD stoichiometric SiNy films as passivation layers for c-Si solar
cells.
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Chapter 4 Improvement in the passivation quality of a

Cat-CVD SiNy single layer by applying P Cat-doping

4.1  Introduction: The role of a P Cat-doped layer in the passivation of a c-Si
surface

Cat-CVD promises potential applications in passivation technique for c-Si solar
cells not only due to its benefit of forming high-quality film/c-Si interface property but
also because of its ability to form doped a-Si films and shallow doped layers at low
substrate temperature [1-6]. Cat-CVD can be used to form a shallow phosphorous (P)-
doped layer, called P Cat-doped layer, at a low substrate temperature such as room
temperature [4-6]. This shallow P Cat-doped layer has been found to be formed on a c-Si
surface with a depth of <56 nm when a c-Si surface is exposed to radicals generated by
decomposing PH; gas at a catalyzer temperature (Tcar) of more than 1100 °C [4]. It is also
found that no etching damage is observed when T is sufficiently low. Figure 4.1 shows
the secondary ion mass spectrometry (SIMS) profiles of P atoms in P Cat-doped layers
formed at various substrate temperature (Ts-gope) and exposure time (tgope) during doping
process [4].

P atoms (100} Diane
intergated @R, 80°C !
region & 3% ® §0s, 3.7 nm/dec.§{
o 3600 s, 4.1 nm/dec]
350°C ’
. |® 60s, 3.8 nm/dec. [
2 |© 3600 s, 3.2 nm/decsg

E

P concentration [cm ]

Depth [nm]

Figure 4.1 SIMS profiles of P atoms in P Cat-doped layers deposited at various substrate

temperature and exposure time [4].
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Although P concentration in a P Cat-doped layer is high, donor activation ratio is
less than 2% [4]. The sheet carrier density of the P Cat-doped layer varies from 5x10™ to
5x10'? cm? depending on Ts-dope @nd tgope. The shallow P doped layer with suitable sheet
carrier density can therefore induce field-effect passivation, which can significantly
suppress the recombination of minority carriers on a c-Si surface. Although the shallow
doping can also be realized by other techniques such as plasma doping, atomic layer
deposition of dopants, and molecular beam epitaxy [7-11], Cat-doping can significantly
avoid damage onto a c-Si surface induced by energetic ions since gas molecules are
decomposed on a heated wire by catalytic reaction. It has been demonstrated that there is
no serious damage from generated radicals onto a c-Si surface at Tcy of 1300 °C, at which
P Cat-doped layer is formed with high sheet carrier density [2]. This advantage makes Cat-
doping become a favorable method for the formation of field-effect passivation layers for
c-Si. Regarding the application of P Cat-doped layers to passivation technique, it has been
already reported that the addition of P Cat-doped layers can reduce the SRVyax 0f n-type c-
Si passivated with an a-Si film from 5 to 3 cm/s [12]. In the previous chapter, | have
optimized the preparation conditions of SiNy passivation films with a refractive index of
~2.0 at a wavelength of 630 nm prepared by Cat-CVD for n-type c-Si wafers. The highest
zett Of 3 ms, corresponding to a low SRVnax 0f 5 cm/s, can be obtained for n-type c-Si
passivated with Cat-CVD SiNy films deposited at a low substrate temperature (~100 °C)
and post annealing. The use of SiNy films, whose refractive indexes are adjusted to be 2.0
even after decreasing the substrate temperatures, can avoid optical loss due to parasitic
absorption in a-Si for SiN,/a-Si stacked passivation system. The Cat-CVD SiNy films with
high passivation quality and high transparency are suitable for application to c-Si solar
cells. As | mentioned above, a P Cat-doped layer can induce field-effect passivation, which
is effective in suppressing surface recombination by sending electrons away from the c-Si
surface. In this chapter, in order to obtain even lower SRVpax 0N a c-Si surface passivated
with a SiNy film, | attempt to apply P Cat-doping for field-effect passivation. The structure
of a SiN,/P Cat-doped layer is shown in Figure 4.2. The effects of sheet carrier density and
annealing as well as H etching on the passivation quality of SiN,/P Cat-doped layers on a

c-Si surface are also investigated.
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P Cat-doped layer

290 pm-thick-(100)
n-type FZ-c-Si

P Cat-doped layer
100 nm-thick SiN,

Figure 4.2 Cross-sectional schematic of a ¢-Si passivated with SiN,/P Cat-doped layers.

4.2  Experimental procedure

Table 4.1 Sample preparation conditions of P Cat-doping, a-Si, and SiNy films.

Doping a-Si SiNy

Gas sources PH3; 20 sccm SiH4: 10 sccm  SiHa4: 8 sccm

NH3: 150 sccm

Substrate Temperature (Ts.qope)  80-300 °C 90 °C 100 °C
Pressure (P) 1.0 Pa 0.55 Pa 10 Pa
Catalyzer temperature (Tcar) 1300 °C 1800 °C 1800 °C
Catalyzer-substrate distance 12 cm 8cm 8cm
Time (tgope) 30-120 s 30s 184s

Sample preparation conditions are summarized in Table 4.1. All c-Si wafers were
first cleaned in diluted (5%) HF solution for 10 s to remove native oxide. P Cat-doped
layers, SiNy films and a-Si films were prepared in separate Cat-CVD chambers. 2.25%
helium-diluted PH3; was used as a gas source for doping process. A tungsten wire (W) with
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a diameter of 0.5 mm and a length of 210 cm was used as a catalyzer in the P doping
chamber. Distance between catalyzer and substrate was 12 cm to reduce heat radiation
from the heated catalyzer. The schematic of a P Cat-doping chamber is described in Figure
4.3.

(‘."acuum chamber

c-5Si1 wafer
|
PH E H
Hpwi B P
pH pH P H ! H

Pump AAAAAAA

PHz PHz PHz PHzs

4

source
gas
PH=

Figure 4.3 Schematic of a P Cat-doping chamber.

In this chapter, the properties of P Cat-doped layers were varied by changing
doping substrate temperature (Ts.gope) and doping time (taope). The deposition condition of
SiNy films and annealing conditions for the samples after depositing the SiNy films were
the same as the optimized conditions, under which high z« of 3 ms can be obtained for a
SiN,/c-Si structure, as reported in Chapter 3. 290-um-thick n-type (100) FZ Si wafers with
a resistivity of 2.5 Qcm and a bulk minority carrier lifetime of >10 ms were used for the
investigation of the passivation quality. The structure for z measurement is shown in
Figure 4.2. In order to investigate the effect of annealing on passivation quality, the P Cat-
doped samples were annealed before and after depositing SiNx films. In this paper, | refer
them to “annealing A” and “annealing B”, respectively. Annealing A and B were both
conducted in a horizontal tubular furnace in nitrogen atmosphere. Two samples were
prepared under the same P doping condition at the same batch; one is for a sample with

only annealing B, and the other is for a sample with both annealing A and B. The samples
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without annealing A were passivated with SiNy films immediately after P Cat-doping
without air break, while the samples with annealing A were taken out from the P doping
chamber, followed by furnace annealing and then SiNy deposition without any additional
cleaning prior to the deposition. All the SiNx-deposited samples were finally annealed at
350 °C for 30 min (annealing B). The z of the samples was measured by u-PCD using a
904 nm wavelength pulse laser with a photon density of 5x10™ cm?, as described in
Chapter 2. | also measured excess-carrier-density- (4n-) dependent z. by quasi-steady-
state photoconductance (QSSPC) (WCT-120, Sinton Instruments).

P Cat-doped laver |High resistivity (100] 500 pm
p-type magnetic-
Czochralski c-51

Figure 4.4. Cross-sectional schematic of a sample for the Hall effect measurement.

The Hall effect measurement and SIMS were employed to evaluate the sheet carrier
density (Np) of P Cat-doped samples and P concentration, respectively. The properties of
c-Si wafers used for SIMS measurement are the same as those used for z¢ measurement.
The SIMS measurement was performed from the back side of the samples after removing
most of Si wafers in order to avoid the effect of knock-on and resulting unintentional
broadening of P profiles. I used 2900 Qcm p-type FZ c-Si wafers for the Hall effect
measurement. High resistivity samples are used for preventing leakage current from a P
Cat-doped layer to a c-Si substrate. The reason of choosing p-type wafers here is to form a
depletion layer, which is also to avoid current to a c-Si substrate. The capture of carriers at
defects on a c-Si surface and oxidization may affect significantly the results of the Hall
effect measurement [4,13,14]. In order to prevent these effects, a 10-nm-thick a-Si film
was deposited on c-Si immediately after P Cat-doping without air exposure. In order to
know the effect of annealing on Np, samples were annealed at 350 °C before and after
depositing a-Si films. Four Al electrodes were formed by evaporation through a metal hard
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mask to form the van der Pauw configuration. The samples were annealed at 350 °C for 1
min to make Ohmic contact between Al electrodes and a P Cat-doped layer. Figure 4.4
shows the cross-sectional schematic of a sample for the Hall effect measurement. The
details of the measurement have been described in Ref. 3. More details of the Hall effect
measurement is also summarized in Appendix A-6. The effect of H etching on the
morphology of c-Si surface after P Cat-doping was evaluated by atomic force microscopy
(AFM).

4.3 Results and discussion

4.3.1 The effect of annealing on P activation as donors and the passivation

characteristic of SiN,/P Cat-doped layer/c-Si structures

Annealing plays an important role in improving the passivation quality of SiN,/c-Si
structures [15-20]. In this study, | first investigate the effect of annealing on the
passivation properties of SiN,/P Cat-doped layers. c-Si wafers received P Cat-doping at a
Ts-dope Of 80 °C for 1 min, followed by SiNy film deposition. The P doping and SiNy
deposition condition are shown in Table 4.1. The samples were then annealed (annealing

B) at various annealing temperature (T4g) for 30 min.
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Figure 4.5 SRVnax Of SIN/P Cat-doped layer/c-Si structures as a function of Tag. The
SRVmax Of SiN,/c-Si structures as a function of T,z is also shown for comparison.
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Figure 4.5 shows the dependence of SRVmax of a SiN,/P Cat-doped layer/c-Si
structures on Tag. The SRVax OF SiNy/c-Si structures as a function of T,z is also shown for
comparison. Before annealing, SRVnax Of two samples are high. SRVnmax Starts to decrease
when Tag exceeds 200 °C for both structures. SRVmax reaches the lowest value at a T,p of
350 °C, and then increases with further increase in Tas. In order to clarify passivation
improvement mechanism of SiN,/P Cat-doped layer, | firstly consider the effect of
annealing on the distribution of P and H in P Cat-doped layer. The P and H profiles
obtained by SIMS show that there is no significant change in P and H profiles in the P Cat-
doped layer even after annealing at 350 °C for 30 min, as shown in Fig. 4.6. In other words,
annealing does not cause any diffusion of these atoms into c-Si as well as release of these
atoms to ambient. A sample with H treatment was also examined. H, gas was used instead
of PH3; gas with the same flow rate of 20 sccm, other parameters were kept unchanged,
such as a Tsqope Of 80 °C, P of 1 Pa. zf of the SiN,/H treatment/c-Si structure after
annealing is 3.0 ms, corresponding to a SRVmax 0f 5.0 cm/s, does not differ from that of zex
of the SiN,/c-Si structure. Therefore, I can confirm that reduction in SRVmax 0f SiN,/P Cat-

doped layer/c-Si structure is related to PH3 doping process.
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Figure 4.6. P and H profiles in a P Cat-doped layer before and after annealing at 350 °C
for 30 min.
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The improvement in the passivation quality of the SiN,/c-Si structure is supposed
to be due to the effect of defect termination by H atoms during annealing [15-18]. For a
SiN,/P Cat-doped layer/c-Si structure, passivation quality relies not only on H defect
termination but also on field-effect passivation, and increase in T,z might lead to increase
in donor (activated P) concentration and resulting enhancement in field-effect passivation.
Hayakawa et al. have reported that the most inactivated P atoms in a P Cat-doped layer
exist in the forms of chemisorbed PH-, PH,- and PH; (coordinate bond)-type bonds with Si
atoms, denoted as PHx (x=1-3) [4]. It has been reported that P and H atoms are major
products while PH- and PH,- are minor products in the catalytic decomposition of PHs
[22]. The PHy production mechanism inside P Cat-CVD chamber is described as below

[2]:

PH; flow in

PH; > P+3H
PH3+H > PH+H,
PH, -

PH, > PH+ H,
PH >

PH+H > P+ H,
P->

H+ deposits = PH;
H+ deposits 2> H
H, > 2H

H. flow out

PH; flow out

on catalysts

in gas phase
deposition on walls
in gas phase
deposition on walls
in gas phase
deposition on walls
on walls

on walls

on catalysts

I thus guess that the extraction of H atoms from PHz; molecules by the formation of
H, molecules or the addition of H atoms to P atoms on a c-Si surface is a possible

mechanism of PHy production.
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PH, may decompose at high temperature, resulting in the release of P and H atoms.
The released H atoms can diffuse to a c-Si surface and terminate defects there, and the
released P atoms act as donors and contribute to reinforcing field-effect passivation. There
have been a number of literatures about the decomposition of P-H bonds using samples
with PH3 adsorbed on c-Si (100) [23-26]. Yu et al. have reported that PH; molecules are
partially dissociated at an annealing temperature of 275 °C for PH3 adsorbed samples [23].
Tsai et al. have reported that PH3 species are converted to PH, species in an adsorbed layer
at annealing temperature >317 °C, and PH, species are converted to P atoms when an
annealing temperature exceeds 377 °C [24]. The interesting results of two reports are
shown in Figures 4.7 and 4.8. These facts indicate that PH, species are decomposed to P
and H atoms at around 300 °C. | can guess that the released H atoms can make bonding
with Si atoms and P atoms start to act as donors. In this study, as has been shown in Figure
4.5, the SRVnax 0f a SiN,/P Cat-doped layer/c-Si structure is much lower than that of a
SiN,/c-Si structure when T, >250 °C. This fact suggests that PHy starts to decompose
efficiently at a Tog of 250 °C. This temperature is quantitatively consistent with the values
of the literatures shown above. A T,z of 350 °C is sufficiently high for both PHy bond
breaking in a P Cat-doped layer and defect termination by H in SiNx films, and higher T
leads to the desorption of H atoms to atmosphere and resulting increases in SRVmax. The
lowest SRVmax can thus be obtained at a T,g of 350 °C for both structures.

Di: was evaluated for SiN./P Cat-doped c-Si samples after annealing. Figure 4.9
shows the Dj; of SiN,/ P Cat-doped c-Si and SiN,/c-Si samples after annealing at 350 °C.
Dit.average 8t mid-gap region for the SiN,/ P Cat-doped c-Si sample is 2.2x10™ eV™'cm™.
This value is equivalent to that of the SiN./c-Si sample. We can thus guess that H atoms in
a SiNy film contribute greatly to defect termination on a c-Si surface. The reason of
slightly smaller Dj; for the SiN,/P Cat-doped c-Si sample than the SiN,/c-Si sample might
be the effect of H atoms in a P Cat-doped layer.
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F1G. 2. Thermal desorption spectra for PH, on Si(100). (a) shows the
large PH, desorption peak at 275 °C from a room temperature adsorbed
PH, layer on Si(100). (b) and (c) show the large H, desorption peak at
525°C when PH, was adsorbed at 200 and 400 °C. The small feature at
275°Cin (b) is due to the cracking contribution from a small PH, desorp-
tion peak. All PH, exposures were 20 L. The temperature scale is a rough
estimate only.

Figure 4.7 Desorption spectra of PH; adsorbed on Si(100) at various adsorption
temperature. The peaks at 275 °C and 525 °C indicate PH3 and H; desorption, respectively.
The results are from ref. 23.
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Fig. 2. Photoemission spectra (O) of the P 2p core levels for the
Si(1 00)-2 = | surface saturated with a 50-L PH: dose at 325 K
followed by progressive annealing to higher temperatures as
mdicated. The fit (—) and the decomposed individual SP; and
SP; components for the bottom spectrum are also shown., The
relative binding energy scale refers to the corresponding 81 2ps
line of the B component [10].

Figure 4.8 The effect of annealing temperature on bonding components of PH3; adsorbed
on Si(100).0ne can clearly see the more significant conversion of PH3; (SP3) component to
PH, (SP;) component with increase in temperature. When annealing temperature is higher

than 700K, PH, is converted into P atoms and PH3 gas. [24]
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Figure 4. 9. Calculated Dj; for the SiN,/ P Cat-doped c-Si and SiN,/c-Si samples
after annealing at 350 °C for 30 min.

On the other hand, contrary to our expectations, the results of the Hall effect
measurement show that Np decreases by annealing. Np is 1.2x10** cm™ before annealing,

while it reduces to 0.9x10*2 cm™ for the samples with annealing at 350 °C for 30 min after
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depositing a-Si films, and to 0.7x10" cm™ for the samples with annealing under the same
condition before depositing a-Si films, as shown in Figure 4.10. For the sample annealed
after depositing an a-Si film, a possible reason for reduction in Np is the diffusion of H
atoms from the a-Si film to the P Cat-doped layer, which can cause the formation of more
PH, than PH, decomposition in a P Cat-doped layer and resulting reduction in Np. Lower
Np obtained in the sample annealed before depositing an a-Si film may be due to the
oxidization of the c-Si surface. In order to conduct annealing process, | have to take out the
samples to atmosphere. The oxidation can inactivate P on a c-Si surface and/or induce the
formation of a thin Si oxide film containing P atoms on a c-Si surface, which affect the
results of the Hall effect measurement. In order to clarify this effect, the samples for the
Hall effect measurement after P Cat-doping at 350 °C were put in air for 15 min before
depositing a-Si films. By the additional air exposure, Np drops from 3x10*? to 0.5x10% cm,
which is a clear evidence of oxidation-induced reduction in Np. | actually confirmed the
formation of a SiOx film with a thickness of 1.1 nm and a refractive index of 1.5 at a
wavelength of 630 nm on a c-Si surface by using spectroscopic ellipsometry. In order to
know the effect of addition of SiOx film on passivation quality of SiN,/c-Si, | annealed
bare c-Si before SiNy deposition. A comparison between SiN,/c-Si and SiN,/P Cat-doped
layer/c-Si sample with and without annealing A and B is shown in Figure 4.11. Sample of
SiN,/c-Si with annealing A is SiN,/SiO,/c-Si sample. One can see that SRV« Of samples
with SiOy layer is lower than that of the SiN,/c-Si sample but still lower than that of the
SiN,/P Cat-doped layer/c-Si sample. The results confirm that both oxidation and P Cat-
doped layer can contribute in improvement passivation quality of SiN,/c-Si, but the role of
P Cat-doped layer is dominant.
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Figure 4.10 Sheet carrier density of a P Cat-doped layer before and after annealing at
350 °C for 30 min.
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Figure 4.11 SRVpax of SiN,/P Cat-doped layer/c-Si and SiNy /c-Si with and without
annealing A and B

On the other hand, as mentioned previously, Np obtained for an a-Si/P Cat-doped
layer/c-Si structure is reduced by annealing at 350 °C for 30 min. Cat-CVD SiNy films also
contain high amount of H atoms, which can diffuse from SiNy films to c-Si surface and
terminate defects or recombine with P atoms to form more PHy during annealing B.
Assuming that reduction in Np for the SiN,/P Cat-doped layer/c-Si structures is the same
as the case of a-Si/P Cat-doped layer/c-Si after annealing B, Np of a SiN,/P Cat-doped
layer/c-Si structure decreases by 25%. The sample undergoing both annealing A and B has
Np of ~ 5x10™ cm? which is due to the effect of oxidation by annealing A and H
diffusion during annealing B. This value of Np might be high enough for field-effect
passivation. The fact that the Np of the sample receiving both annealing A and B is less
than that with only annealing B indicates less effective field-effect passivation. However,
the benefit of defect termination by H atoms might overcome the deterioration of field
effect and lead to better passivation quality for the sample with both annealing A and B.

To understand the effect of annealing A on the passivation quality of SiN,/P Cat-
doped layers, c-Si samples with Cat-doping at 80 °C for 1 min were annealed (annealing
A) at various annealing temperature (Taa) for 30 min in the tubular furnace. Samples were
then moved to the Cat-CVD system to deposit SiN films. Finally, samples were annealed
at 350 °C for 30 min (annealing B). Figure 4.12 shows the SRVpax 0f SiN/P Cat-doped
layer/c-Si structures after annealing A and B as functions of Toa and annealing time (taa)
for annealing A. Np as a function of Taa is also shown. One can clearly see that SRVmax
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decreases with T,a for samples both with and without process B. SRVpax decreases when
Taa increases and decreases for Taa > 400 °C. This is probably due to increase in Np at
higher Taa. The increase in Np is probably due to the decomposition of PHy at higher Taa
and resulting activation of higher amount of P atoms. Additionally, the thermal oxidation
of a c-Si surface for the samples annealed at high temperature and defect termination by H
atoms by annealing might contribute to the formation of a high-quality SiN,/SiO,/P Cat-
layer and c-Si interface, resulting improvement in passivation quality. Because the P Cat-
doped layer is very shallow, too high T,a might lead to the desorption of H and P atoms to
environment, which can result in increase in SRVmax due to less effective defect
termination and field-effect passivation. The complete thermal desorption of P atoms from
PH; adsorbed c-Si surface at high temperature above 550 °C were also reported in Ref. 24,
in which desorption of H atoms at 400 °C has also been observed. The same tendency is
seen in the annealing time dependence for annealing A, as shown in Figure 4.12(b). Taa Of
400 °C and taa of 30 min are thus optimum conditions for annealing A needed to activate P
in P Cat-doped layer without H and P desorption, and the lowest SRVnmax Obtained for
SiN,/P Cat-doped layer/c-Si structures under the conditions.

Another point which I should discuss is the effect of annealing at high Taa for low
taa ON the passivation quality of the films. Annealing at high Taa such as 800 °C may be
able to activate P atoms as donors more effectively. If annealing time is short enough, the
field effect passivation created by high donor concentration might be clarified. In order to
investigate this idea, c-Si wafers were doped at 80 °C for 60 s with different conditions
from those shown in Table 4.1. c-Si samples with and without a P Cat-doped layer were
then annealed at 800 °C for 30 min, 5 min, 1 min. After that, SiNx were deposited and
annealing B was conducted for all the samples. SRVnax Obtained for these samples is
described in Figure 4.13. One can see that even at short time annealing, SRVpax IS very
high not only for samples with P Cat-doping but also for the sample without P Cat-doping.
Therefore, the high SRVnax is mainly due to the deterioration of a c-Si wafer and high

donor concentration of the structure has not been realized yet.
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Figure 4.12 SRVnax Of SiN,/P Cat-doped layer/c-Si structures after annealing A at various
Taa for 30 min and taa at a Taa of 350 °C. Annealing B was conducted at 350 °C for 30 min.
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Figure 4.13 SRVpax Of SiN,/P Cat-doped layer/c-Si structures after annealing A at a Taa of
800 °C for various annealing time. Annealing B was conducted at 350 °C for 30 min.
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Figure 4.14 SRVpax Of SiN,/P Cat-doped layer/c-Si structures with and without annealing

A as a functions of t,g at a Tag of 350 °C. Annealing A was conducted at 400 °C for 30 min.

Figure 4.14 shows SRVnax as a function of the duration of annealing B (tas). One
can see that SRVpax is still low for long t,s. The tendencies of the variation of SRVpax for
both samples are the same. Annealing for 30 min is enough to obtain high passivation

quality for the samples. Further increase in t,g does not enhance more the activation of P
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atoms as well as defect termination. The instability of SRVyax due to increase in Tag and tag
may raise a doubt of increase in SRVpnax after long time exposure to air even at room
temperature. | have confirmed that SRVnax 0f both SiN,/c-Si and SiN,/P Cat-doped layer/c-

Si structures remain original values even after putting in air at room temperature for about

10 months.
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Figure 4.15 . mapping data of SiN,/P Cat-doped layer/c-Si structure (above) and a
SiN,/c-Si structure (bottom) measured by u-PCD in an area of 7x7 mm.

In summary, a remarkably high ze of ~7 ms, which corresponds to an SRVyax 0f ~2

cm/s, can be achieved for SiN,/P Cat-doped layer/c-Si samples after annealing B.

Compared with a SiN,/c-Si structure, the insertion of a P Cat-doped layer can reduce an

SRVnax from 5 cm/s to 2 cm/s. The mapping data of z. for SiN,/P Cat-doped layer/c-Si
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sample and SiN,/ c-Si sample are shown in Figure 4.15. Higher 7. at the center of the map
may be due to ununiform thickness of films and/or the recombination of laterally diffused
carriers on the sample edges and/or in an unpassivated region. A SRVpnax 0f 4 cm/s have
also been achieved when nearly stoichiometric SiNy films were deposited by PECVD on
150-pum-thick 3-5 Qcm n-type CZ Si wafers after annealed in an industrial firing process
[30]. An SRVnax Of lower than 10 cm/s has been reported for 1.5 Qcm p-type Si wafers
passivated with stoichiometric SiNx films [31]. In these reports, they calculated SRVpax
through z obtained by a contactless photoconductance tester allowing both transient
photoconductance decay (PCD) and QSSPC measurements at an 4n of 1x10* cm™. Figure
4.16 shows zerand corresponding SRVnax 0f a SiN,/P Cat-doped layer/c-Si structure and a
SiN,/c-Si structure measured by QSSPC in a transient mode. | observed z. of ~7 ms for
SiN,/P Cat-doped layer/c-Si structure and ~3 ms for SiN,/c-Si structure at a An of 2.4x10"
cm™. At a An of 1x10" cm™, 7 is ~4 and 1.8 ms for SiN,/P Cat-doped layer/c-Si and
SiN,/c-Si structures, corresponding to SRVmax 0f 3.6 and 8 cm/s, respectively. Our SRVpax
obtained in this study is the lowest level for n-type c-Si passivated with SiN films without
firing process or with only low temperature process, which is acceptable for a-Si/c-Si
heterojunction solar cells. The remarkable value of the SRVnax Obtained for SiN./P Cat-
doped layer/c-Si structure highlights the promising application of Cat-CVD technique in
high-efficiency n-type c-Si based solar cell fabrication.
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Figure 4.16 SRVnmax and corresponding e as a functions of excess carrier density in a
SiN,/P Cat-doped layer/c-Si structure and a SiN,/c-Si structure measured by QSSPC.
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4.3.2 Effect of Tsqope ON the passivation characteristic of a SiN,/P Cat-doped

layer/c-Si structure

High Ts.qope Can activate P atoms as donors in a P Cat-doped layer [2,3]. This can
contribute to improvement in field-effect passivation. In this investigation, | prepared P

Cat-doped samples at various Ts.gope fOr 1 min.

Figure 4.17 shows SRVnax 0f SiN,/P Cat-doped layer/c-Si samples as a function of
Ts-dope With and without annealing A. Np as a function of Ts.gope before annealing is also
shown. Np increases with increase in Ts.qope. This may suggest that H atoms desorb from a
c-Si surface during P Cat-doping at high Ts.qope due to the extraction of adsorbed H atoms
on a c-Si surface by atomic H and/or PH3[2,32,33]. As | mentioned above, Umemoto et al.
have reported that major products in the catalytic decomposition of PH; molecules on a
heated tungsten catalyzer are P and H atoms [22]. Here, | suppose that the reaction of
atomic H with adsorbed H and/or PHx on a c-Si surface and/or PHx bond breaking are
possible mechanisms for H release at high Ts.gope. This process might assist P activation. |
can see lower H concentration in a sample doped at a Ts.qope Of 300 °C in a SIMS profile, as
shown in Figure 4.18 later. The increase in Np makes small decrease in SRVnax before
annealing. It contributes significantly to improvement in passivation quality for the sample
doped at high Ts.gope When the samples were annealed with annealing B. The samples
doped at a Ts.qope OF 300 °C, which shows Np of ~ 2x10% cm™, can reach the highest 7 of
~6 ms, corresponding to SRVpax 0f 2.4 cm/s. Figure 4.17 also shows SRVpax 0f SiNy/P Cat-
doped layer/c-Si samples with annealing A and B as a function of Ts.gope. One can see that
Tert dOes not depend on Ts.gope, and all the samples have constant and high ze of ~7 ms
corresponding to SRVmax of 2 cm/s. This result suggests that P donor concentration is
constant in all the samples with annealing before and after SiNy deposition. Figure 4.18
shows the SIMS profiles of samples with P Cat-doping at Ts-gepe Of 80 and 300 °C before
annealing. | can see no significant difference in the two profiles, suggesting that the

activation ratio of P atoms in the two samples is similar.
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Figure 4.18 SIMS profiles of P and H atoms in the samples doped at 80 °C and 300 °C

without annealing.
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4.3.3 Effect of Ts.gope and doping duration on the passivation characteristic of

SiNy/P Cat-doped layer/c-Si structure

Np of a P Cat-doped layer also increases with tqope [3]. | therefore concern the effect
Of tgope ON SRVmax Of SiN,/P Cat-doped layer/c-Si samples. The samples were doped at 80
°C for 30, 60, 90 and 120 s. The effect of annealing before depositing SiNy films was also
investigated for these samples. Figure 4.19 shows the SRVnax 0f SiN,/P Cat-doped layer/c-
Si samples as a function of tyope With and without annealing A. Np without annealing is also
shown. Although Np increases with increase in tgope, SRVmax increases when tgope > 60 s.
For the sample doped for 30 s, SRVmax is high due to low Np. A possible reason for the
high SRViax Observed in the samples with tgope > 60 s is the effect of surface etching by

radical species during Cat-doping process.
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Figure 4.19 SRVnax Of SiN,/P Cat-doped layer/c-Si samples as a function of tgope With and

without annealing A. Np before annealing is also shown. Annealing A was conducted at
400 °C for 30 min and Annealing B was conducted at 400 °C for 30 min.
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Figure 4.20 shows the surface AFM images of bare c-Si and c-Si doped for 60 and
90 s. The surface of bare c-Si has a root-mean-square roughness (Rrms) of ~0.09 nm with
an average height of 0.3 nm. As shown in Figure 4.20 (b) and (c), the two P Cat-doped
samples have more roughened surfaces, and the surface receiving longer Cat-doping is
more seriously etched. The sample with a tgope 0f 90 s has a Ryms 0f 0.24 nm and an average
height is 0.9 nm, while they are 0.21 nm and 0.7 nm, respectively, for the sample doped at
60 s. Excess tyope thus rather deteriorates the interface quality, and an optimum tgope €Xists
to obtain low SRV for SiN,/P Cat-doped layer/c-Si structure.

Figure 4.19 Surface AFM images of (a) bare c-Si, and c-Si Cat-doped for (b) 60 s and (c)
90s.
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4.3.4 The effect of light soaking on z.s of SiN,/P Cat-doped layer/c-Si structure.

The effect of light soaking on the passivation quality of passivation layers is very
important for actual solar cell operation. It has been reported that defects on a SiN,/c-Si
interface are strongly accumulated by light soaking [34-37]. In this study, I also found that
the passivation quality of SiN,/c-Si and SiN,/P Cat-doped layer/c-Si structures was

deteriorated after long-time light exposure.
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Figure 4.21 SRVnax Of SiN,/c-Si structure and ze; of SiN,/P Cat-doped layer/c-Si
structure (after anneal A and B) as a function of exposure time.

Figure 4.21 shows the SRVnax 0f SiN,/c-Si structure and the SRVpax OF SiN,/P Cat-
doped layer/c-Si structure as a function of exposing time. One can see a increase in SRVmax
for both structures after long time light soaking, which might be related to light-induced
defects in SiNy films. The evidence of photo-induced defects in amorphous SiNy films
observed by ESR was firstly reported by Krick [34-37]. These defect centers are defects in
SiNy films, which consist of a Si atom back-bonded to three N atoms whose configurations

are shown in Figure 4.22. They were then named K centers, after Krick’s name [35].
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Figure 4.22 Configurations of K centers and its states.

By applying alternatively ultraviolet (UV) illumination and positive or negative
bias, he found that UV illumination annihilates space charge and creates stable
paramagnetic centers (K° centers) in SiNy. This important result is shown in Figure 4.23.
The paramagnetic defect is amphoteric, in other words, it can trap both holes and electrons.
One can see in Figure 4.23 that defect density decreases after positive charging. It is
explained that under positive bias, electrons tunnel from c-Si substrate to SiNy films, and
they are trapped by these paramagnetic defects. These defects become negatively trapped
centers (K" centers) and diamagnetic. After UV illumination, negative centers loss
electrons and return to neutral in paramagnetic state as original. The behavior of C-V and
ESR signal for the sample after negative bias and third illumination is explained by the
same mechanism. After negative charging, positively trapped centers (K* centers) are

formed.
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Figure 4.23 CV curve and ESR signal with corresponding defect density (unit of

cm®) of SiN,/c-Si sample (in cycle): (a) after UV illumination, (b) after positive corona
biasing, (c) second UV illumination, (d) after negative corona biasing, (e) after third UV
illumination [35].
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Warren et.al have reported that there are nitrogen (N) dangling bond defects
existing in amorphous SiNy films [37]. They are two-coordinated N atoms with
configuration shown in Figure 4.24. These defect centers are found in both as-deposited
stoichiometric and N-rich SiNy films and after UV illumination. However, in my study, no

el | Si
N
NS Si

Figure 4.24 Configuration of a N center.

signal of N dangling bond is observed, see Figures 4.25 and 4.26.
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Figure 4.26. A ESR signal obtained for SiN,/glass in my study.

Defect density related to Si dangling bonds in SiNy films increases with increase in
light exposure time, as shown in Figure 4.27. Increase in defect density in SiNy films is
probably accompanied with increase in defect density at SiN,/c-Si, where photo-generated
carriers in c-Si are easily trapped, and resulting increase in SRVmax. This fact is in
agreement with previous reports [38-39].
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Figure 4.27 Defect density of SiNy films as a function of exposure time.
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The recovery of the passivation quality of SiNy films by annealing has been
reported by some lectures [38-40]. In my study, SRVmax Of SiN,/c-Si sample, after light
soaking to a stable value tends to recover to the original value of 5 cm/s when sample was
annealing at 350 °C for 30 min. I also confirmed that the defect densities of the sample
receiving light-soaking and annealing are nearly the same to that of the original sample
before light soaking. This fact means that the properties of SiNy films are fully recovered
after annealing. The effect of annealing process on SRVmax Of SiN,/P Cat-doped layer/c-Si
sample has not investigated yet because after light exposure for 5 months, SRVnax of the
sample is still increasing at present. The effect of annealing on SRVnax 0f SiN,/P Cat-

doped layer/c-Si sample will be reported when SRVax reaches a stable value.

4.4 Conclusion

In conclusion, an extremely low SRVnax 0f 2 cm/s can be obtained for the SiN./P
Cat-doped layer/n-c-Si structure. Annealing plays important roles for improving the
passivation quality of SiNyx films and enhancing field-effect passivation. Additional
annealing, before depositing SiNx films (annealing A) enhances the activation of P dopants
in a P Cat-doped layer and improves passivation quality. Increase in Ts.gope iNCreases Np,
resulting in reduction in SRVmax. SRVmax Of the SiN,/P Cat-doped/c-Si sample decreases
with excessive tgope due to etching effect by radical species during P Cat-doping. An
SRVnax 0f 2 cm/s is obtained under optimum Cat-doping and annealing conditions for SiNy
films on n-type c-Si wafers, indicating the potential application of Cat-CVD in producing
high-efficiency c-Si solar cells. I emphasize that the use of a highly transparent SiNy
passivation layer with a P Cat-doped layer can enhance the performance of n-type c-Si

solar cells, particularly of back-contact solar cells.
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Chapter 5 Passivation quality of a Cat-CVD SiN, single
layer and Cat-CVD SiN,/ P Cat-doped layers on textured c-Si

51 Introduction

In the previous chapters, | have succeeded to obtain extremely low SRVpax for c-Si
passivated with a SiNy layer and SiN./P Cat-doped layers. The important fact is the
realization of a sufficiently low SRVnax With high-transparency SiNy films, which are very
suitable for application in passivation technique for c-Si solar cells. In my study, | aim to
apply these passivation layers for back-contact solar cells. The simple schematic structure
of a back contact solar cell which 1 try to fabricate in my study is shown in Figure 5.1.

In order to achieve high solar cell efficiency, the utilization of textured c-Si wafers
is essential because it can enhance light trapping and reduce reflectance [1, 2, 3]. A
significant improvement in optical loss by light trapping and reflectance reduction is
schematically described in Figure 5.2. Therefore, in this chapter, I will examine the
passivation quality of SiNx and SiN./P Cat-doped layer structures on textured c-Si wafers.

ANANANANAANNANN

SiN, or, SiN, /P Cat:doped Jayer

290 pm-thick-(100)
n-type FZ-c-Si

= ¥
1-a-ol

p-a-Si n-a-Si
Electrode Electrode

Figure 5.1. Cross-sectional schematic of a back contact solar cell in my study.
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Figure 5.2. light trapping inside a c-Si substrate and reflection on the Si surface

5.2  c¢-Sitexturing and cleaning processes

Table 5.1. Etching rate of c-Si (um/min) in KOH solution for different c-Si surface

orientations at various KOH concentration at a temperature of 70 °C. The values in

bracket are relative values to (110) surface [5].

Crystallographic Rates at different KOH Concentration
Orientation 30% 40% 50%
(100) 0.797 (0.548) 0.599 (0.463) 0.539 (0.619)
(110) 1.455 (1.000) 1.294 (1.000) 0.870 (1. (}00)
(210) 1.561 (1.072) 1.233 (0.953) 0.959 (1.103)
(211) 1.319 (0.906) 0.950 (0.734) 0.621(0.714)
(221) 0.714 (0.491) 0.544 (0.420) 0.322(0.371)
(310) 1.456 (1.000) 1.088 (0.841) 0.757 (0.871)
(311) 1.436 (0.987) 1.067 (0.824) 0 746 (0 838)
(320) 1.543 (1.060) 1.287 (0. 993] 65)
(331) 1.160 (0.797) 0.800 (0.619) 0 489 (0 363]
(530) 1.556 (1.069) 1.280 (0.989) 1.033 (1.188)
(540) 1.512 (1.039) 1.287 (0.994) 0914 (1.051)
(111) 0.005 (0.004) 0.009 (0.007) 0.009 (0.010)

Textured c-Si wafers were prepared by dipping 290-pum-thick (100) n-type flat c-Si
wafers (the same wafers for lifetime measurement in the previous chapters) into SUN-X
600 solution diluted with H,O with a ratio of 1:3. The etching process for some samples
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was conducted in a stirring hot plate to make uniform surface morphology. SUN-X 600 is a
product of Wako pure Chemical Co., Ltd., which contains alkali solution (ex. potassium
hydroxide (KOH)) and other components [4]. Textured structure on c-Si was formed by
orientation-dependent wet etching, as shown in Table 5.1 [5]. Alkali solution has high
etching rate for Si (100) and (110) surfaces, while its etching rate for (111) surface is
significantly low. This is the reason why pyramid structure is formed on alkali-etched c-Si

(see Figure 5.3)

SUN-X600:H,0

>

Figure 5.3. Change of c-Si surface morphology after etching

The detailed mechanism of c-Si etching by alkali solution is illustrated as below
[6]:

4H,0 - 40H + 4h" + 2H,

Si + 20H + 4h" > Si(OH),™"

Silicate reacts with hydroxyls to from a water soluble complex:

Si(OH),™ + 2H,0 > Si02(OH),* + 2H,

c-Si wafers after the alkali etching need careful cleaning process to remove all
contaminations remaining on their surfaces. In this study, standard cleaning were
employed to clean textured c-Si samples following the chart below:
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The first standard cleaning (SC-1) is for the removal of organic and particles.
Boiling SC1 solution chemically attacks organic impurities, resulting in the removal of
these impurities out of a c-Si surface. The mechanism of removing particles by SC-1 is
clarified by Itano et al., shown in Figure 5.5 [7]. Particles are lifted off by etching solution,
and then electrically repelled from a c-Si surface. Samples were then put in water in
ultrasonic cleaner for 5 min, which was repeated 3 times. Hydrofluoric acid in water (5%)
is needed to trip oxide formed on a c-Si surface. The second standard cleaning (SC-2) is to

HF (5%) for 10s |
k2
] Water & min < 3 times ]

g

| KOH :H20=1:3 for 50 min |

«

| Water 5 min x3 times

.

HF (6%) for 10s |
-
| SC1: NH4(OH) :H202:H20=1:1:5 for 15 min
»

] Water 5 min x 3 times [
g -
HF (5%) for 10s |
2
| SC2: HCLH202:H20=1:1:5 for 15 min
=
HF (5%) for 10s |

=
| Water5minx3times |

Figure 5.4: c-Si etching and cleaning steps

dissolve ionic contaminations.

; =

Surface Electrical” i+

Etching Repuition./ |~ +

—> .
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|
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on Wafer

Figure 5.5. Mechanism of removing particles on a c-Si surface by NH4(OH):H,0,:H,0
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Table 5.2. Conditions of SiN deposition and P Cat-doping.

Doping SiN

Gas sources PH3 20 sccm SiH4: 8 sccm
NHs: 150 sccm

Substrate temperature (Ts.gope) ~ 80-300 °C 100 °C
Pressure (P) 1.0 Pa 10 Pa
Catalyzer temperature (Tcar) 1300 °C 1800 °C
Catalyzer —substrate distance 12 cm 8cm
Time (t) 30-120 184 s

Textured c-Si samples were then passivated with SiNy films or SiN,/P Cat-doped
layers to investigate the passivation quality and reflectance of the samples. The conditions
of SiNy deposition and P Cat-doping are the same with those at which the highest 7. is
achieved on flat c-Si samples, as summarized in Table 5.2. The surface morphology of the
samples was observed by scanning electron microscopy (SEM). The optical reflectance of

the samples was measured by using UV-Vis spectroscopy.

97



5.3  Morphology of textured c-Si surfaces and their optical reflectance

Flat c-Si samples were etched for different duration in SUN-X/H,O solution (1:3)
at various etching temperature. Figure 5.6 shows the SEM images of the samples etched at
65, 70 and 80 °C for 50 min.

-

4

P.BkV x1..80K 30. i’“n&.
== s -

Figure 5.6. SEM images of textured c-Si samples at (a) 65 °C, (b) 70 °C, (c) 80 °C

One can see that pyramid size depends strongly on etching temperature. The
etching rate of c-Si by alkali solution usually increases with increase in etching
temperature [10]. The sample etched at 70 °C shows more uniform morphology than others.
Figure 5.7 describes an increase in the SRVnax Of the textured c-Si wafers passivated with
SiNy films with increase in etching temperature. The increase in SRVpax may be due to
increase in surface area, un-coverage surface, and/or the emergence of (111) surface.
Increase in surface area leads to increase in the probability of carrier trapping. A textured
c-Si surface might also prevent the uniform deposition of SiNy films, resulting in the

presence of unpassivated region. Difference in surface orientation may cause different
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passivation property of SiNy films, resulting in high SRVnax. | have also confirmed that the
passivation property of SiNx films and SiN,/P Cat-doped layers on (111) surface is less
significant than that on (100) surface. Figure 5.8 demonstrates that SRVmax of (111)-
oriented mirror-polished wafers passivated with SiNy films and SiN,/P Cat-doped layers
are 6.6 cm/s and 3.2 cm/s, respectively. These values are smaller than those in the case of

the (100)-oriented c-Si samples.

T T T T T T T T T T T T T

SiNxItextured c-Si/anneal B

-

(=]
ma
1

SRVmax (cm/s)

1 1 L 1 ' 1 L Il L 1 s | L |
60 65 70 75 80 85 90

Etching Temperature (°C)

Figure 5.7. SRVnax Of textured c-Si wafers passivated with SiNy films as a function

of etching temperature.

Figure 5.9 shows the optical reflectance spectra of textured c-Si and SiN,/textured
c-Si samples after etching for 25 and 50 min at 70 °C. A significant reduction in optical
reflectance can be obtained after long time etching. When textured c-Si wafers were
covered with SiNx films, a drastic reduction in optical reflectance is observed. In a visible
region, reflectance is suppressed to be less than 10%. The reduction is attributed by the

anti-reflective SiNy coating layer and texturing structure.
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Figure 5.8. SRVnax Of ¢-Si wafers passivated with SiN, and SiN,/P Cat-doped layers

with different surface orientation.
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Figure 5.10. Optical reflectance spectra of bare c-Si and SiN,/c-Si surfaces before
and after texturing at 70 °C for 25 and 50 min.

However, SRVnax INcreases with increase in etching time, as shown in Figure 5.11.
The reason of SRVmax increase is probably the same as the case of SRVnax increase with
increase in etching temperature discussed above. 7. obtained for the sample etched for 50
min is 1.8 ms, corresponding to a SRVnax 0f 8.2 cm/s. It is low enough to apply to surface
passivation for high-efficiency back-contact c-Si solar cell fabrication, as discussion in
Chapter 1.
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Figure 5.11. SRVnmax Of c-Si wafers passivated with SiNy as a function of etching

time.

The use of a stirring water bath during the etching of c-Si wafers can improve the
uniformity of the surface morphology of textured c-Si wafers because of more uniform
heat distribution. Some samples were etched at 70 °C for 50 min at various stirring speeds.
The rotation speed was set to be 100 rpm or less because samples move more quickly at
higher stirring speed during etching and the uniformity of the c-Si samples rather becomes
worse. The result obtained shows that SRVmax and reflectance are improved when the
samples are etched at a stirring speed of 100 rpm, as shown in Figure 5.12. 7 obtained for
the sample etched at a stirring speed of 100 rpm is 2.0 ms, corresponding to a SRVpax Of
8.0 cm/s. The surface SEM images of the samples etched with and without stirring are

shown in Figure 5.13.
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Figure 5.12. Optical reflectance spectra of the samples etched with and without

stirring. zef of the samples are also shown.
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Figure 5.13. Surface SEM images of the samples etched (a) without and (b) with stirring.

For the sample etched at a stirring speed of 30 rpm, alike the sample without
stirring, non-uniform surface morphology can be seen. Furthermore, the two surfaces on
the sample show different optical reflectance, as shown in Figure 5.14, which is another
indication of insufficient uniformity.
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Figure 5.14. Optical reflectance spectra of the samples etched with stirring at a
speed of 100 and 30 rpm.

| performed P Cat-doping on textured c-Si surfaces formed under the conditions by
which ze; reaches the highest value (2 ms) when SiNx films are deposited. ze of 2.5 ms,
corresponding to a SRVyax Of 6.7 cm/s, can be obtained for the SiN,/P Cat-doped layer/c-Si
structure. P doping can considerably suppress the surface recombination of minority
carriers on a textured c-Si surface but not as significantly as in the case on a flat surface.
This fact implies that a textured surface might be more difficult to uniformly form a P Cat-
doped layer, that is, some area cannot be covered with a P Cat-doped layer. A comparison
between SRVmax Of samples passivated with SiNk and SiN./P Cat-doped layers on flat and
textured c-Si is illustrated in Figure 5.15.
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Figure 5.15. SRVnax Of flat and textured c-Si samples passivated with SiN, and
SiN,/P Cat-doped layers.

5.4 Conclusion

SiNy films and SiN,/P Cat-doped layers demonstrate high passivation ability on
textured c-Si wafers, which are essential for high-performance solar cells due to its ability
of lowering optical reflectance and enhancing light trapping inside c-Si absorber. P Cat-
doping is not only effective on flat c-Si but also on textured c-Si surface. A SRVpax 0f 8.0
cm/s is obtained for the SiN,/textured c-Si structure. SRVpmax decreases to 6.7 cm/s when P
Cat-doping is applied. Low optical reflectance less than 10% in visible range can be
achieved for these structures. This demonstrates that SiN,/P Cat-doped layers can be used
as a favorable passivation layer in producing high-efficiency n-type back-junction solar
cells.
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Chapter 6  Application of Cat-CVD SiN, and SiN,/ P Cat-

doped layers on back contact back junction solar cells

6.1. Introduction

In the previous chapters, | have succeeded to obtain low SRVs for both flat and
textured c-Si by passivating Cat-CVD SiNyand SiN,/P Cat-doped layers. A low SRVpax Of
2 and 6.7 cm/s can be obtained for flat and textured c-Si surface passivated by SiN,/P Cat-
doped layer, respectively. By using high transparency Cat-CVD SiNx and textured surface,
a low optical reflection of less than 10% for visible region can be realized. These
important results indicate potential application of these passivation layers to actual solar
cells. In order to elucidate the promising features, in this chapter, I would like to apply
these passivation layers to back-contact solar cells. Back contact solar cells have many
advantages, due to their structure with no contact on the front side, such as no shading loss,
no trade-off between series resistance and reflection, easier and simpler module process
than conventional cells. By applying high transparency and passivation quality Cat-CVD
SiN,/ P Cat-doped layers, high solar cell efficiency would be expected.

6.2.  Theory of solar cell and its characteristics

6.2.1. Working principle of solar cell

In the first part of this chapter, I would like to briefly introduce solar cell and its

characteristics.

Solar cell is an electronic device which directly converts sun-light into electricity
based on photovoltaic effect. When light with sufficient energy comes to absorber material,
an electron in material absorbs photon energy is exited to conduction band. A pair of a free
electron and a hole is generated. “Light with sufficient energy” means that photon energy
is equal or higher than material’s band gap so that electron can jump from valence band to
conductance band to become free electron. For p/n junction solar cell, under illumination,

free electrons generated in p-type region flow into n-type region through the p/n junction
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to reach an electrode and are collected there. Free holes generated in n-type region travel in
the opposite direction, flow into p-type region through p/n junction to reach electrode, and
are collected there. If electrodes are connected to a load, electrons flow around electrical
circuit, create an electric current and recombine with hole at the contact. An illustration of
the process is shown in Figure 6.1.

Electron flow |
Metal

A
l ‘D n-type n P
5 ! 0 2@ E
E C
000°
p-type Eomer - _
FC ~ ~
~.. ~. . Eryv
X Metal |} T TT== ——--- E,
5000
0o0o0—
(a) (b)

Figure 6.1. (a) Electron (pink circle) and hole (white circle) flow through p/n junction of
solar cell and (b) energy band under illumination

The collection probability of photo-generated carriers depends on surface
properties and distance that carriers have to travel to reach electrodes. The travelling
distance must be sufficiently smaller than base and emitter diffusion length. For a
conventional solar cell structure as shown in Figure 6.1, base is p-type and emitter is n-
type. Surface of device should be good so that photo-generated carriers are not frequently
trapped on surface states. The parameter to evaluate surface property is surface
recombination velocity (SRV), which indicate how fast or slow carriers will recombine on
the surface. In my study, a low SRVnax 0f 2 cm/s is obtained for n-type c-Si passivated with
SiN,/P Cat-doped layers, as | mentioned in the previous chapters.
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6.2.2. Solar cell parameters

A solar cell can be represented as an equivalent circuit shown in Figure 6.2. lpy is
photo-generated current. Rqis series resistance which originates from the resistance of the
metal contact, contact between electrodes and cell, impurity concentration, and junction
depth [1]. R is shunt resistance, which is caused by a parallel current path along the edge
of the cell and/or crystal defects.

N,
=t

W ) </

ph

-
<

Figure 6.2. Equivalent circuit of a solar cell.

In dark, the solar cell behaves as a diode. When voltage is applied, current flows in
the solar cell. Ideal dark current of the cell is drawn in Figure 6.3 and described as:

-1 fon 1)

where [ is saturation current of diode and V is voltage across the cell.

Under illumination, photo-carriers are generated and current flows out of the cell.
Photo-current of the cell in the ideal case is described as:

v
=1, + Is(exp(:ﬁ)—lj.

In the actual case with Rs and Rgh, photo-current is:

q(V - IRS))+V - IRS

I =—I_ +1_ex
on + 1 €Xp( nkT R

sh

In order to evaluate solar cell efficiency, there are three important parameters: short
circuit current (ls), open circuit voltage (Vo) and fill factor (FF). Solar cell efficiency is
calculated as below:
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where Pmax IS maximum power, that is, the maximum product of photocurrent and voltage,

and Pj, is input power.

Vo is a voltage at which | =0. Therefore, Vo IS

|
V., zﬁln(—p“ﬂ]
q |

S

Because |5 depends on the amount of carrier recombination in the device, Vo also
depends on the recombination. Therefore, V. is affected by some factors such as material
quality, material doping, and surface passivation quality. Vi can also be determined from

carrier concentration as [3]:

n:

N, +An)An

VOC = k_T In(#]
q

Vo calculated from this equation can be called as implied V..

The equation shows relationship between V.. and recombination as below:

V :k—Tln ‘]scNDTeﬁ
*q an;

Where,i: 1 +—ZSRV
Tett Thulk W

Where, W is thickness of cell, SRV is surface recombination velocity and zyy is
bulk lifetime.

Isc IS photo-current when voltage is equal to 0. Is; depends on the factors such as the
area of a solar cell, number of photons, the spectrum of the incident light, the optical
properties and the collection probability. To remove the effect of area, current density is
usually used instead of current. The maximum short circuit current produced by the
absorbed photo-current and is calculated by [4]:

I =—efa(ho)dd, ,, (ho)=—-e[ d
0
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where Eq is band energy gap and a(%iw) is absorptivity. For a cell with large thickness and
large diffusion length, if 7w> Eg, a(fiw) equal to 1; J, «n IS photo-current density.

Jsc 1S also calculated as sum of current from depletion region Jq, hole current from

n-type region J, and electron current from p-type region J, as below:

(s,L S,L X; X )]
Ll I —exp(-ax; | “2=P cosh 1 +sinh -1
D "' D L L

L
- _R)_ % P P p p
Jp{qqs(l R }x 5.0

)2y 2 _ ; ; _aLp exp(—axj)
e’k -1 o ? sinh X+ cos -

n p p

a’l’ -1

3 ={q¢(1— R)L}x
L

[Sl”) n (cosh[r—exp(— oH ')}rsinh tll-l-OCLn exp(— aH )J
; . | n_ xal, exp(—a(x j tWo ))
S,L, . H H
—t—"sinh — +cosh —
D L L

n n n

Jyr = qg(L—R)exp(-ax; )[L—exp(aW,)]

Where, ¢ is incident photo flux density.

R is surface reflectance

« is absorption coefficient.

Sp, Sn: surface recombination velocity for hole and electron

Ly, Ln, Dp, Dy is bulk diffusion length and diffusion coefficient for hole and electron,
respectively.

Xj IS p/n junction position from surface
Wp is depletion width.

H' is distance from edge of depletion region to back side of cell.
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Figure 6.3. Current-Voltage characteristic of a solar cell in dark and under

illumination [2].
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6.3.  Application of SiNy and SiN,/P Cat-doped layers on back contact solar cells

6.3.1. Simulation data

In this study, | firstly used simulation method to characterize the properties of

back- contact solar cell using two well-know software solar cell simulation: PC1D and
PC2D [5-7].

a. Cell structure and electrical properties

The cross-sectional schematic of a simulation cell structure is shown in Figure 6.4.
A 150-pum-thick Si wafer with a bulk lifetime of 10 ms and a resistivity of 1 Qcm,
corresponding to a donor carrier concentration (Np) of 5x10™ cm?, was used for the
calculation. Cell area was set to be 1 cm® Basic structure and electrical parameters are
shown in Figure 6.5.

Passivation layer

. 150 um
n-type c-Si H
90 pm

420pm 90 pm

o e — T e
“Sa Electrode «—
h 600 um "

Figure 6.4. The cross-sectional schematic of a simulation cell structure.
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IEEISEIET recalculate Photogeneration after any change to the Structural parameters

delta X:| S100E-08/cm delta V:| 7.506-04 cm delta ;| 167€+D1 cm ¥/ 02500 aspect ratio size:| 20 Rows&Columns

Width: 6.00E-02 cm Height 150E-02 cm Depth? 167E+01 cm Area: 100E+00 (Width*Depth) cm*2 Sides -1 -l-reflecting, +1=repeating

ELECTRICAL
N -5.00E+15 cm-3 Rho™ 111 ohm-cm Dp 110 cm/s vt 0.02569 v Auger coel fricient’| B.30E-31 cmb/s
pnY 290 cm/s o 1B0E-19 coulombs
tau’ LODE-02 seconds VLR 5 ni B.56E+09 cm-3 2.93E-12 ni*2/N"2
Sheet Rho [ohms/sq) 0=undoped negative=rn-type  positive = p-ype
Top -200 00 -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -200
8ottom 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 o [ 0 50
Additional RsY 0.00E#00 ohms Additional Gsh? 0.00E+00 siemens
Contacts: 0= no contact 1=contact
Top 0 0 0 [ 0 0 o o 0 0 0 0 0 0 o 0 0 0 0 [ 0 0
8ottom 1 1 0 [ 0 o 0 o 0 0 0 o 0 0 o 0 0 0 0 [ 1 1
Shunt conductance [siemens) 0.00E+00 Shunt node branches 0 Shunt conductance per branch: | 0.00E=00 sismens Central node potential:| 0.000 *vt = 0,000 v
Top: 0 0 0 0 0 0 ] 0 0 0 0 0 0 0 [ 0 0 [ 0 [ 0 ]
Bottom 0 0 0 [ 0 0 o 0 0 0 o 0 0 0 o 0 0 ] 0 [ 0 0

Figure 6.5. Basic parameters used for solar cell simulation.
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b. Recombination

A two diode model are used for the solar cell simulation. The first diode represents
p-n junction with recombination outside a depletion region [8]. The second diode describes
the p-n junction governed by recombination in a depletion region. Figure 6.6 describes
two diode model of a solar cell.

n=1 n=2 Rqh

A Y ¥

Jo1 Jo2

Figure 6.6 : Two diodes model of a solar cell

Dark current equation:

_ R
J ::JOlexp(5531E$__zl

V - JR,
R

q(V B ‘]Rs)
)+ Jo2 €XP( KT )+

sh

Under illumination:

+JR, +JR,), V +JR,
J= ‘]L _J01 eXp(%)_Jm eXp(q(VZkT ))_ R

sh
Where, Jo; is the saturation current due to recombination in the quasi-neutral

regions, Joz is the saturation current due to recombination in the depletion region.

In order to calculate surface saturation current Joi fron, | used a formula to

determine surface saturation current under low injection (excess carrier density (An) <Np)

[9]:

Seﬁ qni2
(Ny +An)

01_ front —

where S is SRV at An. In my study, the value An is 1.7x10™cm™ corresponding to
injection carrier concentration for u-PCD measurement. Therefore, Jo1_font IS calculated by
using this value of An. The value of SRV taken for calculation is SRVnax in this study. The

values of calculated Jo1_front fOr the passivation layers are summarized in Table 6.3 later.
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c. Optical properties

The effects of texturing and the transmission of passivation layers should be taken
into account for the cell simulation.

In order to calculate external quantum efficiency, reflectance data of SiN,/c-Si and
SiN,/textured c-Si should be used. Instead of using texture function available in PC1D
software, in this calculation, I used the experimental reflectance data measured by using an
UV-Vis spectrometer, and is plotted in Figure 6.7. Thickness of SiNy films used is 80 nm.
The raw data is converted to a text file and input into calculation as front external
reflectance as shown in Figure 6.8.

100 T T T T T
80 s
——SiN /c-Si
9 ——SiN /Textured c-Si
S 60|
o
=
L]
3 40f
[rey
Q
2 i
0 L

400 600 800 1000 1200
Wavelength (nm)

Figure 6.7. Reflectance spectra of SiNy film on flat and textured c-Si

Parameters used for the calculation is described in Figure 6.8. Obtained quantum
efficiency is plotted in Figure 6.9. “Wavelength multiplier” in PC2D is external quantum
efficiency in PC1D for wavelength less than 600 nm. It is 100% minus the reflectance for
wavelength larger than 600 nm. The obtained value is assigned for front surface

transmission (Trans, top) in PC2D. Other optical parameters are summarized in Table 6.1.

114



DEVICE Device Schematic
Device area: 1 cm?

No surface texturing B
No surface charge
Front reflectance from d:\set up'pecld5irefsinx.ref
No Exterior Rear Reflectance
No internal optical reflectance
Emitter contact enabled
Base contact enabled
No internal shunt elements
REGION 1
Thickness: 150 um
Material from si.mat
Carrier mobilities from internal model
Dielectric constant: 11.9
Band gap: 1.124 eV
Intrinsic cone. at 300 K: 1«10 cm3
Refractive index from si.inr
Absorption coeff. from si300.abs
Free carrier absorption enabled
N-type background doping: 5x10%° em?
No front diffusion
1strear diff.: P-type, 110! cm~ peak
No 2nd rear diffusion
Bulk recombination: t, = 1, = 10000 us
Front-surface recom.: S model. S, =S, =5 cm/s
No Rear-surface recombination

Figure 6.8. Device structure and input parameters for PC1D simulation to obtain

quantum efficiency.
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Figure 6.9. Quantum efficiency obtained by PC1D for flat (top) and textured
(bottom) c-Si covered with a SiNy film: Red: internal quantum efficiency; Blue: External

quantum efficiency; Yellow: total reflectance.

For the SiN,/a-Si passivation layer, optical absorption in a-Si is should be taken
into account. For PC2D calculation, 10 monochromatic lights with wavelength in range of
300 nm to 1200 nm are used. Transmission in a-Si at each wavelength is multiplied with
power density to obtain light power density in case of SiN,/a-Si passivation. Figure 6.10
shows incident peak flux density as a function of calculating wavelength. The values used

in case of SiN,/a-Si passivation are also shown.
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Figure 6.10. Incident peak flux density as a function wavelength used for cell

simulation in case of with and without a-Si used as passivation layers.

d. Results and discussion

In order to quantitatively clarify the degree of improvement in cell efficiency
achieved by reduction in SRV and optical properties by using the passivation layers in my
study, | firstly simulated the performance of an ideal cell. For this cell, the effect of
reflectance, SRV on front and back surfaces were set to be negligible. The parameters
using for this simulation is listed in Table 6.1. The 1-V curve obtained for the ideal cell in
shown in Figure 6.11. Simulated characteristics are given in Table 6.2. The efficiency of
the cell is 29.17%, which is in good agreement with the reported value as the maximum c-
Si cell performance [10]. This result clearly indicates the reliability of the software used
here.
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Parameter Value
Electrical properties Base concentration 5x10™ cm™
Emitter doping 50 Q/sq
Bulk lifetime 10 ms
Diffusivity constant for holes 11 cm?/s
Diffusivity constant for electrons 29 cm/s
Area 1 cm?
Thickness 150 pm
External series resistance 0
External shunt conductance 0
Optical properties Spatial multiplier Trans(top) 100%
Haze(top) 100%
Rspec(top) 100%
Rdiffitop) 100%
At n*, p*and gap region 50%
Haze(bot) At metal contact region 100%
At n*, p*and gap region 100%
Rspec(bot) At metal contact region 80%
At n*, p*and gap region 100%
Rdiff(bot) At metal contact region 0%
Top surface transmission 100%
Top-surface haze 100%
Top internal specular reflectance 5%
Top internal diffuse reflectance 100%
Bottom specular reflectance 100%
Bottom specular reflectance 100%
Bottom -surface haze 100%
Wavelength Trans(top) 100%
multiplier Haze(top) 100%
Rspec(top) 100%
Rdiffitop) 100%
Haze(bot) 100%
Rspec(bot) 100%
Rdiff(bot) 100%
Recombination Jo1 Top 0
Bottom 0
Jo2 Top 0
Bottom 0

Table 6.1. Optical parameters used for PC2D simulation
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Parameters Value

Voe (V) 0.757

I« (MA) 44.10
Efficiency (%) 29.17
Fill factor 0.874

Table 6.2. Simulated characteristics of an ideal solar cell.

IV Curve
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-0.100 0.100 0.300 0.500 0.700
-1.00E-02
Voltage (V)

Terminal Current (A) Terminal Power (W)

Figure 6.11. I-V curve of a simulated ideal solar cell obtained by PC2D.

In the next step, | simulated the performances of solar cells which have front
surfaces passivated with the passivation layers in my study. Front SRV and Jy;_front are
summarized in Table 6.3. In order to consider the ideal case except for the front-surface
SRV and optical reflection, Jo, was set to be zero. For optical properties, front surface
transmission (Trans, top) at each wavelength (exported from Figure 6.10) for each surface
passivation is also taken into account.
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Simulated V., I and efficiency of the cells are summarized in Table 6.3. SiNx
films and SiN,/P Cat-doped layers show significant improvement in solar cell efficiency.
Although SiN,/a-Si stacked layers show extremely low SRV, parasitic absorption in a-Si
films strongly reduces Is. and efficiency. The efficiency of the cell passivated with this
staked layer is lower than that of a cell passivated with only a SiNy film. The efficiency is
23.14 and 23.82% for cell passivated with only SiNy films and SiN,/P Cat-doped layer,
respectively. Decrease in SRV from 5 cm/s to 2cm/s can increase cell efficiency. It should
be emphasized that the highest V.. obtained of 0.744 V for the SiN,/P Cat-doped layer is
larger than that of Panasonic record solar cell (0.740 V) [11]. Increase in SRV leads to
decrease in V. and fill factor for texture surface cell. However, the benefit of low
reflectance can enhance cell efficiency to 26.09%. Solar cell with using textured c-Si

passivated with SiN,/P Cat-doped layer can thus improve significantly c-Si solar cell

efficiency.
Passivation | Surface | SRV Jo1_front Voc Isc Fill | Efficiency
layer (cmis) | (FA/cm?) (V) | (mA) | factor (%)
SiN,/a-Si flat 1.5 2.6 0.742 | 29.69 | 0.860 | 18.94
SiNy flat 5 8.7 0.734 | 37.08 | 0.850 |23.14
SiN,/P dope | flat 2 3.5 0.744 | 37.26 | 0.859 | 23.82
SiN,/P dope | texture |7 11.7 0.733 | 41.96 | 0.848 | 26.09

Table 6.3. Solar cell characteristics at various passivation layers.

The simulation results indicate that improvement in cell efficiency is strongly
affected by SRV and optical properties of passivation layers. Back-contact c-Si solar cell
which has advantages of low reflectance by using texture structure and low SRV by using
excellent Cat-CVD SiN,/P Cat-doped layer demonstrate the highest efficiency of 26.09%,
higher than the best experimental efficiency of 25.6%[11]. This result indicates the
availability of Cat-CVD SiN,/P Cat-doped layers in passivation technique for high

efficiency solar cells.
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6.3.2. Back contact solar cell fabrication
a. Fabrication process

The design of the back contact solar cell in my studdy is shown in Figure 6.12.

Energy band of a n*/n/p cell structure is drawn in Figure 6.13.

SilN, or SiN P Cat-doped layer

1-a-S1

— RS o

Figure 6.12. A schematic of a back-contact solar cell of my study

n-a-Si o ){ OOO_O

5 /000~
O

Figure 6.13. Energy band of a n*/n/p* structure. Band offset exists due to

difference of band gap between a-Si and c-Si.

In order to investigate the effect of the passivation quality of SiNy, SiN«/P Cat-
doped layers and c-Si surface morphology on cell efficiency, | fabricated solar cells with
textured and flat c-Si surfaces passivated with these passivation layers.

For textured c-Si cells, texturing process was conducted as described in Chapter 5.
For some cells, c-Si wafers with a textured front side surface and a flat rear side surface is
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prepared. To meet this purpose, one side of the surface was covered with SiNy films to
protect surface from SUN-X600 etching. After that, SiNy film was removed by dipping in
20% water diluted HF solution. Samples are divided into three groups according to surface
morphology; one group includes samples which have two flat surfaces, one group includes
samples which have two textured surfaces, and the other includes samples which have a
flat and a textured surface. Fabrication process of the cell is described in the steps below:

Step 1:

Deposition of a passivation layer:
SiNy or SiN,/P Cat-doped layer
and annealing.

The cross-sectional view of c-Si passivated
by SiN, film. Sample size is 2x2 cm?

Step 2: @

The cross-sectional view of sample
with Al marker

Aluminum markers: evaporation
and photolithography

tep 3:

Deposition of i-a-Si and p-type a- - -
Si by Cat-CVD and the removal

of p-a-Si formed on an unexpected
part by photolithography <

The cross-sectional view of sample after
deposition of i-a-Si and p-a-Si films

N
Rear side

The cross-sectional view of sample after
removal of unexpected i —a-Si and p-a-Si films
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Step 4:

Deposition of i-a-Si and n-type a-
Si by Cat-CVD and the removal
of a-Si formed on an unexpected
part by photolithography

The cross-sectional view of sample after
< deposition of i-a-Si and n-a-Si films

N
Rear side
The cross-sectional view of sample after
removal of a-Si and unexpected i-a-Si and n-
a-Si films
Step 5:
/
Electrode formation: ITO <
(sputtering) and Ag (evaporation) The cross-sectional view of sample
after deposition of ITO and Ag

The cross-sectional view of sample after
removal of unexpected ITO and Ag

Rear side
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Step 6:

Cutting to remove markers and
un-working region

The cross-sectional view of solar cell
after cutting (sample size is 1x1 cm?)

Color chart:

c-Si: Il SiNy or SiN,/P Cat-doped layer: []
i-a-Si: [ p-a-Si: [ n-a-Si: |
ITO: O Ag: [

SiNy films or SiN,/P Cat-doped layers were prepared on one side of c-Si samples.
For SiN,/c-Si samples, annealing B was conducted. For samples receiving P Cat-doping,
both annealing A and B were performed. Annealing A and B were conducted at 350 °C for
30 min in N, ambient. The condition of SiNy and P doping are the same with condition at
which the highest e is obtained.

For i-a-Si, p-a-Si, and n-a-Si films, the deposition conditions used are the same
with condition at which the highest heterojunction solar cell efficiency obtained when
using Cat-CVD technique in my lab [11]. Thickness of i-a-Si films for the first time and
second time is 6 and 15 nm, respectively. Thickness of p-type and n-type a-Si is around 10
nm. Deposition conditions of these layers are listed in Table 6.3. 77 nm-thick ITO was
prepared by sputtering. 100 nm-thick Ag electrodes were formed by evaporation. Table 6.5
summarizes etching condition for these films to form the interdigitated emitter/electrode

shape.

After cutting, 1 cm? square samples were tested under 1-sun (AM 1.5, 100 mWem’

2) for photocurrent-voltage measurement.
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Ts Teat Gas flow rate (sccm) Pressure | Process

(°C) | (C) [SiHs: [NHs |Hz |PHs [BHs |(Pa)  |Ume()
P doping | 80 1300 20 1 60
SiNy 100 |1800 |8 150 10 210
i-a-Si (1) [ 160 [1800 |10 1 12
p-a-Si 250 | 1900 |10 20 8 1 45
i-a-Si (2) | 160 | 1800 |10 1 30
n-a-Si 200 | 1900 |20 50 |44 2 12

Table 6.4. Conditions of i-a-Si, n-a-Si, p-a-Si, SiNy deposition and P Cat-doping.

Solution Temperature | Time
Al marker H3PO4:CH3;COOH:HNO;:H,0=3:1:3:1 | 50 °C 1 min
p-a-Si HNO;3 :HF: H,0=1:1:2 RT 30s
n-a-Si KOH:H,0=1:2 RT 15s
ITO and Ag HNO3: H,0=1:2 RT 2 min

Table 6.5. Etching condition for some of films using in my study.

b. Solar cell characteristics

The results obtained from the fabricated solar cells are not so good until now. Solar

cell efficiency is less than 1% for all the cells. J-V curves of a cell in dark and under

illumination are shown in Figures 6.14 and 6.15.
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Figure 6.15. J-V curve of a cell under illumination

The reason for low efficiency obtained may be due to unmatured fabrication
process. e obtained for samples after n-a-Si film deposition is less than 100 us. After
etching to remove un-expected part of some layers such as p-a-Si and n-type a-Si, interface
properties of these layers are not good due to un-optimized cleaning process. The damage
after Ag etching is shown in Figure 6.16.
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ontamination

Un-removed Ag

Figure 6.16. Contamination and un-removed Ag after etching Ag.

In summary, fabrication process for the solar cell has not been optimized yet.
Additional steps such as cleaning and the optimization of etching time will become future

work.

6.4. Conclusion

| fabricated back-contact back-junction solar cells with SiNx and SiN,/P Cat-doped
layer structures. However, their efficiency is very low at present. It might be due to un-
optimized fabrication process. The simulation results indicate that using SiN,/ P Cat-doped
layer can improve significantly cell efficiency compared to using SiN,/a-Si stacked layer.
Parasitic absorption of a-Si decrease drastically cell efficiency. SiNy/P Cat-doped layer
demonstrates low SRV of 6.7 cm/s on textured c-Si. The benefit of low SRV and low
surface reflectance by using texture surface can enhance cell efficiency to 26.09%. This
result shows promising application of Cat-CVD SiN,/P Cat-doped layer in back-contact
solar cell fabrication.
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Chapter 7 General conclusion

I have succeeded to obtain Cat-CVD high-transparency SiNy films with high-

passivation quality on n-type c-Si surfaces. | have also significantly improved the

passivation quality by doping P atoms on n-type c-Si surfaces by exposing to P-related

radicals generated by the catalytic cracking of PH; (Cat-doping), called P Cat-doped layer,

before passivated with the Cat-CVD SiNy single layer. The main results of the passivation

properties are summarized as bellow:

A SRVnax Of as low as 5 cm/s can be achieved for n-type c-Si passivated by a single
Cat-CVD SiNy films, which is prepared at low deposition substrate temperature as
low as 100 °C, and then annealed at 350 °C for 30 min in N, atmosphere.
Annealing contributes substantially to improvement in the passivation quality by
anneal-enhanced H defect termination.

A drastic reduction in SRVnax from 5 to 2 cm/s can be obtained when the n-type c-
Si surface is doped to form a P Cat-doped layer before a Cat-CVD SiNy single
layer is deposited. The P Cat-doped layer is a shallow layer (<5 nm) with suitable

sheet carrier density, which can induce field-effect passivation to reduce SRV.

The P Cat-doping is also effective for textured c-Si surfaces. By using SiN,/P Cat-
doped layers, an extremely low SRVpnax obtained of 6.7 cm/s for textured c-Si
wafers, which are essential for high-performance solar cells due to its ability of
lowering optical reflectance and enhancing light trapping inside c-Si absorber. For
SiN,/P Cat-doped layer/c-Si textured samples, optical reflectance less than 10% in
visible range can be achieved.

Simulation data for back-contact solar cell using these passivation layers shows the
highest cell efficiency of 26.09% for textured c-Si passivated with SiN,/P Cat-
doped layer. The high efficiency is the result of low SRVyax and low reflectance by
using SiN,/ P Cat-doped layer and texturing structure.

The obtained results indicate that Cat-CVD have potential application in

passivation technique for high-efficiency solar cells, particularly for n-type back-junction

solar cells. Based on the remarkable results for the passivation of n-type c-Si surfaces, I

will investigate the application of these passivation layers to n-type back-contact solar
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cells. The solar cells which will be realized in my research have some advantages as

below:
- High transparency and high passivation quality by using SiN,/P Cat-doped layers.
- No shading loss by metal grids on the front side.
- Fabrication processes at low temperature (< 200 °C).

The simulation result indicates that back-contact c-Si solar cell which has advantages of
low reflectance by using texture structure and low SRV by using excellent Cat-CVD SiN,/P Cat-
doped layer demonstrate high efficiency of 26.1%. | have fabricated back-contact back
junction solar cell using these excellent passivation layers. However, solar cell efficiency
is very low at present, less than 1%. This is because fabrication processes have not been
optimized yet. Solar cell with completely optimized fabrication processes will be reported
in the near future.
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Appendix

A-1. Spectroscopic ellipsometry

A-1-1. Working principle of ellipsometry

Ellipsometry measures a change in polarization as light reflects (or transmits) from a
material structure to determine thickness and optical properties of material. The
polarization change is represented as an amplitude ratio (V) and a phase difference (A)
between s- and p-polarized light, as described below.

Sample

oS (n,k)
E: j"e‘ﬂ-‘“‘-‘"‘ %?_—‘: 5

r, ‘E‘_p ,.'J E,
TR . o W - I
s\ Ep )f | B

Figure A-1.1. The change of polarization when light is reflected on the surface of material
[1]
The change in polarization in the ellipsometry measurement is commonly written as:

p=tan(y)e = :—p

S

Fresnel equation:

} :( Ey ] _ n;cos(g, )—n, cos(g, )

: Eis s n; C03(¢i )_ N Cos(¢t)
. ( E. ] _n cos(¢; )— n, cos(4,) Figure A-1.2 . lllustration of incident

" E, N cos(g, ) n, cos(g, )’ light, reflected light and refracted light.

where s and p are denoted for s- and p-polarization as described later. n; and n; are
refractive indices of incoming environment and materials.

In order to understand the working principle of ellipsometry, I firstly introduce light
polarization.

There are three typical light polarizations: linear, elliptical and circular, describing
shape of end point of electrical field vector marking on a plane which is perpendicular to
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light wave travelling direction. In ellipsometry, incident light with linear polarization
reflects on a sample surface and the reflected light generally becomes elliptical
polarization, which is the origin of the name “ellipsometry”.

Light is an electromagnetic wave, in which electric field and magnetic field are
perpendicular to each other and perpendicular to wave vector. The relationship between
electric field and magnetic field follows Maxwell equation. Therefore, one can choose
electric field to describe light polarization behavior. (Magnetic field will be deduced by

using Maxwell equation).
1. Light polarization

Electric field can be divided into two components as below:
E, =A cos(ot—kz+¢,),

E, = A, cos(ot-kz+4,),

where Ay and Ay is wave amplitude in x and y axis, respectively; z is light propagation
direction; k is wave vector (number of wave from 0 to 2n); e is angular frequency and ¢y
and ¢y is initial phase angle in x and y axis, respectively.

e In order to form linear polarization, points of sum electric field must be on a

straight line. That means:

tan(p) = Ey _ Acos(at—kz—¢,) _ A const
E, Acos(wt—kz—¢,) A

< cos(ot —kz —¢,) =t cos(wt —kz - ¢,)
¢ — @, = kr
(k=0,%1, +2...)

e In order to form circular polarization, points of sum electric field must be on a
circle. Consider boundary conditions: A=Ay, at Ex=0, E,=Ay, we can find the
condition for circular polarization is:

T

b=ty :kE (k=%1, £3,45...)

2 2 2 2
E2+E?=A?=A?

e In order to form elliptical polarization, points of sum electric field must be on a
circle. That means:
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Figure A-1.3. Examples of linear, circular, and elliptical Polarization [1].

2. Definition of ellipsometry parameter

As | mentioned above, ellipsometry measures the change of polarization, which is
defined as:

p =tany exp(jA)

In this part, I will explain what are y and A.

In ellipsometry, when linear incident light comes to surface, it is reflected and the
reflected light is elliptically polarized, as shown in Figure A-1.1.

Dividing polarized light electric field into two conponent direction, called p (paralell)
and s (Senkrecht) polarization. In p polarization, the electric field of both incident and
reflected light are in the incident plane. In s polarizarion, the electric field of both incident
and reflected light are normal to the incident plane.

When light changes polarization, amplitude and mutual phase are changed. The change
in two components between incident and reflected light is:

Eiy Erx
Xi Ex _ Ely E. Ex _
Xr Ety Ery ix Eiy o
E. E,
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Figure A-1.4. Electric field of incident and reflected light. y is normal to incident plane
and x is parallel to incident plane[2]

MY

1—A;‘—»|
S

ON >
N

Linear polarization
1 Elliptical
st

Figure A-1.5. Linear and eliptical polarization.[2]

5 AORUG) Aeolid) A A
1 A exp(idy) Anexp(ide) A0 D oGy =4,)

If incident light is linearly polarized with ¢;=0 and Ai=Aiy, we have:

A
R S C)

r X

The parameter A and y are defined as below:

A
tany =—>* and A=¢, —¢
Ay ?

T .
Then, we obtain: Zi_ e tany exp(jA) = p
r

r S
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Figure A-1.5. Schematic of spectroscopic ellipsometry[2].

Usually, in order to obtain high accuracy, incident angle is set to be Brewster angle,
at which the difference between rs and r, is maximum. At Brewster angle, for p
polarization light, the direction of dielectric dipole oscilattion is the same as that of
reflected light. Because light is transverse

P polarization

wave and the oscilation of electric field is

e
perpendicular to wave vector, no light is » <] )
\' o TR, ,'//
radiated as reflected light. Therefore, p P =
\_Pl 61._,,,-/ :
component of electric field approaches to zero. A oy
Pt AN
=" R e\
Brewster angle is defined as: . e ®* )
“f‘-{;;/ ;J}(\\i,.."
n LS N
tanf, = —+
n; 0;= op

For c-Si, with n= 4.3, Brewster angle  Figure A-1.6. Incident p-polarized
is ~750 light at Brewster angle [1]

A-1-2. Cauchy model for data analysis

The wavelength (A) dependent refractive indices n(4) of SiNx films were measured on J.
A. Woollam Co., HS-190™ spectroscopic ellipsometer, using Cauchy model for data
analysis. In this model, n(1) and extinction coefficients k(1) are approximately expressed
as:

B C
n(i) = A+?+F
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(12400 tly)
Ay

k(1)=ae

The six fitting parameters in this dispersion model are A, B, C, the extinction

coefficient amplitude «, the exponent factor £, and the band edge y.

A-2. X-ray photoelectron spectroscopy

Principle of XPS

X-ray,
energy hv

@ -cjected photoelectron,

/ kinetic energy E,,

Free

Electron work funktion,

Level

Femi Wf
Level

binding energy,
E,

Eb = hp - Ekln-Wf

Figure A-2.1. Principle of XPS [3]

XPS is a quantitative spectroscopic technique that measures the elemental

composition, empirical formula, chemical state and electronic state of the elements (except

for H and He) existing in a material.

hv

Ve

Er

KE
Eiin
Wr hv
Wi
Er
Es Es
Material Spectrometer
Figure A-2.3. Energy diagram
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XPS works by irradiating X-Ray photons to atoms on a surface of any solid
material, causing the ejection of electrons. Core electrons locating close to the nucleus
have binding energies (BE), which is determined by the attraction of the electrons to the
nucleus. The core electrons have high probability to be excited by the X-Ray. Therefore,
XPS can identify element through binding energy of its core electrons.

A cylindrical mirror analyzer (CMA) is usually used to measure the KE of emitted
photoelectrons. A detector counts how many photoelectrons have the same KE and a
computer calculates BE from the obtained KE.

KE=hv-E,-@

KE -Kinetic Energy (measure in the XPS spectrometer)

hv- photon energy from the X-Ray source (controlled)

@ - Spectrometer work function. It has an order of a few eV, and gets more
complicated because the materials in the instrument will affect it. E, is an unknown
variable.

A spectrum is plotted from the analyzer signal. The binding energies can be

determined from the peak positions and the elements present in the sample identified.

X-ray
source
I Electron Electron
™ analyzer »| Detector |—»
Sample Counter

Figure A-2.4. Schematic of XPS

XPS spectra are obtained by exposing a material to X-ray, while simultaneously
measuring the kinetic energy of electrons that escape from the top 1 to 10 nm of the
material. XPS requires an ultra-high vacuum condition of <107 Pa. XPS spectra express
binding energy versus number of electrons recorded (Intensity).
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A-3. Ultraviolet-visible-near infrared spectrophotometry

Light coming into a material can

A
\ 4

be reflected, absorbed, or transmitted.
Spectrophotometer measures  the
relative intensity of transmitted light.

An ultraviolet-visible-near infrared

spectrophotometer uses light in in the

visible and adjacent (near UV and near

Figure A-3.1. Diagram of Beer—Lambert
infrared) ranges (300 to 2000 nm) to 9 9

. absorption of a beam of light
obtain spectra.

Principle of the spectrophotometer is based on Beer’s law as below:
I =1,exp(—ad),

where lp and | are the incident and transmitted light intensities, respectively, d is the

absorption path length, and o is absorption coefficient that depends on wavelength.

In order to measure transmission of light, intensity of incident light and transmitted

light are determined on photo-resistors, photodiodes or photomultipliers.

Menochromator Transmitted

; R d
Prism \ sample  light  photodetector of?:‘;rm:[.lter

¥

/
o -H-\é s |—\»Q~* AVAN

Anm)

Monochromatic incident light

Figure A-3.2. Schematic diagram of a spectrophotometer[4]
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A-4. Lifetime measurement

A-4.1. Microwave photoconductivity decay method (U-PCD)

M-PCD  method provides a
contactless measurement for effective
(Tef'f) in

semiconductor using a laser pulse for

minority carrier lifetime

the optical excitation of minority
carriers.
The

carriers in a silicon sample increases

generation of  excess
its conductivity, and hence, causes a
change in the microwave reflectivity of
the sample. This change in resistivity
can be measured by means of the
reflection of microwaves.

The excess carrier density is

related to the excess conductivity via:
Ao = Q(Hn + up)An,
where p, and [, are electron and hole

The
light

mobilities, respectively.

conductance and the incident
intensity are converted to electric signal
measured by instruments. p, and p, are
well known and their dependence on
both the sample material and injection
level can be found in literatures.

In order to measure ., We use
the continuity equation of minority
carriers:

dan oo An
dt T o

Pulsed
Laser
>
Bias l
Light \
|
[ Wafer
Microwave =
Oscillator etector
Circulator
Signal

Figure A-4.1. Schematic of u-PCD measurement[5]

u-PCD Signal AU [mV/]

- ——

(= | '

T
1000
(e

t [us]

500 1500 2000

Figure A-4.2. u-PCD signal as function of time
for SiNy passivated on c-Si wafer [5]

139



where G(t) is the generation rate.
This mode is based on analyzing photoconductance decay transients after very
short light pulse, that is, G(t)=0 in t>0. The equation above is thus easily solved to be
An= Aexp(-t/7y),

where A is an arbitrary constant, and s is obtained from the slope of the decay curve, as
shown in Figure A-4.2.

A-4.2 Quasi-steady state photoconductance decay method

In quasi-steady state photoconductance (QSSPC) method, lifetime measurement is
performed under quasi-steady-state illumination. That means excited light (usually flash

light with a whole light spectrum) is tuned slowly so that%zo. Light decay time is

usually several milliseconds. In the steady state, the generation of electron hole-pairs must
be balanced with their recombination. Therefore, generation current is equal to

recombination current;

J photogeneration— Jrecombination

When sample is illuminated, excess carries are generated, resulting in an increase

of wafer conductance:
Ac =q(Anu, +Apu, W =qan(u, +p, WV,

where An and Ap are excess electron and hole densities, respectively, p, and p, are the
mobilities of electrons and holes, and W is wafer thickness.

Jon =ANQW /7 ¢

. _AngW _ An
) G(t)

ph
In order to obtain ze, An and G(t) should be known.

An can be converted from carrier density measured through a radio frequency (RF)
coil inductively coupled to the sample. An is the calculated as below:
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N Ao
qW (u, + 1)

Photo-generation rate is converted from flash intensity measured by the calibrated
light sensor for each moment time. An estimate of fraction of incident light absorbed in the
sample (optical constant) is required.

A-5. Electron spin resonance

Electron spin resonance (ESR) is a tool to find out how many un-paired electrons
exist in a sample. The method is based on the phenomenon that, when an un-paired
electron is placed in a strong magnetic field, the spin of un-paired electron splits into two
states, ms=+1/2.

Electron has two kinds of movements. One is traveling around nucleus, causing
orbital magnetic moment and the other is moving around its one axis, causing spin
magnetic moment. If species, such as molecule, radicals... have un-paired electrons, it
exhibits paramagnetism. When the species is put in a magnetic field, magnetic potential
energy is supplied to split the un-paired electron into two spin states ms=+1/2, called
Zeeman effect. Magnetic potential energy of electron spin in magnetic field:

1
E :iEg,uBB

+

[NRI

B: strength of the magnetic field
g: g factor
Ms: Bohr magneton.

Transitions of electrons between the two spin states can be induced by supplying

electromagnetic energy (usually using microwave radiation):
AE =guyB

During experiment, we can continuously change the intensity of the external
magnetic field or microwave radiation. ESR spectrum is the derivative of the absorption of

microwave frequency radiation vs magnetic field strength or microwave frequency.
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B=0 B=B, B

Figure A-5.1. The split of electron spin states.

Because defect density in a measured film is proportional to the microwave
absorption, in order to calculate defect density from ESR signal, a reference sample whose
defect density has been known is needed.

1000 . , . , . ,

800 | -
600 | i
a00 | ]
200

o ]

-400 - .

Signal intensity (arb. unit)

-600 - -

-800 - T,=300 °C 7
r Defectl densityl: 1.6x10?E cm’® )

-1000
326.648 Magnetic field (mT)

346.648

Figure A-5.2. A ESR signal obtained for SiN,/glass

We can obtain defect density as:

A
N samp
Nsamp_Nref e A ’
ref

where Nsamp and Nyer are the defect densities of measured and reference samples, and Asamp
and Aves are the areas of absorption peak of measured and reference samples.
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A-6. Hall effect measurement

In order to understand doping concentration measurement, | firstly introduce Hall
effect. When a conductive solid with a current flowing through is put in a magnetic field
applied perpendicular to the current, magnetic will apply Lorentz force on charge carriers,
by which the current flow is curved. | assume that there are carriers with a density of n and
an elementary charge of g moving with speed vy creating current Iy with x direction as
Figure A-6-1.

Current I, equals to:

1x=n.g.W.t.vy

A
v

Figure A-6.1. Hall effect measurement. B is electric field, | is current, Vy is Hall

voltage, w and t are width and thickness of a thin film respectively.

Lorentz force on a carrier:
Fy:quBz

Carriers pushed toward y direction cause electric field E,. Electric force applied on
carriers is:

Fey=Ey.q
where E, is electric field in y direction.

In steady condition, there is no current flow iny direction. Therefore,
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q.vx.B=Ey.q

then, E,=v,.B

Voltage crossing the sample in y direction is Hall voltage, and is determined as:

Vy, :—I E,dy=E , w=v,.B,w
0

Since v, =——, we have V,, =— B, 1B, , where Ry is Hall coefficient.
ngwt gnt R,
1
R, =——— for n-type
[,
1
R,, =—— for p-type
[aln,

In this study, | used Van der Pauw method to calculate carrier concentration of P

Cat-doped layers. A configuration of my sample for Hall measurement is shown in Figure

A-6-2. Van der Pauw method is very convenient to determine resistivity of uniform

samples.

Sheet resistance Rs is determined through Van der Pauw equation:

—-R,
R

_ﬂRB
) +exp( -

S S

)=1,

exp(

where Raand Rg is determined by:

R — R12,43 + R43,12 + R21,34 + R34,21
A 4

and

R _ R23,14 + R14,23 + R32,41 + R41,32
o=

4
R21,34 = Vaa/l21, Ri2,43 = Vasll12,
R3241 = Va1/l32, Roz 14 = V14l l23,
Ra312 = V12/l43, Raa 1 = Vai/lzs,

R1a,23 = V23/l14, Ra1.32 = Vao/las.

Figure A-6.2 Van der Pawn configuration for Hall

measurement.
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To conduct the measurement, firstly positive magnetic field is applied. After that,
Io4 is applied and Vi3 is measured, and then repeated for 153 and V...

These processes are performed again for negative magnetic field.

Hall voltage is sum of difference voltage at positive and negative magnetic field
between two points:

- Vis +Va +Vo +V

v, 5

We can calculate sheet carrier density as:

A-7. X-ray reflectivity

When an electromagnetic light impinges to material surface, electrons in material
will oscillate and a new electromagnetic wave is created. The new radiation wave is
resonant of electron vibration around atoms and incoming wave. The different phase of the

incoming light and new radiation determines what the index of refraction is.
The real part of refractive index is written as:

q°N

=t 230m(a)§ —a)z)

(A-7.1)

For electromagnetic light with large wavelength, such as visible region, wave
oscillation is relatively slow. When this light impinges on a material, electrons in material
can oscillate following the wave and vibrate around their equilibrium position. The
vibrations cause new radiation waves, which have a frequency less than that of incoming

light. Therefore, refractive index of these wavelength is larger than 1.
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Incident X-ray Reflected X-ray

\< L

Substrate

Figure A-7.1. Sketch of a X-ray reflectivity

X-ray is an electromagnetic wave with wavelength of 0.1-10 nm. Its wave
frequency is very high. When X-ray comes to a material surface, the electron cannot
follow the wave oscillation. The wave radiated by electrons has a phase lower than that of
incoming light. Therefore, refractive index of material at X-ray wavelength is less than 1.
Notice that refractive index of less than 1 here does not mean that velocity of light in

material is higher than velocity of light in vaccum (which is proved as the highest velocity).

Typical reflectivity of X-ray on a material is shown in Figure A-7-2. X-ray is

totally reflected on material surface at a grazing angle is smaller than the critical angle for
total reflection 6. .

Refractive index is complex number:
n=1-6-ip (A-7.2)
1
08
06

04

Reflectivity (/1)

0 0.2 0.4 0.6 0.8 1
Incident angle (deg.)

Figure A-7.2. Reflectivity as a function of incident angle [6]
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where

re/lz ZXI(ZI + fi')

6= Ny S (A-7.3)
r,A2 Zi:xi (Z, + 1))

ﬁngAp ZXM (A-74)

re :classical radius of an electron (2.8x10™ m)
Na :Avogadro number

A: X-ray wavelength

p: film density (g/cm®)

Z;: Atomic number of the i-th atom.

Mi: Atomic weight of the i-th atom.

f., f.-: Atomic scattering factors.

Density of polished bulk material or thin films can be calculated by using
simplification of equation (*):

.
S~ p A (A-7.5)
2r

A simple equation describing the relationship between real part of refractive index
and electron density of film was found as below [7]:
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Figure A-7.3. Illustration of light propagation from a source to a detector [7].

Assume that there is electric field wave at source Eo coming to sample and Egq is
electric field detected by detector, as shown in Figure A-7.3.

e i2kR,

E,~E, & gl g © @i -Dka)  (AT6),

2R, —/— 0

Phase shift of wave inside sample.

where k is wave vector, n is refractive index of medium and Ry is distance from source to

sample and sample to detector.

Consider scattering of X-rays from individual atoms, we have wave scattered by
atom at R+AR picked up by detector is:

ik(Rg+AR)

Egae =—Ep ———— 1,1 (Q) (A-7.7)

RO

g K(Ro+AR)
With E,, =-E, —— (A-7.8)

RO
2 2 2 x? + y2
AR=\R; +X°+y° ~R,|1+ ; (A-7.9)
2R!
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PaomZ = P (electron density) (A-7.10)

Integrate over all atoms in sample:

e2ikR0 0 ikngyz
R—2 JpatomAreZe 0 dXdy
0 -0
o 2ikRy % o (A-7.11)
=-E, kR—zpeAre '[ Ze™ ) dx, dy.
0

_EO

scatt

—00

k k
where x. = |—X, Y. =_|—Y.
RO RO

+N
Using je‘*zdx = [z , we obtain:

o 2Ry
2
R

~E, pALT (A7.12).

scatt

Total electric field at detector equals to sum of unscattered wave and sum of all

waves scattered by atoms in sample, we have:

- e e{ 2p,AT, 7
- _

A-7.13
0 2R20 k :| ( )

From (A-7.6) and (A-7.13), we obtain:

27t p r )
0=—=="="0pA A-7.14
2 o P ( )

From electron density, we can easily calculate film density using this below

equation:

M
p=—tPe (A-7.15),

N,Z
where M, is atomic mass; Z is atomic number.

The real component of refractive index is related to critical angle:

6, =cos*(1-5) (A-7.16)
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(A-7.17)

Once critical angle is known, film density can be calculated.

A-8. Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is a method to analyze the concentration
and profile of a particular element in a solid by identifying and counting the number of
secondary ions ejected from the sample surface when it is bombarded by a primary beam
of heavy ions. The schematic of a SIMS system is shown in Figure A-8.1.

‘4________ lon gun MASH SPECTRUM
9 Al 5

Extration electrode 10N IMAGE
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"an
-f.
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[ ]

/ / ) A 30 IMAGE
\\._. £ |
Primary beam ~ / K ' ﬂ

Sample Secondary ions : ‘
Detector

Figure A-8.1. Schematic of a SIMS measurement [8].

Mass analyser . 1

Primary ions come to a surface with high speed, sputter the surface of the surface,
and secondary ions (from sample) are formed. These secondary ions are immediately
trapped by using extraction electrode and driven to an ion energy analyzer. Depending on

the polarity of the sample, positive or negative secondary ions may be extracted.

Secondary ions include molecular species with low energy and mono-atomic

species with high energy. By adjusting position window energy to detector, mono atomic
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species are selectively collected. In order to identify the component, there are three basic

analyzers: sector, quadrupole and time of flight.

X A sector field mass spectrometer uses electrostatic and a magnetic analyzer to
obtain mass to charge ratio of secondary ion. When ions pass through magnetic field,
Lorentz force acts as a centripetal force. Since the radius of ion movement is proportional
to the mass of species, desired species can be selectively detected if a slit with a proper

width is set in front of the detector.

<> A quadrupole mass analyzer using resonant electric field to collect selected mass
ions. A quadrupole consists of two couples of opposite rods having an applied opposite
potential, as shown in figure A-8.3. VVoltage applied affects the trajectory of ions traveling
through the rods. For given dc and ac voltages, only ions of a certain mass-to-charge ratio

can pass through and reach a detector.

f
! Detector

Successful path

« Quadrupole mass filter
.

. X

Figure A-8.2. Schematic of a quadrupole[9]

lons with low and high mass-to-charge ratio are separated by effect of ac and dc
component. Low mass-to-charge ratio ions are able to follow ac component and are
discharged by striking X electrode. Only high mass-to-charge ratio ions are collected at the
end of quadrupole. In contrast, only low mass-to-charge ratio ions are collected at the end
of quadrupole in Y direction because high mass to charge ratio ions are defocused by dc
component. By choose RF/DC ratio, selected mass ions can be obtained.
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The relationship between mass-to-charge ratio, voltage and ac frequency is

described as below:

d’x _(qju +V cos(vvt)x

A time-of-flight mass analyzer is based on the velocity of ions to separate the ions in
field-free drift path. lons are accelerated by an electric field. lons with the same
charge will have the same kinetic energy Ex. However, the velocity of ions depends

on mass-to-charge ratio.

1

E, =qU ==mv?
k=0 >
d
V:_
t
d m
St=— |—
20U\ q

Here, d is length of path. U is voltage applied to accelerate ions.

By measure the time for ions to reach a detector, we can find mass-to-charge ratio of
the ions.

A-9. Scanning electron microscopy

Scanning electron microscope is a tool to examine and analysis microstructural

morphology of samples by using electron beam. Electron beam scan on a sample surface
from left to right and top to down. During the scanning, electrons such as secondary
electrons and back scattering electrons are rejected and extracted by their own detectors.
The signal obtained will be visualized as an image.
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A stream of electrons is formed in an electron gun and the electrons are accelerated
toward specimen using a positive electrical potential. An electron lens is used to focus the

electron beam on a sample.

When an electron beam hits the sample surface, secondary electrons and back
scattering electrons are ejected. Secondary electrons are ejected from the sample surface.
These electrons are collected on a detector which has positive charges on it. The detector
collects information of these electrons and forms image depending on the number of
collected electrons. Surface morphology such as difference of height, edge or groove gives
a difference of the number of secondary electrons emitted. Using the signal from
secondary electrons, image resolution less than 0.5 nm is possible.

Back scattering electrons consist of high energy electron from electron beam that
are reflected and back-scattered out of specimen by elastic scattering reactions with
specimen atoms. Because back scatter electrons with heavy element are more strongly than
light ones, a sample consisting of heavier element shows brighter image. Therefore, the
signal from back scattering electrons indicates information of areas with different chemical

composition.

Electron Gun

L

‘ m M agnetic
g |~8— Lans

Anode
-
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Electron
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—_ secondary
Election

Detector

Stage Specimen

Figure A-9.1. Schematic of a SEM system [10]
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A-10. D;; Calculation

A-10.1. C-V curve of MIS structure

In order to understand the method to calculate defect density on a film/c-Si
interface using C-V curve, | firstly introduce the C-V curve of MIS structure.

A MIS structure is shown in Figure A-10.1, which was also used in my study.

For n-type c-Si, electrons are the majority carriers and holes are minority carriers. |
firstly assume that an insulator layer is ideal, that is, there is no charge or defect in
insulator layer and at the interface. When no voltage is applied, because of the difference
of the work functions of metal and semiconductor, energy levels near semiconductor
surface bend. Energy diagrams of MIS structure when no voltage applied are illustrated in
Figure A-10.2. In order to make a flat band condition, a voltage called flat band voltage
(Vrs) need to be supplied:

VFB :¢M _¢s1

where ¢m and ¢s is work function of metal and semiconductor, respectively.

L Ve

Metal

Semiconductor

Metal HGround

Figure A-10.1. Configuration of MIS structure for C-V measurement.

Figure A-10.3 shows energy diagram of MIS structure under flat band condition for
n-type and p-type.
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Figure A-10.2. Energy diagrams of MIS structures using n-type and p-type
semiconductors. If No voltage is applied, band bends due to the difference of work function
between metal and semiconductor[11]

vy Yacuum level }  Vacuum level
X g T
i 'T_

Metal  Insulator n-semiconductor Metal Insulator p-semiconductor

(a) ()

Figure A-10.3. Energy diagram of MIS structure under flat band condition for (a)
n-type and (b) p-type [11]
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Figure A-10.4. Energy band diagrams for ideal MIS capacitors under (a) accumulation,

(b) depletion and (c) inversion. [11]

When voltage is applied, energy band of c-Si bends depending on applied voltage,
as shown in Figure A-10.4. For example, in the case of n-type semiconductor, when
positive charge voltage applied, negative charges in c-Si are induced on a c-Si surface.
Electron density near the surface of c-Si is calculated by:

qy
=N : A-10.1),
n, =Npep(1he)  (A-10.)

where y; called band bending is energy difference between surface and bulk potential:
Vs :¢s _¢b (A_102)1

as illustrated in Fig. A-10.5.
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Figure A-10.5. Illustration of ys, ¢s and ¢, in energy band for a n-type c-Si.

Figure A-10.6 shows carrier density and charge density under various conditions of
MIS structures for both n-type and p-type Si. For n-type Si, when ng is larger than Np,
¢s>¢, and band bends down. This condition is accumulation. In this condition, large
electron charge density near the surface contribute to a large differential capacitance, thus
Cs>> C; and C=C.i.

When ns =Np, applied voltage is equal to flat band voltage, and band is flat.

When negative bias is applied to the gate electrode, electrons are pushed away
from the surface, and ns is less than ng, ¢s<dp, and band bends up. This condition is

depletion.
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Figure A-10.6. Carrier density and charge density under various conditions of MIS

structures [11].

In the depletion condition, the MIS capacitance at low frequency and high
frequency (C.r and Cyg) is obtained from the series connection of the insulator capacitance

(Ci) and the capacitance of the depletion layer, or:
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1
Cir =Chp =7 (A-10.3),
d

1%
Ci gs

where & is permittivity of semiconductor. x4 is the depletion layer width which is
calculated from:

/255¢
= | —= A-10.4
X4 aN, ( )

In order to find the capacitance corresponding to a specific value of the gate
voltage, we also need to use the relation between the potential across the depletion region
and the gate voltage, given by:

\2€,0N @,
Vg =V + ¢, +C— for 0<¢, <2¢, (A-10.5).

When negative voltage is very high, hole concentration near the c-Si surface is
comparable to Np. This condition is inversion. In the inversion condition, the capacitance
becomes independent of the gate voltage. The low frequency capacitance equals to the
insulator capacitance since charge is added to and is removed from the inversion layer. The
high frequency capacitance is obtained from the series connection of the insulator
capacitance, and the capacitance of the depletion layer having its maximum width (Xgmax)-
The capacitances are given by:

Cop=———— (A-10.6)

A-10.2. Theoretical C-V curve

In this method, we need to calculate theoretical C-V curve at high frequency. The
method to calculate C-V theoretical curve is described below.

For n-type semiconductor, electron density at a position X is:

n(x) =N, equ"lz—T(X) (A-10.7),
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where Np is donor concentration.

For convenient, | denote potential and band bending in unit of kg/T as below:

_ q¢(x) ]
() =42 (A-10.8)
v(x) = q"k’—T(X) (A-10.9)

In equilibrium condition, product of mobile hole and electron concentration in

sample at any position is equal to square of intrinsic carrier concentration.
pn =n’ (A-10.10)
Then, n(x) = n, exp(u(x))= N, exp(v(x)) (A-10.11)
For carrier concentration at the surface, we have:
n, =n(x=0)=n,exp(u,)= N, exp(v,) (A-10.12)
p, = p=nexp(-u,)=N,exp(-v,) (A-10.13)

By solving poison equation, we have:

I00)__pX) (as0.1a),

where g is permittivity of silicon.

p()=0q[p(x)-n(x)+ Ny =N,]  (A-10.15)

d2¢(2><)_ alp(x)-n(x)+ Np —N,] (A-10.16)
dx &

S

Because Na and Np are the concentration of acceptor and donor in bulk of c-Si so

we have:

Np =N, = n(e) — p(x) or Np =N, = ni(exp(uB)—exp(—uB)) (A-10.17)

d’¢(x) _ _ni(exp(ug) —exp(u(x)) — ni(exp(-us) —exp(-u(x))) (A-10.18)
dx? & |

S

v(x) =u(x)—-us; (A-10.19)
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No (L exp(v(x) 1 (- exp(-v(x)

2
>4 _ D (A-10.20)
dx &

2 2
d ¢(2x) :k_Td u(zx) (21)

dx q dx

2 2
We have: i(d“(x)] _pdud (A-10.22)
dx\ dx dx dx

0 2 up 2
2| du_ (d“(x)] (A-10.23)

q, dx dx

K S
du q - . g .

where d—s = E = —Fsis electric field at c-Si surface.

X

By integrating above equation, we obtain:
2 2
E? = 2KT | [ N, n‘2 [exp(—us) + us —1] + [exp(us) — us —1] (A-10.24)
q 2e KT A Ng

Electric field at the surface:

o (2T (aNpq ) n? . . o _
E, —( q ](ngkT](Né[exp( vs) +Vvs —1] + [exp(vs) — vs 1]] (A-10.25)

2

Fs = (%[exp(—us) +us —1] +[exp(us) —us —1]] (A-10.26)
D

Total charge per unit area is Q, =¢.E

Qs = sgn(—vs)%(%] Fs (A-10.27)

n

Debye length A, is defined as:

1

2

A = g;kT (A-10.28)
20° N,

At low-frequency capacitance, semiconductor capacitance is calculated as:
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2

n;

0. N2 (1—exp(-vs))— (exp(vs) —1)

Co= % = (A-10.29)
dv Fs

S

At flat band condition, vs=0, capacitance of semiconductor is

Crae :j-s (A-10.30)

n
Total capacitance is:

C_ Cs*Ci_
Cs+Ci

(A-10.31)

Next, we will find applied gate voltage. Applied voltage is equal to sum of
insulator voltage and voltage drop through semiconductor or:

Vg=Vi+ Vs+ Ve=Vi+ ¢s+Ve, (A-10.32)
Vox = —sign(vs)% (A-10.33)
i

s is surface potential calculated through vs. Vg, is calculated by the difference of

work function between metal and semiconductor.

For example here, | use Al and 1.5Qcm n-type c-Si surface. Work function of Al is
4.1 eV [12]. For n-type c-Si with resistivity of 1.5 Qcm, donor concentration is 1.87x10"
cm. Gap energy between conduction band and valence band of c-Si is 1.12 eV.
N D

~(Ec ~E;)=0026In—
|

=0.43eV

E
b = _(Z +2—;—WB]:¢m —(y+E. —E.)=4.1-4.05-0.43=-0.48

Vrp=-0.48 V

The big difference between high and low frequency capacitance is from weak to
strong inversion region. In this region, minority carriers play a critical role. Surface charge
density is a sum of inversion charges and depletion charges. At low frequency of AC
voltage, the change of voltage is not so fast that minority carriers can follow the AC signal.

That means minority carriers can neutralize AC charge in depletion region. Minority

162



carrier density increases exceeds ionized bulk concentration, and capacitance of inversion

layer becomes comparable to and then exceeds C;, and total capacitance approaches C;.

On the other hand, in case of high-frequency, AC voltage changes very quickly.
Minority carrier generation does not follow the ac voltage, and minority carrier density
does not change with change in AC voltage. In order to make charge neutralization for AC
charge in depletion layers, majority carriers flow in and out of the boundary between the
depletion layer and bulk silicon. Depletion layer edge move with the variation of AC
voltage. Because depletion layer width does not change when increase gate voltage more
than limitation of depletion region voltage, capacitance in depletion does not change. Total

capacitance is lowest capacitance in depletion for inversion region.

To draw a high-frequency C-V curve, a simple way is: firstly make a low-
frequency curve and then, take the lowest value of capacitance as value of higher applied
voltage. However, minority carrier density does change spatially with increase in applied
voltage. This fact can induce the error of inversion region of high-frequency C-V curve.

To eliminate this error, we consider the change of Fermi level when majority
carriers flow in and out, causing small change in depletion layer width. The new Fermi

level is called quasi Fermi level. Electron and hole concentrations become:

P(x,t) =n; exp(=Vv(x,t) —ug, (t)) (A-10.34)

E. —Ei
In which, ug, :-FDT (A-10.35)

For n-type, charge density per unit volume is
p==a(p—n+Npy)=-n(exp(us)[L-exp(v)])-exp(-v —ug,)  (A-10.36)

Poisson equation becomes:

2
% =27 [L—exp(v) + exp(-v —ug, —Ug)] (A-10.37)
X
dv ) / )
X, 242 2 H(—vs +exp(vs) — 1)+ exp(-ug —Ug, )[exp(-vs) —1]"* = 4'Fs  (A-10.38)

The small-signal quantities defined as

U, =Ug +0Ug, (A-10.39)
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VS =Vs0 +dvs  (A-10.40)

Silicon surface capacitance is calculated as

CS=gsi(ﬂ] (A-10.41)
ovs\ dx /,_,

Therefore, for n-type c-Si, for vs<-ug , we have:

D

Cs = Cppe 11 ni 2( 1-2% ||lgst (ac10.42
S =Crgs —exp(—vs)+(N—] exp(—vs) — (— 5vs] s (A-10.42)

Mg,
Vs

AC voltage and applied voltage must equal to excess carrier density caused by applied

In order to find , We use the condition that excess carrier density at surface caused by

voltage only.

That means:

szqzmm—NA

— i {exp(-v—u,, ) - exp(-u,)} (A-10.43)
— i fexp(-vx — ) — exp(-u,)}

Solve the above equation, we find: M _ 1 (A-10.44),
os  1+A

where

- TSSO gy XRLVS T ORI 4205 |y (a-10.45)
exp(-vso) +1 F?(vs) |

Finally we have:

ni ? A A
Cs = 2C ¢ {1—exp(vso)+(N—D] [mexp(—vso)+1}}F (v,) (A-10.46)

Equation to find applied voltage corresponding to each value of vy, is similar to
low-frequency case, which is described above. A theoretical C-V curve at high frequency

simulated by this method is shown in Figure A-10.7.
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Figure A-10.7. A theoretical C-V curve at high frequency simulated by this method.

A-10.3. Calculation of Dj; using Terman method

The idea of calculating Dj; is based on the distortion of high frequency experimental
C-V curve compared to theoretical curve [11, 13]. Under high-frequency condition,
interface traps cannot respond to AC signal, and do not contribute to measured capacitance.
However, interface traps do follow very slow changes in gate bias, causing the C-V curve
stretching out along applied gate voltage. Therefore, the change in two curves must give
information of interface trap density.

In this method, first, a theoretical curve at high frequency is calculated. At the same
capacitance (experimental and theoretical value), we find theoretical surface potential and
experimental applied gate voltage. An example of theoretical and experimental curves is
shown in Figure A-10.8. Surface potentials and corresponding applied voltages extracted
from Figure A-10.8 are plotted in Figure A-10.9.

Then, interface trap capacitance is calculated as:

cn(ws)cm\",’:] ]—cs(ws) (A-10.47)

L C.
Interface trap density is calculated through Citas: D, (¢,) = — W)

(A-10.48)
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dy,

G

where Cj; is interface trap capacitance,

is differential of surface potential (ys) with

respect to gate voltage (Vg), Ci is insulator capacitance, and Cs is semiconductor
capacitance.

Di:calculated as function of surface potential is shown in Figure A-10.10.

However, this method has some limitation of applicability and accuracy [14]. To use
this method, we must assume that insular is an ideal layer. That means no traps exiting in it.
In fact, insulator layer may contain traps, which can affect distortion in shape of C-V
curves. Exact value of surface doping density is also very important to simulate theoretical
C-V curve. Figure A-10.11 shows theoretical CV curves at various doped concentration of
c-Si. One can see that small change in Ny leads to significant change in CV curve shape.
The second problem is insulator capacitance. Like Ng, insulator capacitance affects greatly
on CV shape, as shown in Figure A-10.12. It is usually to take accumulation capacitance
as insulator capacitance. However, the value depends on AC frequency and measurement
technique limitation. Accumulation capacitance depends not only on AC frequency but
also on voltage step. The obtained result is thus influenced by measurement frequency and
applied voltage step.
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Figure A-10.8. A theoretical (dot line) and experimental (solid line) high-frequency C-V

curve of an Al/SiNy/c-Si sample
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Figure A-10.9 Capacitance as a function of surface potential and applied voltage

12

2.5)(10

2+ *
S 15¢ .
NG.)
a) .

0.5+ oo :

-
- * *
0 . » * .“t.
-5 -4 -2 0 2 4

Surface potential (kg/T)

Figure A-10.10. Dy as a function of surface potential using Terman method.
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Figure A-10.12. Theoretical C-V curves at various c-Si accumulation capacitance input.

Since series resistance can make change in C-V curve, corrected C and G should be

taken into account [11]. One possible origin of series resistance is imperfect contact

between back contact and gate probe [12]. Series resistance is calculated as:
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Where, Crma, Gma IS capacitance and conductance at accumulation condition.

The corrected capacitance and conductance are:

G2 +w’C?

Cc szm (A‘1050)
G2 +w’C?

Gc :ma, (A‘1051)

where

a=G, - (G2 +w°C2)R, (A-10.52)

C-V curves and calculated Dj; with and without correction are shown in Figures A-
10.13 and 14. R calculated here is around 60 Q.
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Figure A-10.13 C-V curves before and after correction. R calculated here is around 60 Q.
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Figure A-10.14 Comparison between D;; from measured and corrected data.

One can see in Figure 10-A.14 that there is a difference between D;; values obtained
from measured and corrected C-V data. However, at mid-gap, Dj; is the same for both

curves. In Chapter 3, I just show the C-V curve obtained from measurement data.

Di; calculated from Terman method is easy and convenient. However, the problem
of this method is that Dj; value sometimes becomes negative. It may be related to an error

occurring from approximation during calculation. Therefore, in my calculation, absolute
values are taken for negative values.

A-10.4. Calculation of Dj; using low frequency method

As | mentioned above, Terman method has some disadvantages related to high
frequency C-V curve calculation. To meet high accuracy, exact Ny and C; value is required.
In order to solve these problems, Berglund developed low frequency method [15]. The
main ideal is based on the fact that, at a frequency low enough, sample is under
equilibrium condition. That means surface state is in equilibrium at all time during

measurement. Surface state can follow both variation of DC signal and ac signal.

Under the equilibrium condition, the relationship between surface potential and
applied voltage is expressed as below:

gl

dy d
> = (A-10.53)
dVi dQD (l//s)




dv. Gy (A-10.54)

where Qp is the net charge in the silicon at surface potential s

QD(ws)=5-82x10‘6(%] (exp(By,) - Bw, -1)"*  (A-10.55)

deDVE‘//s) :%5.82 x107° (%) (eXp(ﬁl//s) By, _1)—1/2(ﬁ eXp(ﬁl//S) B ﬁ)) (A-10.56)

Steps of the method are described as below:
- Measurement of C-V curve of a sample at low frequency (ex. 50 Hz)

- Calculation of surface potential vs. applied voltage.

w.(V)= }(1—%"}dv fva (A-10.57)

where Con, is measured capacitance.

Cox Is oxide capacitance, V is applied voltage, and V, is oxide voltage

(voltage at accumulation condition). l/_/so is determined at accumulation voltage as:

v, = 8Wa) o= (a058)
C.

a
I

(A-10.59)

V, 1 Qsify,) —
& .

+ l//soci
ti 0X CI

Q. (v, )=5.82x10° (NTf] [exp(By ) - By -1 " (A-10.60)

Solve the equation using Newton-Raphson method to find l/_/so by changing

value l/_/so and calculate right side of equation until cross-point is found.
- Calculation of dy /dV, from measurement C; and C.

- Calculation of dQ, / dy at each s
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- Calculation of Dy

Figure A-10.15 shows CV curve of Al/SiN,/c-Si sample before and after annealing
measured at 50 Hz. Corresponding D;; calculated using low frequency method are plotted
in Figure A-10.16.
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Figure A-10.15 C-V curves before and after annealing measured at 50 Hz
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Figure A-10.16 Dj; as a function of surface potential before and after annealing calculated

using low frequency method.
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A-10.5. Calculation of Dj; using conductance method

This method is based on the loss of energy associated with capture and emission of
electrons at interface traps on both halves of the AC cycle. The loss is taken into account

as equivalent parallel conductance Gp.

There are two steps to obtain interface trap density and capture probability as a
function of Si band gap energy in the conductance method:

- Measurement of C-V at low frequency, at which equilibrium conditions are

satisfied to extract surface band bending as a function of gate voltage.
- Measurement of admittance as a function of gate bias and frequency.

Equivalent circuit of MOS structure can be illustrated as Figure A-10.17. Dy is
calculated using the relationship between conductance of parallel equivalent circuit and

surface potential as below:

?p:%qut(Zﬂaz)%( ]jexp(—))exp( —Uu )In[1+a> c N, )?e™ }ju
(A-10.61)

)2
2“5) )L L+ w?r,2e? Ju, (A-10.62)
o T

m

U

S

G,

Or —:—qDIt 2710 jexp(
0]

where us - surface bending, i; - mean value of us, C, - capture probability, ¢ - standard

deviation of us are unknown parameters.

For impedance system measurement, | use carbon tape to stick a sample on a
holder. This may affect series resistance during impedance measurement. Therefore,
capacitance and conductance correction is necessary. Calculated corrected C and G are
described in Terman method above. Equivalent parallel conductance is calculated as

below:
’C2G
(G, )= 5o me (A-10.63)
Gmc to (Cox _Cm)
®*C*?R
"™ 1+ w’CZR% ( )
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Fig. 8— (a) Equivalent circuit for depletion region showing time constant
dispersion caused primarily by statistical fluctuations of surface potential. Cos
is the oxide capacitance per unit area, and Cp the depletion layer capacitance per
unit area. Each subnetwork consisting of C, and R, 1n series represents time con-
stant of the continuum of interface states in a characteristic area. Bulk generation-
recombination is zero. (b) Simplified version of (a) useful when extracting Cos
from the measured admittance. Cp(w) is the capacitance per unit area at a given
bias and frequency of the distributed network in parallel with Cp. Gy(w) is the
equivalent parallel conductance per unit area.

Figure A-10.17. Equivalent circuit for depletion of MOS structure in depletion region [11]
Calculation of Dj; using conductance method is described as these steps below:

A. Calculation of i at each applied voltage (as described in low-frequency method)

For example, in my study, we measure C-V curve of Al/SiN,/c-Si structure. C-V
curve of Al/SiN,/c-Si structure at low frequency are shown in Figure A-10. 18a. Frequency
of 50 Hz is chosen to calculate. At each applied voltage, i (unit of kg/T) is calculate by
using equation A-10.57-60. i as function of applied voltage are drawn in Figure A-
10.18b.
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Figure A-10.18. Figures of steps for calculating surface potential.

B. Standard deviation o

In order to find o, we use the two symmetric frequency values as shown in Figure

A-10.19 and the equation above:

wp

“ _ _ 2
G,/0) fexp((u;GZUS))exp(—us)lnhmAz(cpND)—zezus]dus
_ % =

CRT _ _ (A-10.65)
p! @ wg ©n jexp(_(u;_zus)

2
Yexp(-u,)InfL+ 052(c, N, ) 7e? |
(o)

The limitation of the integrate is from (-2ug, 2ug), where ug is bulk potential in unit
of kg/T:

ug = In(Nn—?)(kT /q) (A-10.66)
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Right side equation is theoretical value at fixed c, with various o, we obtain Figure

A-10.20. The suitable value of o is the same values of two curves.
C. Calculation of C, at each is and corresponding Dj.

At fixed o, we substitute it into equation (55) above, and change value of Cy. Left
side is experimental value and right side is theoretical value. We can find C, at each s by
using Newton-Raphson method. When we can find C, at each s (or Vy voltage), we
substitute these parameters into equation (A-10.49), we can calculate Dj;.
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Figure A-10.19. Conductance to frequency ratio as a function of frequency.
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Figure A-10.20. (Gp/w) /(Gp/w)max VS. Standard deviation at two frequencies taken as
symmetric frequency in Figure A-10.19
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Figure A-10.21. C-V curve of a SiN,/c-Si sample at various frequencies: From top

to bottom is from high frequency to low frequency.

There are some problems occurring during my calculation. First is the variation of
accumulation capacitance when frequency changes as shown in Figure A-10.21. | suppose
the change of accumulation capacitance is due to the property of SiNy films itself. The
second problem is related to applied voltage chosen two symmetric frequencies to find o.
Figure A-10.22 shows that peak position frequency changes with applied voltage. The
third problem is that o value obtained from my calculation is too big, as shown in Figure
A-10.19. Although I took small ¢ for my calculation, the result of Dy is still unreasonable
for sample before annealing. D;; is too small compared to normal value at which minority

carrier lifetime is on the order of several ps.
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Figure A-10.23. Dj; as a function of surface potential calculated using Conductance
method.
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A-11. Deviation of equation of Js; and V¢

o)

"

P~

>
>

0 X X+Wo H’ H
Assuming that there is incident photon flux coming to cell as shown in Figure 1. Photons

going into cell for each wavelength A equal to:

(1—R(1))p(4) at surface of cell
(L—R(2))p(2)exp(— a(2)x) at position x:
(L—R(1))p(4)exp(— a(A)(x + dx)) at position x+dx
Generation rate of electron-hole pairs:

G(4, )dx = (1= R(2) Jp(A)exp(- ar(A)x) - (L= R() (4 )exp(- (A )x + dx))
= (1= R(2) (2 )exp(— er(A)x N1 - exp(~ (2 )dx))
= (1= R(2)p(2)exp(= ar(2)xJor (2 )ox

Current generated through cell is divided into three components: hole current, electron
current and space charge region current.

In order to obtain hole current, we firstly consider steady-state continuity equation:

- dJ
Gp_pn Pro 1 P_0 (1)
T q dx

p

Where, Gp is generation current:

G(2, )= ¢(A)a(2)1-R(2))exp(- (2 )x) )

Current density equation:

d
‘]p:q:upan_qu[ dF;n] (3)

Substitute (2) and (3) into (1), we obtain:
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D, 4P . 0p1— R)exp(- ax)- PP _g
dx? T,
ag(l- R)r
Acosh—+ Bsmh—— exp(— ax
Py~ Pyo = L L p(~ox)
Boundary conditions:
Surface recombination:
d pn - pn —
D, %Z S,(Pn = Py ) @t x=0
No excess carrier at the depletion region edge:
P, — Py =0 at X=Xxj
Hole density:
Pn—Pno = |:¢(1_ R)OCZLZZ _1:|><
(s.L X; — S L X, |
—PP 4L |sinh +exp(-ax; | “22.sinh i 4 cosh
Dp i p J Dp Lp Lp
SD . :
270 sinh X 4 cos X
L n Lp Lp .
dp, al
J, =—qu( o L {(W(l R)ﬁ}
(s.L S L |
2T |—expl-ax | 22 cosh 0+ sinh -
D, ° "\ D, L, Lp L exploa )
—al, expl-ax,

SPDP

p

sinh X +C0S —
L L

X]

p

Similarly, we solve the steady-state continuity equation for electron:

Ny

T

Ny 1dd,

q dx

G, - P

n

n

Current density equation:

dn,
Jn, =qu,n,E—-qD, e
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And using the boundary conditions:
Surface recombination:

- Dn%: Sn(np —npo) at x=H

No excess carrier at the depletion region edge:

n, =N, =0 at x=xj+Wp

We obtain:

oL,
J, = {(W(l— R)aTﬁ—J X
[SI”DL” (cosh [' —exp(-aH )j +sinh tl +al, exp(—aH )J
ST |_”| xal, exp(—a(Xj W, ))
—"sinh—+cosh —
D L L

n n n

n n

In space charge region:

Jg =ag(L—R)exp(—ax;)[L—exp(aW,)],
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Matlab code

1. For Terman method
clc; close all; clear all;
%f=input(‘please input measurement frequency’)
f=1000000;
AA=xlsread ('datafilename’);
% some constants
ni=1el0;
eps=11.7*8.85e-14;
T=300;
k=1.38e-23;
q=1.6e-19;
Nd=1.87el5;
%electrode area A
Ar=0.0314,
% data in AA: voltage capacitance dissipation factor Vg Cf cf- D+ D-
% uncomment if you want to calculate Dit using corrected data
% w=f*2*pi;
% Cma=max(AA(;,2));
% for i=1:length(AA);
% Gm(i)=AA(i,2)*W*AA(i,4);
% end
% Gma=max(Gm);
% Rs=Gma/(Gma"2+(w*Cma)"2);
% Co=Cma*(1+(Gma/w/Cma)"2);

% for k=1:length(AA)
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% t(K)=(Gm(K)*2+(W*AA(K,2))"2);
% a(k)=Gm(k)-t(k)*Rs;
% Cc(k)=t(K)*AA(k,2)/(a(k)"2+(W*AA(K,2))"2);
%  Gc(k)=t(k)*a(k)/(a(k)"2+(W*AA(k,2))"2);
% A(k,2)=Cc(Kk);
% end
%if you use corrected data please comment (%) two codes below
A(:,2)=AA(:,2);
A(,D)=AA(,L);
% tinh ¢ min
ca=max(A(:,2));
w=2*sqrt(eps*k*T*(log(Nd/ni))/Nd/g"2);
csmin=eps*Ar/w;
cmin=csmin*ca/(csmin+ca);
cmmin=min(A(:;,2));
vd=log(ni/Nd);
% find Vb
cfb=sqrt(eps*((q)"2)*Nd/k/T);;
cf=Ar*cfb*ca/(cfb*Ar+ca);
for i=1:length(A)

delc(i)=abs(cf-A(i,2));
end
mdelc=min(delc);
for i=1:length(delc)

if mdelc==delc(i)

Vb=A(i,1);
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end
end
%calculate theoretical high frequency CV curve
% positive region from Va to flat band condition
% choose maximum of surface potential in kg/T unit
de=0.5;
vvs1=0.01:de:10;
f1=sqrt(((ni/Nd)"2)*(exp(-vvsl)-1)+exp(vvsl)-vvsl-1);
hs=sqrt(2*eps*k*T*Nd);
ql=hs*f1;
cdl=cfb.*Ar*(((ni/Nd)"2)*(1-exp(-vvsl))+((exp(vvsl)-1)))./f1/sqrt(2);
cl=(cdl.*ca)./(cd1l+ca);
vox1=-1*sign(vvsl).*ql./(ca/Ar);
phis1l=vvs1*k*T/q;
vgl=phisl-vox1+Vfb;
%negative region 1 from flat band condition to band bending equal to vd
vvs2=vd:de:-0.01;
f2=sqgrt(abs(((ni/Nd)"2)*(exp(-vvs2)+vvs2-1)+exp(vvs2)-vvs2-1));
g2=hs*f2;
cd2=abs(cfb.*Ar*(((ni/Nd)"2)*(1-exp(-vvs2))+((exp(vvs2)-1)))./f2/sqrt(2));
c2=(cd2.*ca)./(cd2+ca);
vox2=-1*q2./(ca/Ar);
phis2=vvs2*k*T/q;
vg2=phis2+vox2+Vtb;

% negative region 2: MOS physic and technology simulation
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fx=inline('(exp(-x)-exp(x)+2.*x)./((sqrt(2*(-x+exp(x)-
1+((9.65€9/1.87e15)"2).*(exp(-x)-1))))."3)");

vvs3=2*vd+1:1:vd,;

for kk=1:length(vvs3);

vs3=vvs3(kk);

I3=quad(fx,vs3,vs3/1000);
f3=sqrt(2*(exp(vs3)-vs3-1+((ni/Nd)*(2))*(-1+exp(-vs3))));
q3=hs*f3/sqrt(2);

vox3=-1*q3/(ca/Ar);

del3=f3*(13-1)/(-1+exp(-vs3));
k3=(1-exp(vs3)+((ni/Nd)"2)*(((-1+exp(-vs3))*del3/(del3+1)+1)))/f3;
cs3=cfb*k3*Ar;

cn3=cs3*ca/(cs3+ca);

c3(kk)=cn3;

phisn3=vs3*T*k/q;

vgn3=phisn3+vox3+Vfb;

vg3(kk)=vgn3;

phis3(kk)=phisn3;
end
vss4=-34:1:2*vd;
for nn=1:length(vss4);

vs4=vss4(nn);

14=quad(fx,vs4,vs4/1000);
fA=sqrt(2*(-vsd+exp(vsd)-1+((ni/Nd)N(2))*(-1+exp(-vs4))));
g4=sign(vs4)*hs*f4/sqrt(2);

vox4=1*q4/(ca/Ar);
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deld=f4*(14-1)/(-1+exp(-vs4));
k4=(1-exp(vs4)+((ni/Nd)"2)*(((-1+exp(-vs4))*deld/(deld+1)+1)))/f4;
cs4=cfb*k4*Ar;

cnd=cs4*ca/(cs4+ca);

phisnd=vs4*k*T/q;

vgg4=phisn4+vox4+VTb;

c4(nn)=cn4;

vg4(nn)=vgg4;

phis4(nn)=phisn4;

end

phis=[phisl phis2 phis3 phis4];
Vgg=[vgl vg2 vg3 vg4];
c=[cl c2 c3 c4];
cc=[cl c2];
n=max(c)/Co;
for i=1:length(A(:,2))
mca(i)=abs(0.9*max(c)-A(i,2));
end
mcaa=min(mca)
for i=1:length(A(:,2))
mca(i)=abs(0.9*max(c)-A(i,2));
if mca(i)==mcaa
va=A(i,1)
end

end
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Va=min(va)
vssa=[phisl phis2];
vgg=[vgl vg2];
tl(:,1)=Vgg';
tli(;,2)=c’;
tli(;,3)=phis;
tl(:,1)=[vgl vg2 vg3];
tl(:,2)=1e9*[c1 c2 c3];
tl(:,3)=[phisl phis2 phis3];
plot(tll(:,1),tI(:,2)," ACG,1),AG,2),™);
k1l=ginput(1);
hold off
% Chose range to calculate Dit
=1
for jj=1:length(A)
if A(jj,1)>min((vg3))&A(jj,1)<Va
D(.)=Ad));
=it
end
end
D(:,3)=D(;,2)*1e9
% at the same capacitance, choose other value
for i=1:1:length(D)
for j=1:1:length(tl);
qq()=abs(D(i,3)-t1(j.2));

end
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gmn(i)=min(qq)
for j=1:1:length(tl);
ql(j)=abs(D(i,3)-tl(j,2));
if g1(j)==qmn(i)
cx(1)=D(i,3)
vga(i)=D(i,1);
phi(i)=tl(j,3);

vglt(i)=tl(j,1); %theoretical voltage

end
end

end
B(:,1)=vga;
B(:,2)=phi;
B(:,3)=cx;
B(:,4)=vglt;
B(:,5)=-vga+vglt;
%flit same phi
B=round(B*1e4)/1e4;
[tmp,INDEX]=unique(B(:,2), rows’);
for i2=1:length(tmp)
kq(i2,:)=B(INDEX(i2),:);
end
ka;
%subplot(3,1,2)

%subplot(2,1,1)
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%plot(kq(:,1).kq(:,2),"kq(:,4).kq(:,2),");

%plot(kq(:,1).kq(:,2),'0);

%k2=ginput(1);

%hold off

% find Dit

i=1;

for d1=1:length(kq)-1
ddv(i)=(kq(d1,5)-kq(d1+1,5))
dphis(i)=(kq(d1,2)-kq(d1+1,2))
dphiss(i)=(kq(d1,2)+kq(d1+1,2))/2
del(i)=(ddv(i)/(dphis(i)))
ditt(i)=ca*(del(i))/q/Ar
kqVg(i)=kq(d1,1)
i=i+1

end

kqq(:,1)=(dphiss);
kaq(:,3)=kaVg;
kqq(:,2)=1e-12*abs(ditt);

kqg;

%flit same Vg
kgg=round(kqg*1e4d)/1e4;
[tmp1,chiso]=unique(kqq(:,3), rows";
for i3=1:length(tmpl)

kqo(i3,:)=kqq(chiso(i3),:);
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end

kqo;

ke(:,1)=kqo(:,1)
ke(:,2)=kqo(:,2)
%subplot(3,1,3)
%subplot(2,1,2)
plot(kqo(:,1),1e12*kqo(:,2),'0";
%save Dit_sample.xIs ke -ascii

%save datafilename_corrected.xls B -ascii

. Calculation of Dj; using low frequency method
2.1.  Find surface potential as a function of applied voltage
(measured data obtained from impedance systems)
function P=findps
clc;close all; clear all;
beta=1.6e-19/(1.38e-23*300);
g=1.6e-19;
Nd=1.87el5;
%tim Vo, Co
B=xlsread('50f_a");
%find capacitance and voltage of SiNx
Co=max(B(:,12))
k=1;
for i=1:(length(B))
if Co==B(i,12)

Va(k)=B(i,7);
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k=k+1;
end

end

%find flat band voltage va flat band capacitance
cfhs=0.0314*sqrt(11.7*8.85e-14*((1.6e-19)"2)*1.9e15/1.38e-23/300);
cfb=(cfbs*Co)/(cfbs+Co);
for i=1:(length(B))

xx(i)=abs(cfb-B(i,12));
end

xxmin=min(xx);
for i=1:(length(xx))

if xx(i)==min(xx)

vib=B(i,12);

end
end
A=[B(:,7)-vib B(:,12)];
n=(5.82e-16*sqrt(Nd/beta))/(Co/0.0314);

m=min(Va)-vfb;

%finding Va position
for i=1:(length(A))
if m==A(i,1)
tt=i;
end

end
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t=gpt(n,m);
avphi=t(1)/beta;
% calculate phi vs. Vg
ii=1;
for i=2:(length(A))
ar0=0;
for k=1:i-1
area=abs((A(k+1,1)-A(k,1))*(A(k+1,2)+A(k,2))/2);
arO=arO+area;
end
a(i)=ar0;
phii(ii)=(A(i,1)-m)+ar0/Co+avphi;
Vag(i)=A(i,1);
li=ii+1;
end
phi=beta*[avphi phii];
Vg=[m Vgg;
A(:,3)=phi;
P=A;
plot(Vg, phi,'o")
save phiV.xls A -ascii

%save Dit100aa.xls ke -ascii

2.2.  Function for calculation of Dj;
clc;clear all;close all;

%50f _a is data file in excel xIs form.
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%Note to change file name in findps function

AA=xlsread('50f_a");

% data measured from impedance systems
Nd=1.875e15;

ni=1el0;

vd=-log(9.65e9/Nd);

q=1.6e-19;

k=1.38e-23;

T=300;

b=q/k*T;

P=findps;

w=50*2*pi;

Ar=0.0314,

epsi=11.7*8.85e-14;
hs=sqrt(2*epsi*k*T*Nd);
cfb=sqrt(epsi*((q)"2)*Nd/Kk/T);;

% uncomment if you want to calculate Dit using corrected data
% Cma=max(AA(:;,12));

% for i=1:length(AA);

% Gm(i)=AA(i,14);
% end
% Gma=max(Gm);

% Rs=Gma/(Gma”2+(w*Cma)"2);
% Co=Cma*(1+(Gma/w/Cma)"2);
% for k1=1:length(AA)

% t(k1)=(Gm(k1)"2+(W*AA(K1,12))"2);
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% a(k1)=Gm(k1)-t(k1)*Rs;

% Co(kL)=t(kL)*AA(KL,12)/(a(kL) 2+W*AA(KL,12))"2):
% Ge(k1)=t(k1)*a(kL)/(a(k1) 2+W*AA(KL,12))72);

% A(K1,2)=Cc(KL);

% end

%if you use corrected data please comment (%) two codes below
A(D=AA(,T);
A(:,2)=AA(;,12);
Ci=max(A(:,2))
for i =1:length(A)
delCi(i)=abs(A(i,2)-Ci)
end
delCimin=min(delCi)
ii=1
for i =1:length(A)
delCi(i)=abs(A(i,2)-Ci)
if delCimin==delCi(i)
vaa(ii)=A(i,1)
ii=ii+1
end
end

Va=min(vaa)

for i=1:length(P)

for kk=1:length(A)
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delVg(kk)=abs(A(kk,1)-P(i,1));
end
mdel\Vg(i)=min(delVQ);
for k2=1:1:length(A)
delVg(k2)=abs(A(k2,1)-P(i,1)):
if delVg(k2)==mdelVg(i)
Vg(i)=A(k2,1);
C(i)=A(K2,2):

Phi(i)=P(i,3);

end
end
end

B(:,1)=Vg;
B(:,2)=Phi;
B(:,3)=C;
plot(Vg,C);
nsd=ginput(1);

hold off

kk=1
for k3=1:length(B)
if (B(k3,1) > -2) & (B(K3,1) < Va)
if B(k3,2)>0
ws1(kk)=B(k3,2)

% here | choose formula of si capacitance following MOS physics
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% and technology book
%the result obtained is the same for dQ and cd1

f1(kK)=sqrt(abs((9.65e9/1.87e15)"2)*(exp(-vvs1(kK))+vvs1(kK)-
1)+exp(ws1(kK))-vvs1(kK)-1):

q1(kk)=hs*f1(KK);

cd1(kk)=abs(cfb*0.0314*(((9.65€9/1.87e15)"2)*(1-exp(-
vvs1(kk)))+((exp(vvsl(kk))-1)))/f1(kk)/sqrt(2));

D1(KK)=Phi(k3)*k*T/q
deVi(kk)=1/(Ci/B(K3,3)-1)

dQ(kk)=sign(B(k3,2))*5.82e-16*(Nd/b)*(exp(B(k3,2))-
((NiINd) 2)*exp(-B(k3,2))-1)*((exp(B(k3,2))-  B(k3,2)-1-+((ni/Nd)*2)*exp(-
B(k3,2)))(-1/2))/2;

9%D2(kk)=1e-11*abs((Ci/deVi(kk)/Ar)-dQ(kK))/q

D2(kk)=abs((Ci/deVi(kk)/Ar)-cd1(kk)/An/q;

end
if B(k3,2)<0
wvsl(kk)=B(k3,2)

f1(kK)=sqrt(abs(((Ni/Nd)2)* (exp(-vvs1(kk))+wws1(Kk)-
1)+exp(ws1(kk))-ws1(kk)-1));

q1(kk)=hs*f1(KK);

cd1(kk)=abs(cfo* Ar<((ni/Nd) 2)*(1-exp(-vws1(kK)))+((exp(vvs1(kk))-
1)))/FL(KK)/sqrt(2)):

D1(KK)=Phi(k3)*k*T/q
deVi(kk)=1/(Ci/B(K3,3)-1)

dQ(kk)=sign(B(k3,2))*5.82e-16*(Nd/b)*(exp(B(k3,2))-
((NiINd) 2)*exp(-B(k3,2))-1)*((exp(B(k3,2))-  B(k3,2)-1+((ni/Nd)*2)*exp(-
B(k3,2)))(-1/2))/2;
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9%D2(kk)=1e-11*abs((Ci/deVi(kk)/Ar)-dQ(KK))/q;

D2(kk)=1e-11*abs((Ci/deVi(kk)/Ar)-cd1(kk)/Ar)/q;

end
kk=kk+1;
wsl1l%

end

end
plot(D1,D2,*")
%plot(D(:;,1),dQ,™*")

%save Ditlf _ba 100.xls D -ascii
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. Conductance method

3.1.  Find surface potential as function of applied voltage (shown in 2.1)
function P=findphis
clc;close all; clear all;
beta=1.6e-19/(1.38e-23*300);
g=1.6e-19;

Nd=1.87e15;

%tim Vo, Co
B=xIsread('50f");
%find capacitance and voltage of SiNXx
Co=max(B(:,2))
k=1;
for i=1:(length(B))
if Co==B(i,2)
Va(k)=B(i,1);
k=k+1;
end

end

%find flat band voltage va flat band capacitance
cfhs=0.0314*sqrt(11.7*8.85e-14*((1.6e-19)"2)*1.9e15/1.38e-23/300);
cfb=(cfbs*Co)/(cfbs+Co);

for i=1:(length(B))

xx(i)=abs(cfb-B(i,2));
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end

xxmin=min(xx);
for i=1:(length(xx))

if xx(i)==min(xx)

vib=B(i,1);

end
end
A=[B(:,1)-vib B(:,2)];
n=(5.82e-16*sqrt(Nd/beta))/(Co/0.0314);

m=min(Va)-vfb;

%finding Va position
for i=1:(length(A))
if m==A(i,1)
tt=i;
end
end
t=gpt(n,m);
avphi=t(1)/beta;
% calculate phi vs. Vg
ii=1;
for i=2:(length(A))
ar0=0;
for k=1:i-1
area=abs((A(k+1,1)-A(k,1))*(A(k+1,2)+A(k,2))/2);

arO=arO+area;
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end
a(i)=ar0;
phii(ii)=(A(i,1)-m)+ar0/Co+avphi;
Vog(i)=A(i,1);
ii=ii+1;
end
phi=beta*[avphi phii];
Vg=[m Vgg;
A(:,3)=phi;
P=A;
plot(Vg, phi,'o’)
3.2.  Find standard deviation
clc;close all; clear all
% read data file
%file=input(‘'data file name )
A=xlsread('decade’);
I=1;
Vgmax=max(A(:,7));
Vgmin=min(A(:,7));
for x=1:length(A)
if Vgmin==A(x,7)

minn=A(x,3);

end
if Vgmax==A(X,7)

maxx=A(x,3);

201



end
end
mi=minn-40;
ma=maxx+39;
I=1;
%chose any Il in range of ma to mi to built symetric frequency-conductance
%per w curve
% choose range ll:=mi:ma to see how the curve change with change applied
% voltage and then remove to continue calculation
%for ll=ma:mi
for llI=ma
i1=1;
for i=3:max(A(:,2));
ii=1;
for k=1:length(A)
if i==A(k,2)
wl(ii)=A(k,5)*pi*2;
fL(ii)=A(k,5);
Vo(i=Ack,7);
gm(ii)=A(k,13);
cm(ii)=A(k,12);
ii=ii+1;
end
end

w(il)=wl(1);
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f(i1)=FL(L):
cma(il)=max(cm);
for h=1:length(cm)
if cm(h)==cma(il)
gma(i1)=gm(h);
Yma(il)=sqgrt((cm(h)*w(il))*2+gm(h)"2);
cox(il)=cma(il)*(1+(gma(iL)/(cma(il)*w(i1)))"2);
end
end
Rs(il)=gma(il)/Yma(il)/Yma(il);
for h=1:length(cm)
Ym(h)=sqrt((cm(h)*w(i1))"2+gm(h)"2);
a(h)=((gm(h)-Ym(h)*Ym(h)*Rs(i1)));
cc(h)=Ym(hy*Ym(h)*cm(h)/(a(h)*a(h)+(cm(h)*w(i1))"2);
ge(h)=Ym(h)*Ym(h)*a(h)/(a(h)*a(h)+(cm(h)*w(i1))"2);

%gpw(h)=w(l)*cox*cox*gc(h)/(gc(h)*gc(h)-(w(l)*(cox-cc(h)))"2);

gme(h)=w(i1)*w(i1)*Rs(i1)*cc(h)*cc(h)/(1+w(il)*w(i1)*Rs(il)*Rs(i1)*cc(h)*
ce(h));

gpw(h)=w(il)*w(il)*cox(il)*cox(il)*gmc(h)/(gmc(h)*gmc(h)+(w(il)*(cox(il
)-cc(h)))™2);

end

M(i1,1)=gpw(Il)/w(il);

vgg(i1)=Vvy(ll);
M(i1,3)=f(iL);
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M(i1,4)=log10(f(i1));

M(i1,5)=F(i1);

iI1=il1+1;
end
plot(M(:,4),M(:,1),'0")
peak(l)=max(M(:,1))
hold on
kr=ginput(1);
%hold off

I=1+1;

end

p=1
for f=1:length(M)
if M(f,1)==peak

po(p)=M(f,4);
pmax=M(f,1);
fo=f;
fmaxx=M(f,5);
display(‘fo")
plot(fmaxx,pmax,™*")
hold off

end

p=p+1;
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end

deltafl=input(‘please choose rangel to find f max’)
deltaf2=input('please choose range to find f min’)
ffmax=fo+deltafl;
ffmin=fo-deltaf2;
for ff=1:length(M)
if ff==ffmax
wmax=2*pi*M(ffmax,5);
fmax=M(ffmax,5);
end
if ff==ffmin
wmin=2*pi*(M(ffmin,5));
fmin=M(ffmin,5);

end

end
AA=findphis;
m=AA(:,3);
mm=ma;
for mi=1:length(mm)
ji=m(mi);
xxx=1:2:30;
for ki=1:length(xxx)
xx=xxx(ki);

Rmax(ki,1)=xxx(ki);
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Rmax(ki,1)=xxx(ki);
Rmax(ki,2)=hc(fmax,xx,ji);
Rmin(ki,2)=hc(fmin,xx,ji);
Rpeak(ki,2)=hc(fmaxx,xx,ji);
Ki=ki+1;
end
for ik=1:length(Rmax);
xmax(ik,1)=Rmax(ik,1);
xmax(ik,2)=1/(Rmax(ik,2)*fmaxx/Rpeak(ik,2)/fmax);
xmin(ik,2)=((Rmin(ik,2)*fmaxx/Rpeak(ik,2)/fmin));
xmin(ik,1)=Rmin(ik,1);
end

plot(xmax(:,1),xmax(:,2),'0")

hold on

plot(xmax(:,1),xmin(:,2),*")

hold on

mi=mi+1;

end
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3.3.  Calculation of Dj; based on standard deviation found in part 3.2
clc;close all; clear all
syms v
sigma=>5;
g=1.6e-19;
Nd=1.87el5;
% read data file
%file=input(‘'data file name )
A=xlsread('100aa’);
AA=findphis;
m=AA(:,3);
Vg=AA(,1);
I=1;
for i=15:1:16;
ss=1;
for s=1:length(A)
if i==A(s,2)
A(s,2);
AL(ss,:))=A(S,2);
ss=ss+1;

end

end

w(l)=AL(1,5)*2*pi;

f()=A1(1,5)
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cm=Al1(:,12);
gm=A1(;,13);
cma(l)=max(cm);
for h=1:length(Al)
if cm(h)==cma(l)
gma(l)=gm(h);
Yma(l)=sqrt((cm(h)*w(l))*2+gm(h)"2)
cox(l)=cma(l)*(1+(gma(l)/(cma(l)*w(1)))"2);
end
end
Rs(l)=gma(1)/Y ma(l)/Yma(l);
for h=1:length(cm)
Ym(h,l)=sgrt((cm(h)*w(l))*2+gm(h)"2);
a(h,=((gm(h)-Ym(h)*Ym(h)*Rs(1)));
cc(h,)=Ym(hy*Ym(h)y*cm(h)/(a(hy*a(h)+(cm(h)*w(1))"2);
ge(h,)=Ym(h)*Ym(h)*a(h)/(a(h)*a(h)+(cm(h)*w(1))*2);

%gpw(h)=w(l)*cox*cox*gc(h)/(gc(h)*gc(h)-(w(l)*(cox-cc(h)))"2);

gme(h,)=w(l)y*w(l)*Rs(l)*cc(h)*cc(h)/(L+w(l)*w(l)*Rs()*Rs(l)*cc(h)*cc(h)):;

gpw(h,D)=w(l)*w(l)*cox(l)*cox(l)*gmc(h)/(gmc(h)*gmc(h)+(w(1)*(cox(l)-
cc(h)))"2);

end

I=1+1;
end
h=1
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for ki=28:2:60
uav(h)=m(ki);
vgg(h)=Vg(ki);
gmr(h)=gm(ki);
cc=1,;
for ci=1:2:24
ji(cc)=1*10"(-(ci+1));
Rmin(cc,1)= uav(h);
Rmax(cc,1)= uav(h);
Rmax(cc,2)=hcc2(f(1),ji(cc),uav(h));
Rmin(cc,2)=hcc2(f(2),ji(cc),uav(h));
R(cc,2)=Rmax(cc,2)*f(2)/Rmin(cc,2)/f(1);
R(cc,1)= ji(cc);
cc=cc+1;
end
vt(h)=gpw(ki, 1)/gpw(ki,2)
% this comment part is to show cp-R curve
%plot(log10(R(:,1)),R(:,2));
%hold on
%ezplot(v,vt(h),[-24 0])
%kkk=ginput(1)
%hold off
for tx=1:length(ji)
calz(tx)=abs(vt(h)-R(tx,2));
tIX=tx+1;

end
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mincal(h)=min(calz);
for txx=1:1:length(ji)
calzt(txx)=abs(vt(h)-R(txx,2));
if mincal(h)==calzt(txx)
cpr(h)=ji(txx);
Rkq(h)=R(txx,2);

end
IXX=tXX+1;
end
h=h+1

end
for kk=1:1:length(cpr)
kk
Rmaxr(kk,1)=hcc2(f(1),cpr(kk),uav(kk));
Vgate(kk)=vgg(KkK):
phiss(kk)=uav(kk);
hss(kk)=g*((2*pi*sigma’2)(-1/2))*cpr(kk)*Nd/2;
Nss(kk)=gpw(kk,1)/Rmaxr(kk)/hss(kk)/0.0314
M(kk,1)=vgg(kk);
M(kk,2)=0.026*phiss(kk);
M(kk,3)=Nss(KK);
end
save Ditcd_aa_100.xls M -ascii

plot(M(:,2),Nss,'0")
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