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Abstract

High rate growth process, material quality and related solar cell performance of hydro-
genated microcrystalline silicon (µc-Si:H) were investigated in this work. High deposition
rate (RD) was achieved by very high frequency (VHF) plasma-enhanced chemical vapor
deposition (PECVD) working at high pressure and high power (hphP). Compared to the
µc-Si:H material deposited with conventional low pressure, low power (lplP), the hphP
�lms showed equivalent optical and electrical properties, indicating their abilities as ab-
sorbers in thin �lm silicon solar cells. The in�uences of the deposition parameters on the
solar cell deposition rate and performance were systematically investigated in this thesis.
It was found that optimum cells were always found close to the transition from highly
microcrystalline to the amorphous growth and with medium crystallinity. Variations of
many deposition parameters can tune the crystallinity. Among them, varying silane con-
centration (SC) is the most easy and straightforward way. Under optimized conditions,
high e�ciency of 9.8% was obtained at RD over 1 nm/s for a single junction p-i -n solar
cell. E�orts were also made to �nd out the correlation between the material properties
and solar cell performance. The Raman structure depth pro�le method revealed that hphP
solar cells consisted of a more amorphous incubation layer at the p/i interface, which was
found to reduce the short wavelength light response of the solar cells.

Besides PECVD, Hot Wire (HW) CVD is an alternative method for µc-Si:H deposition.
It was found that HWCVD µc-Si H cells showed higher VOC and FF than the PECVD cells
in a wide range of i -layer crystallinity. This was attributed to the better p/i interface
quality in the HWCVD cells. Inserting an intrinsic microcrystalline p/i interface layer
deposited by HWCVD into PECVD cells nearly eliminated the above di�erences. Ra-
man structure depth pro�le, transmission electron microscopy and selective area electron
di�raction were applied to investigate the structure properties of the solar cells. However,
di�erences could hardly be found in the already homogeneous i -layers of PECVD and
HWCVD cells. Thus the positive e�ect of the HW-bu�er for facilitating nucleation was
not observed. An amorphous HW-bu�er layer in PECVD cells resulted in a more amor-
phous p/i interface and an increasing crystallinity along the growth axis. However, such
amorphous interface layer still enhanced the VOC and FF of the resulting cells. Therefore,
it was concluded that structure homogeneity was not the reason for the better performance
of the HWCVD cells. Applying the HW-bu�er concept to the PECVD hphP cells, we ob-
tained a high e�ciency of 10.3% at a high RD of 1.1 nm/s. This is the highest e�ciency
reported so far for the single junction µc-Si:H solar cells in p-i -n con�guration.



 



Chapter 1

Introduction

1.1 Solar energy and solar cells
Nowadays, more than 85 % of our commercial energy supplies are produced from the

combustion of fossil fuels, i.e. coal, oil and natural gases [Goetzberger 2003 ]. The increasing
demand and consumption of fossil energy resources are now causing severe economical and
environmental problems. Due to its almost in�nite energy source and the environment
friendly nature, photovoltaics, converting the sun light directly into electricity, has been
regarded as a promising technique for future power supply.

The photovoltaic e�ect was �rst discovered by E. Becquerel in 1839 [E. Becquerel 1839 ].
However, considerable progress had not been made until the �rst single crystalline silicon
(c-Si) solar cell was invented by Chapin et al. in 1954 [Chapin 1954 ]. In the past several
decades, di�erent types of solar cells have been developed. Among them the conventional
Si wafer based c-Si or multi-Si solar cells were classi�ed as the �rst generation cells [Green
2002 ]. The e�ciency of c-Si solar cells has been improved a lot from 6 % of the �rst cell
to today's 24.7 % [Zhao 1999 ]. At present, the world photovoltaic market is dominated
by the �rst generation cells. The production cost of these solar cells is mainly determined
by the material cost from silicon wafers and encapsulant. This makes it di�cult to largely
reduce the production cost and thus will limit the large-scale application of such cells. Thin
�lm solar cells, like cadmium-telluride (CdTe), copper-indium-gallium-selenide (CIGS) and
amorphous or microcrystalline silicon cells, are considered to be the second generation.
Thin �lm technologies are promising in the cost reduction since they do not need the
expensive silicon wafers, and they can be deposited on large area, low cost substrates,
such as glass, stainless steel and plastic foils. The hydrogenated amorphous silicon (a-
Si:H) solar cells, fabricated from largely available elements, are the �rst industrialized thin
�lm photovoltaic products. Compared to a-Si:H solar cells, hydrogenated microcrystalline
silicon solar (µc-Si:H) cells show a number of advantages, such as wider spectral response
and better stability against light soaking, etc. µc-Si:H thin �lms and solar cells deposited
by plasma-enhanced chemical vapor deposition (PECVD) and hot wire chemical vapor
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deposition (HWCVD) are the research subjects of this work.

1.2 Amorphous and microcrystalline silicon material and
solar cells

Hydrogenated amorphous and microcrystalline silicon thin �lms consist of a large
amount of hydrogen atoms, and thus are usually regarded as the alloy of silicon and hy-
drogen. For simplicity, they are referred to be amorphous and microcrystalline silicon in
this thesis. In this section, only a brief introduction to the history and current status of
amorphous silicon and microcrystalline silicon thin �lms and solar cells will be given. For
detailed information of such material and devices, see Chapter 2.

1.2.1 Amorphous silicon thin �lms and solar cells
Compared to the rigid periodic atomic structure in crystalline silicon, a-Si:H material

shows no long range order and translation symmetry. The absence of long range order and
translation symmetry result in unique characteristics in the material, such as the presence
of band tail states and dangling bonds, etc.

Amorphous silicon has been deposited by many techniques. Among them, PECVD
was the �rst one to produce high quality a-Si:H thin �lms with high photosensitivity
[Chittick 1969 ]. Nowadays, PECVD has become the most frequently-used technique for
a-Si:H deposition. In 1975, Spear and LeComber found that a-Si:H can be substitutionally
doped by adding doping gases like diborane or phosphine into the reactant gases [Spear
and LeComber 1975 ]. Ever since then, the researches in the material properties and device
applications of a-Si:H boomed rapidly. In the next year, the �rst thin �lm solar cell with
a-Si:H as absorber came into being , showing an e�ciency of 2.4 % [Carlson and Wronski
1976 ]. Other a-Si:H based material, such as a-SiGe:H and a-SiC:H, were also applied
to thin �lm solar cells and other optoelectronic devices [Hamakawa 2000 and references
therein]. Yang et al. achieved high e�ciency of 14.6 % in an a-Si:H/a-SiGe:H/a-SiGe:H
triple junction solar cell [Yang 1997 ].

The most important drawback of a-Si:H is that the material quality and solar cell
performance deteriorate after long term sun light illumination. This is called the 'Staebler
Wronski E�ect' [Staebler and Wronski 1977 ]. This problem still exists after decades of
e�orts by many researchers and largely limits the application of a-Si:H solar cells.

1.2.2 Microcrystalline silicon thin �lms and solar cells
Opposite to the homogeneous nature of a-Si:H, µc-Si:H �lms can be considered as a

mixture of crystallites, amorphous tissue, grain boundaries and voids. Parameters related
to crystallites are crystalline volume fraction, grain size and crystal orientation, etc.
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µc-Si:H was �rst deposited by Vep°ek and Mare£ek in 1968, who used a hydrogen
plasma and the chemical transport method at 600 ◦C [Vep°ek and Mare£ek 1968 ]. Later
on, PECVD was also used to deposit µc-Si:H �lms by high hydrogen dilution of silane
[Usui and Kikuchi 1979 ]. It was found that varying the deposition parameters, such as
hydrogen dilution and substrate temperature etc., shifted the �lms from amorphous to
microcrystalline growth [Mastuda 1983 ].

In the early 1980s, Vep°ek and co-workers published a series of important papers,
which described in detail the structural, optical and electrical properties of the µc-Si:H
�lms deposited by PECVD and chemical transport method [Vep°ek 1981, Iqbal and Vep°ek
1982, Iqbal 1983, Vep°ek 1983 ]. However, probably due to the low material quality and/or
low deposition rate (RD, usually far below 0.1 nm/s by PECVD), it was di�cult at that
time to fabricate intrinsic µc-Si:H layers with su�cient quality and thickness as thin �lm
silicon solar cell absorbers. In addition, because of the low optical absorption and high
doping e�ciency, doped µc-Si:H layer used in thin �lm silicon solar cells became the major
research subject in the whole 1980s and in the early 1990s. PECVD working with very
high plasma excitation frequency greatly increased RD of silicon thin �lms [Curtins 1987,
Oda and Noda 1988, Prasad 1990, Howling 1992, Finger 1992, Finger 1994 ]. This made
it possible to deposit a thick µc-Si:H absorber layer in a reasonable short period of time.
The �rst thin �lm silicon solar cell with µc-Si:H as absorber layer appeared in the early
1990s [Wang and Lucovsky 1990, Flückiger 1992, Faraji 1992 ]. Later on, Meier et al.
found that such solar cells did not degrade after a long term light soaking [Meier 1994 ]. In
addition, it was found that, together with an a-Si:H top cell, µc-Si:H cell could replace the
a-SiGe:H cell to form an a-Si:H/µc-Si:H double-junction solar cell [Meier 1994a]. The �rst
a-Si:H/µc-Si:H tandem cell showed a high e�ciency of 9.1 % [Meier 1994a]. The success
of µc-Si:H solar cells stimulated an intensive research on this type of material and devices.

The as-deposited µc-Si:H �lms are usually slightly n-type [Vep°ek 1983 ], which was
previously ascribed to the high defect density or oxygen contamination [Vep°ek 1983, Wang
and Lucovsky 1990, Meier 1994a]. Micro-doping with boron shifted the Fermi level back
to the middle of the band-gap. As a result, it increased the long wavelength response of
the solar cells [Meier 1994a]. Reducing the oxygen or water vapor in the reactant gases
by using gas puri�ers in the gas supplying system reduced the oxygen content in the �lms
and enhanced the solar cell long wavelength response too [Torres 1996 ].

Structure properties have critical in�uences on the optical and electrical properties
of µc-Si:H �lms and devices, and thus have long been intensively investigated by many
researchers [Vep°ek 1983, Tsai 1989 ]. Luysberg et al. investigated µc-Si:H �lms deposited
with di�erent plasma excitation frequencies and observed the columnar structure along
the growth direction [Luysberg 1997 ]. While studying the microstructure of µc-Si:H �lms
deposited with di�erent silane concentrations (SC), Houben and Vallat-Sauvain et al. found
that the crystalline volume fraction and grain size decreased with the increasing SC [Houben
1998, Vallat-Sauvain 2000 ]. Here, a very important observation was that the optimum
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solar cells, in terms of the highest e�ciency, were not made of the material with the
highest crystalline volume fraction and the largest grain size, but of that deposited close
to the transition from microcrystalline to amorphous growth [Vetterl 2000, Roschek 2002,
Klein 2004 ]. It was found that µc-Si:H �lms with high crystallinity were usually highly
defective [Baia Neto 2000, Finger 2002 ]. Such �lms were also very porous and subject to
the in-di�usion of atmospheric molecules [Finger 2003 ].

Various models have been proposed for the description of µc-Si:H growth, such as the
partial chemical equilibrium model [Vep°ek 1990 ] or the related selective etching model
[Tsai 1989 ], the surface di�usion model [Matsuda 1983 ], and the chemical annealing model
[Shirai 1991, Nakamura 1995 ] etc. Although di�erent from each other, these models have
in common that a high hydrogen radical density in the plasma is indispensable for the
formation of µc-Si:H. In good agreement with these models, µc-Si:H �lms and solar cells
were usually deposited with high hydrogen dilution in the reactant gases.

At present, PECVD is the most commonly-used method for µc-Si:H deposition. Very
high frequency plasma (VHF) excitation increased the deposition rate and improved the
material quality of silicon thin �lms [Oda and Noda 1988, Prasad 1990, Finger 1994 ].
Guo and Kondo et al. proposed a high pressure depletion (HPD) regime for high quality
µc-Si:H deposition [Guo 1998, Kondo 2000 ], and achieved high RD in a conventional radio
frequency (RF) regime [Guo 1998, Kondo 2000, Roschek 2002, Repmann 2004 ]. Recently,
also combinations of VHF-PECVD and HPD have been investigated successfully [Fukawa
2001, Lambertz 2001, Matsui 2002, Graf 2003, Gordijn 2005, Kilper 2005 ]. However,
there are still many questions left unanswered. Clarifying these questions is one of the
main objects of this thesis. High rate growth of µc-Si:H with PECVD requires reasonably
high discharge power for high dissociation of the reactant gases. High discharge power
usually increases the peak-to-peak voltage over the electrodes and thus high ion energy, if
the other deposition parameters are maintained constant [Chapman 1980 ]. However, high-
energy ions impinging on the growth surface are considered to be detrimental to the quality
of µc-Si:H, causing defect formation and retarding nucleation [Matsuda 1983, Vep°ek 1989,
Kondo 2000 ].This thesis reports further studies of the combination of VHF-PECVD at 94.7
MHz and high working pressure of 2-4 hPa to achieve high RD and reduce the ion energy
at the same time. As high pressure is employed together with high discharge power, we
shall refer to this deposition regime as hphP (high pressure - high power) in contrast to
the conventional low power, low pressure (lplP) conditions.

Ever since Mastumura and Mahan et al. proved that hot wire chemical vapor deposition
(HWCVD) was also capable of providing high quality a-Si:H [Matsumura 1986, Mahan
1991 ], µc-Si:H deposited by HWCVD became a hot research topic [Matsumura 1991, Rath
1997, Schropp 1997, Alpuim 1999 ]. However, great progress was not made in solar cells
with HWCVD µc-Si:H i -layers until Klein et al. employed a low substrate temperature (TS)
technique [Klein 2001, Klein 2004 ]. Low TS usually required a low �lament temperature
and a long �lament-substrate distance, which remarkably reduced the deposition rate [Klein
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2004 ]. Microcrystalline silicon thin �lms and solar cells deposited by PECVD and HWCVD
are similar from many aspects. For example, optimum solar cells always consist of i -layers
obtained close to the transition from µc-Si:H to a-Si:H growth [Vetterl 2000, Roschek
2002, Klein 2003 ]. In addition, high e�ciency over 9 % was obtained in µc-Si:H solar
cells deposited by both methods [Klein 2003, Feitknecht 2003, Matsui 2004, Gordijn 2005,
Kilper 2005 ]. However, these two types of solar cells also show distinct di�erences. For
example, HWCVD cells have higher open voltage (VOC) than the PECVD cells at the same
i -layer crystallinity [Klein 2005 ]. In addition, VOC of the HWCVD optimum solar cells is
about 50 mV higher than that of the optimum cells deposited by PECVD [Vetterl 2000,
Roschek 2002, Klein 2003 ]. As high VOC is important to achieve high e�ciency in the
single junction or stacked cells, understanding the physics behind is of great scienti�c and
technical interest. Furthermore, the growth rates of the HWCVD solar cells deposited at
low substrate temperature were signi�cantly reduced due to the low �lament temperature.
Thus, making use of the advantages of the HWCVD and PECVD processes, namely, high
VOC by HWCVD and high growth rate by PECVD, will be very promising for the industrial
application. For these purposes, e�orts were made in this thesis to compare the state of
the art µc-Si:H thin �lms and solar cells deposited by these two methods.

1.3 Aims and outline
As mentioned above, high rate growth of µc-Si:H is one of the research topic of this

work. E�orts will be made to solve the following questions,

• How to achieve stable and homogeneous deposition under VHF+hphP con-
ditions?
• What are the in�uences of the deposition parameters?
• What is the relationship between the material properties and solar cell per-
formance?
• Is it possible to further increase the deposition rate while maintaining high
material and device quality?

µc-Si:H deposited by PECVD and HWCVD show both great similarity and distinct
di�erences. Understanding the physics behind the di�erences may help to increase the
solar cell performance further. Therefore, µc-Si:H thin �lms and solar cells deposited by
PECVD and HWCVD will be systematically studied and compared. In this part of work,
�nding out answers for the following questions will be major tasks,

• In how far are µc-Si:H material and solar cell properties governed by the
individual deposition processes (HWCVD vs. PECVD)?
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• Can similar structure and electronic properties be achieved with both depo-
sition techniques?
• What determines the open circuit voltages in µc-Si:H solar cells?
• In how far are the thin �lm silicon solar cell properties determined by interface
e�ects?

The outline of the thesis is as below:

• Chapter 2 will brie�y introduce the fundamental aspects of a-Si:H and µc-Si:H
thin �lms and solar cells.
• In Chapter 3, the deposition techniques and characterization methods for
µc-Si:H thin �lms and solar cells will be presented.
• The results of the high rate growth of µc-Si:H material and solar cells by
PECVD are presented in Chapter 4. In this chapter, the structural, electrical
and optical properties of µc-Si:H deposited at high rate at hphP will be �rst
compared with those deposited with conventional lplP process. Second, the in-
�uences of deposition parameters, such as power and �ow rate etc., on the solar
cell performance will be studied. Third, the structural, electrical and optical
properties of the solar cells and their in�uences on the solar cell performance
will be investigated. Finally, the results will be discussed and summarized.
• In Chapter 5, it will be tried to �nd out the mechanisms determining the
di�erences between the PECVD and HWCVD solar cells and to make use of
the advantages of these two processes. µc-Si:H �lms and solar cells deposited
by PECVD and HWCVD will be �rst compared. Second, the di�erences be-
tween the PECVD and HWCVD cells will be found to be nearly eliminated by
inserting an intrinsic HWCVD p/i interface layer into the PECVD cells. Third,
e�orts will be made to �nd out how the HWCVD interface layers improve the
solar cell performance. Finally, the results will be discussed and summarized.
• In Chapter 6, the most important results will be summarized. The outlook
of future work is also given.



Chapter 2

Fundamentals of a-Si:H and µc-Si:H

2.1 Hydrogenated amorphous silicon
Since hydrogenated amorphous silicon (a-Si:H) has been intensively investigated in the

past decades, and detailed description of properties of this material are available in many
monographs [Street 1991, Luft and Tsuo 1993 ], just a brief overview will be given in this
section.

Amorphous silicon consists of a covalent random network of Si-Si and Si-H bonds.
Compared to the crystalline silicon with periodic atomic structure, the most distinct feature
in a-Si:H material is the absence of the long range order and translation symmetry. Such
disorder is caused by the deviations in the bond lengths and bond angles of the Si-Si
bonds. However, the short range order is still present in the material. The two types of
material have the same neighboring atoms and similar bond lengths and bond angles. The
average deviation of bond angle and bond length in a-Si:H material are about 8 % and 1
%, respectively [Street 1991 ].

The presence of bond angle and length deviation creates a large amount of strained
bonds or broken bonds and causes electron and hole localization. The energy levels asso-
ciated with the strained bonds form the band tails, as compared to the sharp band edge
in c-Si. If the broken bonds are not saturated by the other atoms, they generate defects in
the mid-gap region (dangling bonds) and act as the recombination centers for free charge
carriers. The termination of dangling bonds in a-Si:H is usually ful�lled by H atoms. For
the amorphous silicon material without atomic hydrogen, the defect density is typically
about 1019 cm−3. The hydrogenation of amorphous silicon can signi�cantly reduce the
defect density down to a much lower level (for high quality a-Si:H about 1016 cm−3).

Due to the absence of translation symmetry, the conservation of the quasi momentum
~k in the band-to-band transition is relaxed. As a result, a-Si:H material behaves like a
direct band-gap semiconductor, resulting in a much higher absorption coe�cient than c-Si
at photon energy between 1.9 eV and 3.5 eV (Fig. 2.1). Therefore, the a-Si:H solar cells
can be made much thinner than the c-Si cells.
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Figure 2.1: (a) Optical absorption coe�cient α of a-Si:H, µc-Si:H and c-Si. (b). Spectral
intensity of AM1.5 solar spectrum reaching the Earth's surface. The spectral ranges which
are absorbed by a-Si:H and µc-Si:H are also indicated.

The most important drawback of a-Si:H is that the material quality and solar cell
performance deteriorate after long term sun light illumination. It was found that the
degradation was caused by the increased defect density after light soaking, which would
reduce the life time of free charge carriers. The additional defects can be recovered after a
few hours annealing at 150 ◦C. Such e�ect was �rst observed by Staebler and Wronski in
1977 and was afterward named as 'Staebler Wronski E�ect'. Many researchers have been
trying to �nd out the mechanism of defect generation for years. But it is still not clearly
understood yet. For a recent review of this topic, see Ref. [Shimizu 2004 ].

2.2 Hydrogenated microcrystalline silicon
Opposite to the homogeneous nature of a-Si:H, µc-Si:H can be considered as a mixture

of crystallites, amorphous tissue, grain boundaries and voids. Depending on the deposi-
tion conditions, the volume fraction and spatial distribution of crystallites and amorphous
tissues can be signi�cantly di�erent. It was found that variation of many deposition pa-
rameters in the PECVD or HWCVD process, such as silane concentration, power, pressure
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Figure 2.2: Schematic diagram illustrating the microstructure properties of microcrystalline
silicon �lms. From the left to the right, structure composition shifts from high crystallinity
to amorphous growth. This �gure is taken from [Vetterl 2000].

and total �ow rate, can adjust the structure composition from highly microcrystalline to
fully amorphous growth. Fig. 2.2 is a schematic diagram illustrating structure properties
of µc-Si:H deposited on foreign substrates. This diagram was based on the research results
obtained by transmission electron microscopy, X -ray di�raction, Raman spectroscopy, IR
spectroscopy and other characterization methods. From the left to the right, the �gure
indicates the microstructural properties of µc-Si:H �lms with structure composition from
high crystallinity to the amorphous growth.

In the µc-Si:H material with high crystallinity, large columns with diameters up to 200
nm can be observed extending to the whole thickness. Note that such big columns do
not correspond to single crystallites. On the contrary, they consist of a large number of
coherent domains (≈ 10nm), separated by stacking fault and twin boundaries [Luysberg
1997, Houben 1998 ]. Between the columns are voids or cracks, through which atmospheric
molecules can easily di�use into the �lms. In the �lms with medium crystallinity, a de-
crease in the size of columns and coherent domains can be observed. The columns are
passivated by the residue amorphous tissues, preventing the post-deposition atmosphere
in-di�usion. If the crystallinity decreases further, disrupted columns and small grains can
be seen embedded in the amorphous network.

Another feature concerning the structure of µc-Si:H is the presence of an incubation
layer at the interface between the �lm and the substrate. In the incubation layer, the nucle-
ation starts and the crystallinity and column diameter typically increase with the thickness
before the columns coalesce with each other and form a stationary growth. The incuba-
tion layer thickness at which the stationary growth starts depends on the substrates and
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deposition conditions [Collins and Yang 1989, Tzolov 1997, Collins 2003, Kondo 1996 ].
The incubation layer in the �lms deposited on foreign substrates, like glass and Si wafer
with native oxide, in some cases can be very thick. Thus, the i -layers in the solar cells,
which are mostly deposited on µc-si:H p-layers, may not be the same as the �lms deposited
on glass and c-Si substrates, although they were deposited with identical parameters. To
reduce this mismatch, a highly microcrystalline seed layer concept simulating the solar cell
p-layer on glass substrates was proposed by Ross et al. [Ross 2005 ].

As a mixed-phase material, µc-Si:H shows much more complicated transport mechanism
than the single phase material like a-Si:H and c-Si. The electrical properties of µc-Si:H
depends on the crystalline volume fraction and transport pathway. Some researchers pro-
posed that, if the crystalline volume fraction is high enough, percolation might take place,
and charge carriers might mainly transport through interconnected grains [Carius 1997,
Kocka 2003 ].

The optical absorption coe�cient (α) of a typical µc-Si:H �lm is shown in Fig. 2.1
(a) together with that of a-Si:H and c-Si as a function of photon energy. The absorption
coe�cients of µc-Si:H and c-Si overlap in a wide range of photon energy and show similar
optical band gap [Jun 2002 ]. The higher α at photon energy above 1.6 eV in µc-Si:H can be
partly attributed to the presence of the amorphous tissue with a higher α, to the internal
scattering at the grain boundaries, or to the light scattering at the rough surface [Iqbal
1983, Van¥£ek 1998, Diehl 1998, Poruba 2000 ]. The higher absorption at photon energy
below 1.2 eV comes from the presence of band tail states and the deep defects. Compared
to a-Si:H, µc-Si:H shows higher absorption in the red and infrared region. Accordingly,
µc-Si:H solar cells have higher spectral response in the wavelength range between ∼700
nm of a-Si:H solar cells to ∼1100nm [Fig. 2.1 (b)].

The light-induced meta-stability is a tricky issue in the amorphous silicon material
and solar cells [Staebler and Wronski 1977, Shimizu 2004 ]. As to µc-Si:H, early studies
found that the µc-Si:H solar cells, usually with high crystallinity, were very stable against
the light soaking [Meier 1994, Keppner 1999, Yamamoto 2000 ]. However, the material
close to the µc-Si:H/a-Si:H transition, which yields the highest solar cell e�ciency, consists
of a considerable amount of amorphous phase [Vetterl 2000, Klein 2003, Roschek 2002 ].
Consequently, such solar cells were found to have the same light induced performance
degradation as found found in a-Si:H solar cells [Vetterl 2001a, Klein 2004a, Roschek
2003, Yan 2004 ]. The light induced degradation in µc-Si:H solar cells depends on the
i -layer structural composition [Klein 2004a] and is also a�ected by the light spectra [Yan
2004 ]. In addition to the degradation caused by the light soaking, the atmospheric impurity
in-di�usion after long term storage in air may also worsen material quality [Vep°ek 1983,
Finger 2003 ], and degrades the solar cell performance [Yan 2002, Mastui 2004, Sendova-
Vassileva 2004 ]. It was found that material obtained at the transition region is stable in
air, probably due to the grain boundary passivation from the residue a-Si:H tissue, while
material with high crystallinity is susceptible to in-di�usion of atmospheric gases [Finger
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Figure 2.3: (a), schematic diagram of a p-i-n structure thin �lm silicon solar cell. (b),
band diagram of a ideal p-i-n solar cell under short circuit condition.

2003 ].

2.3 Thin �lm silicon solar cells
2.3.1 Operating principle

Here the basic working principle of thin �lm silicon solar cells will be brie�y summa-
rized. Details of the physics of this type of devices are available in many works [Sze 1981,
Schropp and Zeman 1998 ].

Due to the high defect density and thus the short di�usion length of charge carriers
in the doped µc-Si:H and a-Si:H �lms, the p-n junction structure used in c-Si solar cells
does not work in thin �lm silicon cells. For this reason, in thin �lm silicon solar cells, an
intrinsic layer (i -layer) of about 1 µm thick is usually used as light absorber to generate
the electron-hole pairs. The electron-hole pairs are separated by the electrical �eld created
by the p- and n-doped layers deposited on both sides of the i -layer. Following the electric
�eld, holes will be driven to the p-layer, and electrons to the n-layer. Consequently, the
separation of charge carriers build up a voltage between p- and n-layers. This voltage is
called photovoltage. If the p- and n-layers are connected through the electrodes by an
external circuit, a photocurrent is produced. The p-i -n structure and the electron-hole
pair generation and separation process are illustrated by the schematic diagram in Fig. 2.3
(a) and by the band diagram in (b). Note that diagram (b) is just a schematic picture for
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an ideal single junction thin �lm silicon solar cell under short circuit conditions. In the real
cells, the situation may be di�erent. For example, the presence of charge defects at the p/i
and i/n interfaces results in band bending at the two interfaces. The band bending reduces
the electric �eld and thus worsens the interface quality. Furthermore, the solar cells under
the operating condition have a forward bias voltage (about 0.5 V for µc-Si:H solar cell),
which accordingly reduced the electric �eld in the i -layer. As the di�usion length of charge
carrier in the intrinsic a-Si:H and µc-Si:H (typically about 200 nm for µc-Si:H) is much
smaller than the i -layer thickness, the carrier extraction mainly results from the drift of
the electric �eld. This type of solar cells are called drift cells, in contrast to the di�usion
cells like c-Si solar cells.

Due to the smaller hole mobility in the thin �lm silicon material, illumination usually
occurs from the p-layer side of the solar cell. As the result of p-side illumination, most
of the sun light is absorbed in the region close to the p-layer, resulting a shorter distance
for the low mobility holes to travel to the p-layer. It was recently found that, for the high
quality µc-Si:H solar cells, hole mobility is high enough to make the n-side illumination
possible [Gross 2002, Dylla 2005 ]. However, if a µc-Si:H cell is combined with an a-Si:H
cell to form a a-Si:H/µc-Si:H stacked cell, illumination through the p-layers is required
for the a-Si:H cell and thus mandatory for the whole device. According to the deposition
sequence of the p-, i - and n-layers, thin �lm silicon cells can be classi�ed as p-i -n or n-i -p
cells. In a p-i -n solar cell, also called superstrate cell, a transparent substrate is serving
as the window of the solar cell, and the p-layer is the �rst layer deposited on the substrate
and then i - and n-layer. Fig. 2.3 (a) shows schematic diagram of a p-i -n solar cell. Note
that all the solar cells presented in this work are deposited in a p-i -n sequence.

Substrate and back contact

An absorber layer with a reasonable thickness is important for su�cient light ab-
sorption. However, a too thick i -layer is not favorable for low cost production and high
conversion e�ciency, since it needs longer deposition time, increases the charge carrier re-
combination and enhances the light induced degradation. To increase the light absorption,
especially for long wavelength light, without increasing the i -layer thickness, the so-called
light trapping schemes are now widely used. The light trapping schemes increase the path-
way of the incident lights by scattering e�ect at the rough surface, and thus increase the
light absorption. There are two commonly-used light trapping schemes in thin �lm sili-
con solar cells with p-i -n structure: one is rough front electrode, another is rough back
re�ector. Fig. 2.4 visualizes the light scattering at the surface of front electrode and back
re�ector in the p-i -n thin �lm silicon solar cells.

Application as front electrodes requires high transparency and high conductivity. Alu-
minum doped ZnO (ZnO:Al) �lms are good candidates ful�lling the above requirements,
and all solar cells presented in this thesis were deposited on ZnO:Al covered Corning 1737
glass. Detailed information about the preparation and optimization of ZnO:Al substrate
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Figure 2.4: Schematic sketch of the cross section of a silicon thin �lm p-i-n solar cell (a-
Si:H and/or µc-Si:H) with rough interfaces. Thicknesses of the individual layers are typical
values. The concept of light trapping is illustrated by the arrows representing incoming and
scattered sun light. Di�erent light paths and scattering events are sketched. Figure is taken
from Ref. (Müller 2004).

can be found in the publications of O. Kluth [Kluth 2001, Kluth 1999 ]. For better light
trapping, a high surface roughness was achieved by wet etching in a 0.5 % hydrochloric
acid solution. Fig. 2.5 illustrates the surface morphology of such a �lm before and after the
etching process. The application of such textured-etched ZnO:Al enhances the light utiliza-
tion in the long wavelength region, which is re�ected by the increased quantum e�ciency
and reduced total re�ectance (see Fig. 2.4 in Ref. [Müller 2004 ]).

If the average photon is not absorbed in the �rst pass, a highly re�ective back contact
is necessary for e�ective light trapping. To satisfy the optical requirements and su�cient
electrical conductivity of the back contact, aluminum and silver are commonly used as back
re�ector. Silver is used as the back re�ector material in most of the solar cells presented
in this work due to its higher re�ectivity and simple preparation. In our cases, the silver
back contacts are prepared by thermal evaporation. It was found that introducing a TCO
layer between the silicon and metal contact increase the re�ectivity [Morris 1990 ], and
enhance the light absorption in the solar cells [Müller 2004 ]. For this reason, ZnO/Ag
back re�ectors are employed in some optimized solar cells to obtain high e�ciency. In
addition, ZnO/Ag contacts show better adhesion to the silicon surface than the Ag ones,
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Figure 2.5: Scanning electron microscope images of a ZnO:Al �lm before (left) and after
(right) textured etching in HCl solution. Figure is taken from Ref. (Kluth 1997).

and thus are usually used in the solar cells for long-term light soaking experiments.



Chapter 3

Experimental methods

In this chapter, the two deposition techniques for µc-Si:H used in this thesis, plasma-
enhanced chemical vapor deposition (PECVD) and hot wire chemical vapor deposition
(HWCVD) will be described, followed by the details of the deposition system. In addition,
the characterization methods, such as Raman scattering spectroscopy, and transmission
electron microscopy, will be introduced.

3.1 Plasma-enhanced chemical vapor deposition
This section will brie�y introduce the deposition process of thin �lm silicon by PECVD.

For detailed information, see Ref.[Luft and Tsuo 1993, Bruno 1995 ].
In the PECVD process, the silicon containing gases, such as silane (SiH4), and other

gases for doping or alloying are usually used as reactant gases in the deposition for thin �lm
silicon. After the introduction of the deposition gases, a low temperature glow discharge is
ignited and sustained by an electric �eld between the two parallel electrodes (Fig. 3.1 (a)).
The electrons are accelerated in the electric �eld and gain enough energy to decompose
the gas molecules into neutral radicals and ions. In the bulk of plasma, complicated gas
phase reactions happen between the radicals, ions and molecules. Such secondary reactions
are so important that they predominantly control the electronic and structural properties
of the resulting �lms. The radicals, ions and their reaction resultants may contribute to
the �lm growth, and thus are usually refereed to be growth precursors. One part of the
precursors reaching the growth surface will be physically adsorbed on the growth surface.
Through the interactions between the adsorbed precursor and growth surface, such as
hydrogen abstraction, radical di�usion and chemical bonding, one part of the precursors
will be incorporated into the �lm and ful�ll the growth. Ref. [Bruno 1995 ] describes in
detail the possible reactions in the plasma and on the growth surface.

The potential distribution between the electrodes, averaged over one RF period, is de-
picted in Fig. 3.1 (b). The potential maintains almost constant in the bulk plasma due to
the charge equivalence. Compared to the electrodes, the bulk plasma is at a higher poten-
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Figure 3.1: (a), A schematic picture of a capacitatively coupled PECVD reactor. (b), Time
average potential distribution between the powered and grounded electrodes.

tial level. The region between the plasma and electrodes, where the potential di�erences
are presented, are the plasma sheaths. In the sheath, the positive ions will be accelerated
towards the electrodes. If the sheath potential is higher enough, ions may gain enough
energy to damage the growth surface [Matsuda 1983, Vep°ek 1989, Kondo 2000 ]. There-
fore, a low ion energy is a key issue to obtain high quality thin �lm silicon by PECVD.
The use of VHF plasma excitation is a good way to decrease the sheath potential and
thus ion energy, through reducing the peak-to-peak voltage [Köhler 1985, Finger 1992,
Howling 1992, Bruno 1995 ]. High gas pressure, which enhances the collision probability in
the plasma, is also believed to be an e�ective to reduce the ion energy [Guo 1998, Kondo
2000 ].

3.2 Hot-wire chemical vapor deposition
Di�erent from the PECVD process, the hot-wire chemical vapor deposition (HWCVD)

is based on the decomposition of reactant gases at the hot surface of a catalyst. The
decomposition of the reactant gases was proven to be a catalytic e�ect [Sault and Goodman
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1990, Heintze 1996, Matsumura 1998, Tange 2001 ]. This is the reason that such a process
is also referred to be cat-CVD in some cases. Various material, such as tungsten, tantalum
and graphite etc., can be used as catalyst. The dissociation of gas molecules on the catalyst
has been investigated by many groups [Matsumura 1998, Nozaki 2000, Tange 2001, Duan
2001 ]. Depending on the experiment conditions and evaluation methods, the results from
di�erent group may have minor di�erences. Most researchers showed that silane molecules
are fully decomposed into Si and H atoms at high �lament temperature (Tf ) above 1430
◦C [Matsumura 1998 ]. Products like SiH3 and SiH2 are only available at low Tf . As
proposed by Tange et al. [Tange 2001 ], the silane dissociation process at the surface of
catalyst is based on a hydrogen abstraction mechanism via

SiH4 → SiH3 + H → SiH2 + 2H → SiH + 3H → Si + 4H. (3.1)

H2 → 2H. (3.2)

At low pdepo, where the radical mean free path length is su�ciently long,the radicals can
di�use to the substrate without further gas phase reaction. However, material deposited
under such conditions show poor quality [Molenbroek 1997 ]. A certain amount of gas phase
reaction is needed for the high quality material deposition. Thus, a relatively high pdepo

and larger substrate-�lament distance is necessary. Too high pdepo and too long substrate-
�lament distance, however, result in gas polymerization and deteriorate the material quality
and solar cell performance.

In the HWCVD process, the substrates are always exposed to the thermal radiation from
the hot catalyst. If high Tf and small �lament-substrate distance are used, the substrate
heating from the hot �laments should be taken into account [Klein 2002a, Matsumura
1998 ]. Too high substrate temperature (TS) may thermally desorb the atomic hydrogen
from the material and results in a poor grain boundary passivation [Finger 2002 ]. To avoid
the detrimental radiative substrate heating, a low TS HWCVD process was developed [Klein
2002a, Klein 2005 ]. The low TS was achieved by the low heater temperature, low Tf and
enlarged substrate-�lament distance. With such process, high quality material with low
defect density and solar cells with high e�ciency were obtained. A drawback of this low
TS process is the reduced deposition rate resulting from the low gas decomposition at low
Tf . By optimizing the �lament con�guration, RD can be increased up to about 0.4 nm/s
without a signi�cant increase in TS [Lossen 2004 ].

The HWCVD process does not need the plasma to decompose the reactant gases. Thus,
there is no plasma sheath present. In addition, the electrons emitting from the �laments
have too low energy (0.25 eV) to ionize the radicals [Matsumura 1998 ]. Therefore, ions
and the consequent ion bombardment are absent in the HWCVD process. This is regarded
as one of the advantages of HWCVD over the PECVD process.
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Figure 3.2: Photograph of the deposition system used for µc-Si:H �lms and solar cells
deposition by PECVD and HWCVD.

3.3 Deposition system

All µc-Si:H �lms and solar cells presented in this thesis were deposited in a cluster
system, a multi-chamber system consisting of three PECVD chambers, one HWCVD cham-
ber, one transfer chamber and one load lock chamber. The photograph of this deposition
system is shown in Fig. 3.2. Two PECVD chambers are assigned to the p- or n-doped layer
depositions, and another one to the intrinsic layer depositions. The HWCVD chamber was
only used for intrinsic µc-Si:H layer deposition in this thesis. All deposition chambers and
the load lock chamber are connected to the transfer chamber located in the middle of the
system. The robot arm in the transfer chamber can handily transfer the substrates from
one chamber to another. All chambers are equipped with a two-stage pumping system,
which consists of a turbo-molecular pump and a rotary pump. This allows a base-pressure
lower than 2 × 10−8 hPa. The substrates, with maximum area of 10 × 10 cm2, are sup-
ported by a stainless steel carrier with 3 mm thick stainless steel backing plate. The
substrate transfer, valve operation and deposition parameter variation can be controlled
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by a computer.
In the following, details of the deposition chambers will be presented. The schematic

diagrams of the PECVD chambers and that of the HWCVD chamber are shown in Fig. 3.3
(a) and (b), respectively. In all PECVD and HWCVD chambers, the substrates supported
by the carrier holder are heated by the heater 3 cm above. The substrate temperature
can not be directly measured during the deposition and is estimated from the calibration
conducted in advance. However, the calibration in the PECVD chambers was usually
made without plasma or under conventional low pressure, low power conditions. Using the
same calibration under high pressure and high power conditions may underestimate the real
substrate temperature since higher pressure leads to stronger convection and thus enhances
the heat transfer from the heater to the substrate. In addition, the plasma heating to the
substrate may be no longer negligible as high power is coupled into the plasma [van den
Donker 2005a, Niikura 2004 ].

In the PECVD chambers, the electrode con�guration consists of a 13.5 cm-diameter
powered electrode and a 12×12 cm2 substrate carrier in a carrier supporter as the grounded
electrode. Substrate size is 10×10 cm2. The electrode distance is easily variable in-situ
between 60 mm and 12 mm. A metal shield around the electrodes to prevent deposition
on the chamber walls, as indicated in Fig. 3.3, can be removed for discharge adjustment.
The gas supply is a simple cross-�ow geometry, i.e. no gas showerhead arrangement.
During deposition, the pressure is controlled by a throttle valve, which is located before
the turbo-molecular pump. Under some conditions, it is necessary to change the power,
pdepo or electrode distance to ignite the discharge. To avoid the resulting irreproducibility, a
shutter is placed in front of the substrate while starting the plasma. All PECVD chambers
are equipped with a wide-range high frequency generator with a frequency range between
100 KHz and 125 MHz and separate matching networks for the radio-frequency (RF) and
very-high-frequency (VHF) regime. In this thesis, 13.56 MHz excitation frequency is used
in the RF regime, and 95 MHz is used in the VHF regime. The input and re�ected powers
are nominal values measured by a directional power meter (Rhode & Schwartz NAP meter,
power head: NZ-4) between the VHF generator and the matching network. To guarantee
a good power coupling into the discharge, care was taken by large diameter cables and
corresponding electric vacuum feed through, short cable lengths and individually adjusted
matching networks. The measured re�ected power was typically below 1 % of the input
power.

Without the RF or VHF generator and matching networks, the con�guration of the
HWCVD chamber is more simple as compared to that of PECVD chambers. In this thesis,
two tantalum �laments with diameter of 0.5 mm were used as catalyst. The �laments,
which are usually coiled to increase the surface area, are �xed between two �lament holders.
The distance between the two holders are 13 cm. The distance between the substrate and
�laments can be adjusted between 5 and 10 cm. The �laments are resistively heated by
a DC-power supply, and the �lament temperature is measured by a dual beam pyrometer
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Figure 3.3: Schematic diagrams of deposition chambers. (a), PECVD chamber, (b),
HWCVD chamber.
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(Raytek Marathon) through an inspection window on the side of the chamber. A shutter
is also used in the HWCVD chamber to prevent the deposition on the substrate before a
stable deposition is reached.

3.4 Preparation of material and solar cells
Microcrystalline silicon �lms were deposited on 1 mm thick sodium-free glass substrates

(Corning 1737) for thickness, conductivity, Raman scattering spectroscopy and optical
absorption measurement. IR-measurements were carried on the �lms deposited on double-
side polished c-Si wafers. Aluminum doped zinc oxide (ZnO:Al) coated glass was used
as superstrates for all solar cells presented in this thesis. The ZnO:Al was prepared by
the RF-magnetron sputtering from a ceramic target. The initial thickness is about one
micrometer. The rough surface was created by the textured-etching in 0.5 % HCl solution
for 30 seconds. For details of the ZnO:Al preparation, see Ref. [Kluth 2001 ]. Before the
silicon layer deposition, the substrates were preheated for more than two hours to desorb
the moisture and gases from substrate surface and to reach the temperature equilibrium.

Silane concentration, SC = [SiH4] / ([SiH4] +[H2]), de�ned by the gas �ow ratio of
silane and hydrogen, was kept constant during the individual deposition for the intrinsic
�lms and the i -layers in solar cells.

The p- and n-doped layers in the solar cells were prepared in separate chambers by
PECVD. Very high frequency of 95 MHz was used to excite the plasma for the p-layer
deposition. Trimethylboron [TMB, B(CH3)3] was the doping gas to achieve boron doping
in the p-layers. As the µc-Si:H cells are usually illuminated from the p-layer sides, a p-
layer of about 15 nm is used to achieve a high blue light response and an adequate built-in
potential. At the same time, serving as the seed layer for the i -layer growth, a p-layer
requires a considerable crystalline volume fraction. However, high crystallinity is di�cult
to obtain in the thin layers. In addition, the boron doping in such layers also deteriorate
the crystalline growth [Dasgupta 2001 ]. To achieve high crystallinity, we employed a two-
step method for the p-layer deposition. Firstly, a very thin nucleation layer was deposited
with low silane and TMB concentration. A 15 nm thick layer was then deposited on top
of the nucleation with higher silane concentration and doping level. The 20 nm thick
amorphous n-layers were deposited from the gas mixture of SiH4, phosphine and H2. An
amorphous n-layer is important to reduce the current collection e�ect during the J -V
parameter measurement.

After the deposition of the p-i -n structure of solar cells, silver pads and grids, serving
as solar cell electrodes, were made by thermal evaporation. The solar cell area is simply
de�ned by the area of silver pads. It was previously found that the current collect e�ect is
negligible in our 1 × 1 cm2 cells with amorphous n-layers [Feng 2003 ]. For some selected
cells, highly re�ective ZnO/Ag instead of the normal Ag back contacts were used to enhance
the light absorption.
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3.5 Material and solar cell characterization
3.5.1 Thickness measurement

The thickness of the �lms and solar cells were determined mechanically by a step
pro�ler (Sloan DEKTAK 3030). The µc-Si:H �lms were usually made to be about 500
nm thick by adjusting the deposition time according to their deposition rates. For the
�lms with such thickness, it was easy to make a step by peeling o� part of the �lm with
adhesive tape after a slight scratching with a stylus. For the very thin �lms to which
the above simple method could not be applied, the steps were obtained by KOH etching.
To measure the solar cell thickness, the thickness of all ZnO:Al substrates were measured
before the deposition. After the deposition of silicon layers, the total thickness of the
ZnO:Al substrate and silicon layers were measured by the step pro�ler. Neglecting the
doped layers, one can estimate the i -layer thickness by subtracting the ZnO thickness from
the total thickness.

3.5.2 Electrical conductivity
Electrical conductivity measurement was carried on µc-Si:H �lms deposited on glass

substrates. Two coplanar silver contacts with 0.5 mm gap in between were deposited on
the samples by thermal evaporation. Conductivity was measured at room temperature
in vacuum after two hours annealing at 170 ◦C. The illumination with intensity of 100
mW/cm2 from a halogen lamp was applied to the samples during the photo-conductivity
measurement. The photo-conductivity (σphoto) and dark-conductivity (σdark) are calculated
from

σphoto, σdark =
Il

V wd
(3.3)

in which I is the current measured in the dark or under illumination with an applied voltage
V. l is the gap between the silver contacts of 0.5 mm. w is the width of the contacts (5
mm in our cases). And d is the �lm thickness.

3.5.3 Raman spectroscopy
Raman spectroscopy is a convenient method to determine the crystalline volume frac-

tion of thin �lm silicon material [Houben 1998 ]. The Raman e�ect results from the in-
teraction between photons and phonons in material. This leads to an inelastic scattering
of the incident photons. The photon loses or gains energy by generating or absorbing a
phonon during the inelastic scattering, leading to a frequency shift of the incident light.
The conservation of phonon momentum in crystalline silicon gives rise to a single line at
520 cm−1 (Transverse optical, TO, phonon peak) with a natural line width of about 3.5
cm−1 at room temperature. In amorphous silicon, the momentum selection rule does not



3.5 Material and solar cell characterization 25

Figure 3.4: Raman spectrum of a typical µc-Si:H �lm and the Gaussian peaks �tted to the
spectrum according to the procedure described in the text.

apply due to the loss in long range order. Thus, all phonons are optically allowed and the
Raman spectrum resembles the phonon density of states with a broad prominent hump at
480 cm−1. Consisting of amorphous tissue and crystallites, µc-Si:H simultaneously shows
a crystalline peak and an amorphous peak in the Raman spectrum. In addition, a third
peak at around 500 cm−1 is often observed in the Raman spectra of µc-Si:H. This peak
was previously attributed to the stacking faults or hexagonal silicon (Kobliska and Solin
1973, Houben 1998 ).

Fitting three Gaussian peaks the Raman spectra is an easy way to determine the
integrated intensities of crystalline and amorphous peaks. The Raman spectrum of a
typical µc-Si:H �lm and the Gaussian �tting to this spectrum are exemplarily shown in
Fig. 3.4. The integrated intensity ratio of the Gaussian peaks at ∼520 and ∼505 cm−1 to
the summation of the crystalline and amorphous peaks can be used as a semi-quantitative
value for crystalline volume fraction. This ratio, referred to be integrated Raman intensity
ratio (IRS

C ) in this work, is written as:

IRS
C =

I520 + I505

I520 + I505 + I480

(3.4)

Note that IRS
C are only semi-quantitative values, since the Raman cross sections are dif-

ferent for crystalline and amorphous phase, and may depend on the excitation wavelength.
Furthermore, the absorption coe�cient di�erence in the crystallites and in the amorphous
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phase makes it more di�cult to determine the real crystalline volume fraction from Raman
spectra. Still, Raman spectroscopy is a simple and useful method to provide the structure
information of the material, and thus is widely used in many researches.

Laser with long wavelength can probe deeper into the samples than the short wavelength
laser does. Thus, Raman scattering measurements performed with di�erent wavelength can
be used to trace the thickness dependent structure e�ect [Vetterl 2001a, Droz 2003 ]. For
an incident light with initial intensity I0, after penetrating a layer with thickness of d, its
intensity is attenuated to I(d) = I0 e −α(λ)· d, in which α is the absorption coe�cient, a
function of wavelength λ. Thus, the Raman signal at the depth of d is proportional to
e−α(λ)· d. As the scattered light has to travel out of the �lm before it can be detected, its
contribution to the probed Raman signal at the surface can be written as:

IRaman ∝ e−2α(λ)· d (3.5)

With this equation, one can roughly estimate the contribution of an individual layer
with certain thickness in a µc-Si:H �lm to the whole Raman signal. The contributions
from the layers on the top of a �lm with di�erent thickness are listed in Table 3.1. In the
calculation, three laser wavelength of 415, 488 and 647 nm are used, and the absorption
coe�cient α is taken from a µc-Si:H �lms with high crystallinity. From this table, it can
be clearly seen that the scattering from the top region of the �lm dominates the Raman
signal if a short wavelength laser is used in the Raman scattering measurement.

wavelength 415nm 488nm 647nm

top 0.1µm 97% 69% 12%

top 0.2µm 100% 90% 23%

top 0.3µm 100% 97% 32%

top 0.5µm 100% 100% 48%

top 1.0µm 100% 100% 73%

Table 3.1: Contribution of the top layer with di�erent thickness in the total Raman signal.
The contribution values are calculated for three di�erent probing laser wavelengths.

Although one can use the Raman scattering measurement with di�erent wavelengths to
study the structure development in µc-Si:H, this method has it own limitation. It is di�cult
for this method to obtain the crystallinities of the �lm at di�erent stages of growth. To solve
this problem, a 'Raman structure depth pro�le' method is developed here. Craters with
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Figure 3.5: Depth pro�le of a crater etched with KOH solution into a p-i-n solar cell
structure. The dimension of the laser spot in the Raman scattering measurement is also
indicated.

di�erent depth created by KOH etching make it possible to obtain the structure information
at di�erent stages of growth directly by Raman scattering measurement. Choosing the
appropriate KOH solution concentration, etching temperature and etching time, di�erent
crater depth with su�cient smoothness at the bottom can be achieved, which can be
monitored by the step pro�ler. With this method, a depth resolution of ±50nm can be
obtained. Fig. 3.5 shows an exemplary picture of a crater measured by the step pro�ler.
The 4 mm long and 2 mm wide �at bottom allows an accurate Raman measurement with
the 2×0.3 mm2 large laser point. In this depth pro�le experiment, a 488 nm line of an
argon laser is used for excitation. According to Table 3.1, 90 % of the Raman signal is
from the top 200 nm of the µc-Si:H �lm.

3.5.4 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) provides information on the microstructure

of µc-Si:H. It is based on the di�raction contrast generated by electrons, which have passed
through a very thin sample. Detail of this technique can be found in literature [Reimer
1993]. The application to µc-Si:H based material has been shown in Ref. [Houben 1998,
Luysberg and Houben 2005, and references therein]. In conventional di�raction contrast
imaging TEM, the contrast is realized by placing an aperture in the back focal plane of
the objective lens. By selecting the transmitted or scattered electron in the sample to pass
the aperture, bright-�eld images or dark-�eld images can be obtained. In the bright-�eld
images, the dark areas corresponds to the crystallites. While in the dark-�eld images,
crystallites appear as white regions.

A quanti�cation of the crystalline fractions in selected areas of the samples can be
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Figure 3.6: Infrared absorption spectra o f two typical thin �lm silicon samples.

obtained from the analysis of the selected area di�raction patterns (SADP). The pro-
cess of the crystalline volume fraction calculation from SADP spectra is explained in de-
tail in Ref. [Luysberg and Houben 2005 ]. The TEM experiments were carried out in a
Philips CM20FEG microscope in Institut für Festkörperforschung (IFF), Forschungszen-
trum Jülich.

3.5.5 Fourier transform infrared spectroscopy
The hydrogen content (CH) and hydrogen bonding structure in the thin �lm silicon

can be investigated by Fourier transform infrared (FTIR) spectroscopy. In addition, in-
formation about the bonded oxygen and carbon in the silicon �lms can also be obtained
from the infrared spectra. Fig. 3.6 shows the infrared absorption spectra of two typical
thin �lm silicon samples. The SiHx wagging mode at about 640 cm−1, bending mode at
∼870 cm−1, stretching mode between 2000 and 2100 cm−1, and SiO vibration modes at
∼1100 cm−1 can be distinguished from the spectra. Detailed information of the vibration
modes in amorphous silicon and germanium was summarized in Ref. [Cardona 1983 ].

The bonded hydrogen content in material can be calculated from the SiHx wagging
mode intensity at 640 cm−1 or from the stretching mode between 2000 and 2100 cm−1

[Brodsky 1977, Fang 1980, Beyer and Abo Ghazala 1998, Langford 1992 ]. In this thesis,
CH of µc-Si:H �lms were determined from the wagging mode intensities, assuming that
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the SiH absorption intensity is proportional to the density of bonded hydrogen. Thus the
bonded hydrogen density can be expressed as:

NH = A640 ·
∫

ν

α(ν)

ν
dν (3.6)

A640 in Eq. 3.6 is the proportionality constant between the infrared absorption and the
bonded hydrogen. It has di�erent values in literature, depending on the methods used to
determine the total hydrogen and even on the hydrogen content itself [Fang 1980, Langford
1992, Beyer and Abo Ghazala 1998 ]. Since this work doesn't intend to verify di�erent
proportionality values, a value of 1.6×1019 cm−2 is used for A640 here [Fang 1980 ]. Thus,
the hydrogen content can be written as:

C∗
H =

NH

NH + NSi

, (3.7)

in which NSi = 5×1022 cm−3 is the Si atom density in the material. As multiple re�ections
of the infrared light beam at the �lm/vacuum interface lead to higher absorption in thin
�lms, a correction of the calculated hydrogen content from Eq. 3.7 is necessary for the �lms
with thickness smaller than 1 µm. The correction can be made according to the formula
derived by Maley 1992 :

CH =
C∗

H

1.72− 0.7 · d · µm−1
, (3.8)

in which d is the �lm thickness in µm. Note that besides the bonded hydrogen atoms,
which can be detected by the infrared spectroscopy, there are indications for the presence
of molecular hydrogen in the µc-Si:H material [Kroll 1996, Beyer and Abo Ghazala 1998 ].

The SiH stretching modes at 2000-2100 cm−1 depend on the bonding environment of
the hydrogen atoms. The hydrogen atoms bonded in compact material result in a peak at
2000 cm−1, while atoms bonded on the internal surfaces or grain boundaries give rise to
the peak at 2100 cm−1 [Wagner and Beyer 1983, Cardona 1983, Richter 1983 ]. Therefore,
the fraction of vibrational intensity at 2100 cm−1 in the total stretching mode absorption
intensity, microstructure factor R,

R =
I2100

I2000 + I2100

, (3.9)

can be regarded as the measure for material porosity.
SiO bonds can also be detected by FTIR spectroscopy. However, the sensitivity of this

method is so low in a way that only O content higher than 0.5 at.% (corresponding to about
several 1020 cm−3 in the µc-Si:H material) can be detected [Paesler 1978 ]. The oxygen
content in the material can be "roughly" estimated from the absorption intensity of SiO
mode between 960 - 1200 cm−1 in the same way as used for the H content calculation,
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Bonded oxygen density, NO:

NO = AO ·
∫

ν

α(ν)

ν
dν,

Bonded oxygen content, CO:

CO =
NO

NO + NSi

, (3.10)

in which AO is the proportionality constant. The oscillator strength of the SiO bonds in
the amorphous silicon and crystalline silicon has been intensively studied. However, very
di�erent results were obtained for the AO values [Lucovsky 1983, Yacobi 1981, He 2000
and references therein]. Due to the same reason as for A640, a proportionality constant of
7.8×1018 cm−2 [Lucovsky 1983 ] is used in this thesis.

A FTIR spectrometer (Nicolet 740) was employed in the measurements for thin silicon
�lms deposited on double-side-polished silicon wafers. The system was purged with dry
N2 before and after measurement to minimize the signal of H2O and CO2.

3.5.6 Optical absorption
The optical absorptions of µc-Si:H material presented in this thesis were measured by

photothermal de�ection spectroscopy (PDS) on glass substrates. The technique of PDS
was �rst used for optical absorption measurement of thin �lm silicon by Jackson et al. in
1981 [Jackson 1981 ]. In the PDS measurement, the samples is placed in the liquid (usually
CCl4 as used in our experiments). A monochromatic light absorbed by the sample generates
heat in the �lms, and lead to a refractive index gradient in the surrounding liquid. By
probing the gradient of the varying refractive index with a second beam (probe beam), one
can relate its de�ection to the optical absorption of the sample [Jackson 1981 ].

PDS is a powerful method measuring the optical absorption directly and boasting high
sensitivity at low absorption coe�cient. Therefore, it is capable of providing high accuracy
in the so-called sub-gap absorption measurement. In a-Si:H, sub-gap absorption is believed
to be associated with deep defects [Jackson and Amer 1982, Wyrsch et al. 1991 ]. Such
correlation is also proposed for µc-Si:H material [Bronner 2000, Van¥£ek 2000 ]. As the
interface has great e�ect on sub-gap absorption, especially in the thin samples, great care
has to be made during the PDS measurement. In our cases, a phase correction procedure
is used to reduce the interface e�ect.

3.5.7 Solar cell J -V characteristics
Dark J -V characteristics

The measurement and analysis of the dark J -V characteristics provide the information
about the charge carrier transport in the solar cells. Following the description in literature
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[Sakai et al. 1990, Rech et al. 1997, Brammer and stiebig 2005 ], the forward dark current
in thin �lm silicon solar cells can be divided into the interface recombination current
(jint(V)) at the interfaces or in the i -layer close to the interfaces and the bulk recombination
current (jbulk(V)) in the bulk i -layer. That is,

jdark(V ) = jbulk(V ) + jint(V ) (3.11)

The bulk recombination current plays an important role in the total current density
under the high level injection (HLI) conditions with ∆n = ∆p À n0. According to the
depletion region approximation for p-n junctions which corresponds to the i -layer in the
p-i -n diodes [Sah et al. 1957, Sze 1981 ], the bulk recombination current, describing the
current-voltage characteristics caused by recombination via deep traps in the i -layer, can
be written as:

jbulk(V ) = j1 · [e(qV/2kT ) − 1] (3.12)

in which

j1 ∝ niWi

τ

1

Vbi − V
, with Vbi > V (3.13)

where ni is the intrinsic current density, Wi the i -layer thickness, τ the carrier recombina-
tion lifetime, and Vbi the built in potential.

Under the low level injection conditions, the recombination in p-i -n solar cells mainly
happens in the doped layers and at the interface. The interface recombination current can
be written as:

jint(V ) = j2 · [e(qV/kT ) − 1] (3.14)

in which

j2 ∝ n2
i µe

NAWp

(3.15)

where ni is the intrinsic current density, µe the electron mobility, NA acceptor density, and
Wp the p-layer thickness.

The two terms in Eq. 3.11 can be combined into one term by introducing the diode
factor n and the dark current density j0.

jdark(V ) = j0 · [e(qV/nkT ) − 1] (3.16)

Depending on the ratio between jbulk(V) and jint(V), the diode factor n has values
between 1 and 2. An n value close to 1 suggests that the interface recombination dominates
the dark current density, and values close to 2 suggest an bulk recombination dominance.
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Figure 3.7: An experimentally obtained dark J-V curve. The regions, A, B and C indicate
the voltage range where shunts, exponential diode behavior and series resistance dominate
the dark current density, respectively.

If the series resistance (RS) and shunt resistance (Rsh) can not be neglected, Eq. 3.16
shall be rewritten as:

jdark(V ) = j0 · [exp
q(V − jdark(V )RS)

nkT
− 1] +

V − jdark(V )RS

Rsh

(3.17)

An experimentally obtained dark J -V curve is indicated in Fig. 3.7. The shunt resis-
tance and series resistance show strong e�ect on the dark current density in the region
A and C, respectively. In region B, the dark current density is dominated by the diode
behavior. Thus, the diode factor n and j0 are determined from a �t to the dark J -V curve
in this region.

AM1.5 J -V characteristics

Measuring µc-Si:H solar cells under AM1.5 illumination is the commonly-used method
to determine the solar cell conversion e�ciency. Detailed introduction to the measurement
principle can be found in Ref. [Ashok and Pande 1985 ]. Fig. 3.8 shows the J -V curve of
a µc-Si:H solar cells measured in the dark and under AM1.5 illumination. The e�ciency
is de�ned as the ratio of the output power at the maximum power point (PMPP ) to the
incident solar radiation solar power (Pin).
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Figure 3.8: J-V curves of a µc-Si:H solar cell measured in the dark and under illumination.
J-V parameters, such as VOC, JSC and maximum power point, are indicated.

η =
PMPP

Pin

(3.18)

The short circuit current (JSC) is the highest current generated by the solar cells,
usually under short circuit conditions with voltage equal to zero. Open circuit voltage
(VOC) is the maximum voltage generated by the solar cells. Fill factor (FF), usually used
as the measure of the collection e�ciency at the maximum power point, is de�ned as:

FF =
PMPP

VOC · JSC

=
VMPP · JMPP

VOC · JSC

(3.19)

If the superposition principle is valid for µc-Si:H silicon solar cells, the output current
j(V) can be regarded as the summation of dark current and the photo-generated current
jphoto(V),

j(V ) = jdark(V )− jphoto(V ) = j0 · [e(qV/nkT ) − 1]− jphoto(V ) (3.20)

Thus, JSC = j (V=0) = -jphoto(V=0). For solar cells with high quality i -layer material,
JSC is mainly determined by the absorption of the incident light, due to e�ective extraction
of the photo-generated charge carriers. Measured with no external current �ow, VOC can
also be deduced from the Eq. 3.20 as below,

VOC =
nkT

q
· ln(

JSC

j0

+ 1) (3.21)
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If not otherwise stated, all solar cells were annealed in air for 30 minutes at 160 ◦C
before the J -V measurements. The J -V measurements were performed under standard test
conditions, using an AM1.5 spectrum with an intensity of 100 mW/cm2 at a temperature
of 25 ◦C. A class A double source solar simulator (WACOM-WXS-140S-Super) was used
for the illumination. The solar simulator was calibrated before each measurement with
a Hamamatsu photodiode S1336-8BQ (spectral range: 190-1100 nm). The run-to-run
reproducibility is better than 2 %. A band-pass �lter (bg7, centered at the wavelength of
480 nm) and a cut-on �lter (og590, at 590 nm) were used to characterize the p/i interface
and the bulk i -layer quality, respectively.

Quantum e�ciency
Through the quantum e�ciency measurement, deeper insight into the spectral response

and charge carrier extraction can be obtained. The quantum e�ciency QE(λ) is de�ned
as,

QE(λ) =
jph(λ, V )

e · Φ(λ)
(3.22)

in which jph(λ,V) is the photo-generated current collected at the electrodes, and Φ(λ) is
the incident light quanta per wavelength interval.

As the short wavelength light (for example for λ ≤ 520 nm) is strongly absorbed in the
p-layer and at the p/i interface, the quantum e�ciency in the short wavelength region can
be regarded as a measure for the p-layer and p/i interface quality. The long wavelength
light above 600 nm, on the other hand, is nearly homogeneously absorbed in the i -layer.
Thus, the long wavelength QE re�ects the i -layer quality. In addition, voltage dependent
QE measurement provide further information about the charge carrier collection e�ciency.

In our QE measurement setup, the light beam is generated by a xenon lamp and a
monochromator. The setup covers the range between 300 and 1100 nm with a spectral
resolution better than 10 nm. The QE measurements were carried out at 25 ◦C. Detailed
introduction to the experimental principle can be found in Ref. [Ashok and Pande 1985,
Metzdorf 1987 ].

Light soaking
The light soaking experiments were carrier out on selected samples to investigate the

stability against the light illumination. All the investigated cells were placed under the
AM1.5 illumination at a temperature of 50 ◦C under open circuit conditions. Details of
the experimental setup can be found elsewhere [Rech 1997a, Amvene-Edjongolo 2000 ].



Chapter 4

High rate growth of µc-Si:H by PECVD

The low deposition rate (usually < 0.1 nm/s) in the conventional RF-PECVD restricts
the application of intrinsic microcrystalline silicon (µc-Si:H) in thin �lm solar cells as
absorber layer, which is usually thicker than 1.5 µm. Therefore, high rate deposition is
desired in the industry to reduce the processing time. In this chapter, it will be shown that
high deposition rate (RD) over 1 nm/s can be prepared by VHF-PECVD working at high
pressure and high power (hphP). It will be tried in this chapter to �nd out answers for the
questions like, (1), compared to the conventional low pressure, low power (lplP) condition,
what are the advantages and disadvantages of hphP? (2), is it possible to keep the same
material quality at high RD? (3), what are the e�ects of RD on material quality and solar
cell performance? ...

4.1 Stable and homogenous deposition under high pres-
sure

Deposition processes in the hphP-regime deliver a considerable increase in the growth
rate [Guo 1998, Kondo 2000 ], but the low electron energy, caused by a reduced mean free
path under high pressure conditions and by a low peak-to-peak voltage at high plasma
excitation frequency, makes it di�cult to start and sustain stable discharges. For this
reason, an adequately high discharge power and/or a small electrode distance, leading
to a stronger electric �eld between electrodes, are necessary for the combination of VHF
and high pressure. Fig. 4.1 shows the minimum power, which is required for a given
working pressure (pdepo) in order to maintain a stable plasma at di�erent electrode distances
(d). Note that only H2 plasma is used in this experiment, thus the required power and
electrode distance might be di�erent when a SiH4 and H2 plasma is used for the real i -
layer deposition. The necessary discharge power (PV HF ) sharply increases with pdepo at a
constant electrode distance. At smaller distance, lower PV HF is su�cient at a given pdepo

due to the stronger electric �eld and the lower collision probability. All combinations of
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Figure 4.1: Minimum discharge powers (PV HF ) to sustain a stable discharge as a function
of pdepo for di�erent electrode distances. Lines are guides for the eye.

PV HF and pdepo yielding stable plasma conditions should be located above the corresponding
line for a given electrode distance. Leading to high RD and simultaneously providing a
wide deposition parameters space within the system's technical limit, the pressure of 2.1
hPa is the one generally used under the hphP condition in this chapter. The removal
of the metallic shield resulted in less parasitic losses of the power between electrode and
shield, requiring a considerable lower minimum power to sustain a stable plasma. Also, less
powder accumulated at the electrode edges, which in turn led to a better stability of the
individual discharge as well as run-to-run reproducibility. The high working pressure made
sure that the plasma was well con�ned between the electrodes after the removal of the
shield. Therefore, depositions in the later stage of the present research work were carried
out without shield. The comparison of the solar cell performance, to be presented later on,
showed that the removal of the shield had no major in�uence on the deposition rate or the
solar cell properties, apart from the improved process stability. In addition, it is found that
a reduction of the electrode distance improved the homogeneity of the discharge across the
substrate.

It needs to be mentioned that pdepo of 0.25 hPa, PV HF of 10 W and an electrode
distance of 19 mm were used under the lplP conditions. Keeping the electrode distance
unchanged, an increase of pdepo up to 2.1 hPa and PV HF up to 60 W greatly increases
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RD from 0.2 nm/s at lplP to 1.23 nm/s. However, such samples su�ered from strong
structural inhomogeneities on a substrate size of 10×10 cm2. In addition, they show
poor e�ciency. By reducing the electrode distance to 12 mm, the homogeneity greatly
improved. Therefore, the majority of the investigations in this chapter were performed
with an electrode distance d of 12 mm and pdepo of 2.1 hPa. The thickness and structure
homogeneity in the samples deposited in the hphP regime with di�erent parameters will
be shown in section 4.3.1.

4.2 µc-Si:H �lms deposited with lplP and hphP

VHF-PECVD working at hphP was used to deposit µc-Si:H �lms at high growth rate
(RD) in this section. The deposition parameters are listed here: PV HF = 60W, pdepo = 2.1
hPa, electrode distance = 12 mm, excitation frequency = 94.7 MHz and total �ow rate
(Fltotal) = 100 sccm. A series of samples were deposited with di�erent silane concentra-
tion (SC) to obtain di�erent structural composition from highly crystalline to amorphous
growth. Another series of samples were deposited under the conventional lplP condition
for comparison. The deposition parameters at lplP were the same as those of the hphP
series except PV HF , pdepo and the electrode distance mentioned in former section. Ra-
man spectroscopy, IR spectroscopy, photothermal de�ection spectroscopy and conductivity
measurements were used to investigate structural, electrical and optical properties of these
µc-Si:H samples. The �lm thickness was kept at about 500 nm by adapting the deposition
time according to the estimated RD.

4.2.1 Deposition rate

Fig. 4.2 shows RD of the two series deposited with hphP and lplP, plotted as a function
of SC. The deposition rate RD was calculated from the thickness measured in the middle
of the 10×10 cm2 substrates. A linear increase of RD with increasing SC can be found in
both series in the investigated SC region. The lplP samples show an RD of 0.1 - 0.3 nm/s
at SC between 2 and 7.5 %. Upon the variation of SC from 6 % to 12 % , RD for the hphP
samples increases from about 0.8 to 1.5 nm/s. The hphP series shows much higher RD

than lplP samples at the same SC. This is probably due to the high dissociation rate of
reactant gases at hphP. The thickness di�erence across the substrate area is typically about
15 % for all solar cells. In general, samples deposited under lplP conditions have better
homogeneity than hphP ones. For more detailed discussion of the homogeneity problem
under hphP conditions, see section 4.3.1, where hphP solar cells deposited with di�erent
parameters are summarized.
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Figure 4.2: RD of hphP and lplP �lms plotted as a function of SC. A linear increase of RD

with increasing SC can be observed in both series. Lines are linearly �tted to the data.

Figure 4.3: IRS
C488 of hphP and lplP �lms as a function of SC. A sharp decrease of crys-

tallinity can be observed in both series, indicating the transition from µc-Si:H to a-Si:H
growth. Lines are guides for the eye.
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Figure 4.4: Raman spectra of selected hphP and lplP samples measured with di�erent laser
wavelengths. Numbers indicated at the spectra refer to the excitation wavelengths used in
the measurements (in unit of nm).

4.2.2 Structure properties
As the properties of µc-Si:H depend critically on the material structure composition,

crystalline volume fraction is a more suitable parameter for the comparisons of di�erent
material rather than SC for deposition. Fig. 4.3 shows IRS

C488 of the two sample series. As
can be seen, IRS

C488 decreases with increasing SC in both series. The hphP samples with the
same IRS

C488 as lplP �lms were usually obtained at higher SC.
The presence of an amorphous incubation layer and an increasing crystallinity upon the

growth have been widely observed in µc-Si:H material, especially in the samples on foreign
substrates like glass or c-Si covered with native oxide [Koh 1998, Houben 1998, Ross 2000,
Collins 2003 ]. In order to study the structure development along the growth axis, Raman
scattering measurements were performed from the �lm side with three di�erent excitation
wavelengths, 415, 488 and 647 nm. Four selected samples, two from the lplP series and
another two from the hphP series, with similar crystallinity of either ∼60 % or ∼30 %,
were used in this experiment. The Raman spectra normalized to the highest intensities
are shown in Fig. 4.4. An increase in the amorphous peak with increasing wavelength



40 High rate growth of µc-Si:H by PECVD

can be observed in all samples. As the bottom of the �lm shows stronger contribution
to the Raman signal measured with longer excitation wavelength (see section 2.5.3), a
more amorphous initial stage of growth can be deduced from these observations. Among
these samples, the highly crystalline lplP sample [with IRS

C488=60% in diagram (a)] shows
best homogeneity in the growth direction. Material with lower total crystallinity shows less
homogeneous structure [diagram (b)], although RD of the two lplP samples are very similar
(0.27 and 0.30 nm/s at low and high SC, respectively). Deposited at higher RD, the hphP
samples show stronger structure development, compared to the lplP samples with similar
IRS
C488. The hphP sample deposited at SC = 10 % appears to be almost fully amorphous
in the Raman spectrum measured with the 647 nm laser, while the spectrum with 488 nm
line still indicates a sizeable crystalline fraction (IRS

C488=29 %). Therefore, one must keep
in mind that the actual average crystallinity may be considerably overestimated in some
samples grown on glass substrates, especially in the hphP samples with low crystallinity,
if IRS

C488 is used as nominal crystallinity for the material comparison.

4.2.3 Infrared absorption
FTIR measurements were conducted on µc-Si:H �lms from time to time after the

deposition. FTIR spectra for the samples prepared under hphP conditions, measured after
one year storage in air to saturate the atmospheric in-di�usion, are shown in Fig. 4.5. For
clarity, some samples are omitted with respect to the full set referred to in Fig. 4.2 and 4.3.
The percentage numbers in this �gure are the IRS

C488 values of the corresponding samples.
Three absorption bands related to the SiH bond can be identi�ed in all spectra (see section
2.5.5). The absorption intensities of the SiH wagging mode centered at ∼630 cm−1 and
stretching mode at around 2000 cm−1 increase steadily with the decreasing crystalline
volume fraction, indicating the increasing bonded H content. The wagging mode absorption
peak position is almost independent of the crystallinity. In the two samples with IRS

C488 >
70 %, absorption at 2100 cm−1, related to SiH bonds at the internal surface, dominates
the stretching mode absorption. The absorption at 2000 cm−1 increases with the SC (i.e.
with decreasing IRS

C488) and become dominant in the stretching absorption band in the two
samples with low crystallinity. The SiO absorption between 960 and 1200 cm−1 can be
seen in the samples with IRS

C488 ≥ 60 %.
The infrared absorption spectra of selected samples in the lplP series, measured after

one year storage in air, are displayed in Fig. 4.6. The evolution of absorption due to SiH
bond vibrations with decreasing crystallinity shows a similar trend as the hphP samples.
Noticeable absorption associated with O incorporation between 960 and 1200 cm−1 can
only be found in one sample with the highest crystallinity (78 %).

Fig. 4.7 (a) and (b) show the bonded hydrogen content (CH) and microstructure factor
R of the hphP and lplP samples as a function of IRS

C488. CH is estimated from the SiH
wagging mode absorption intensities. As IRS

C488 decreases from about 80 % to 0 %, CH

increases from ∼4 at.% to ∼11 at.% in both series. At the same time, the microstructure
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Figure 4.5: Infrared absorption spectra of the samples deposited under hphP conditions.
Percentage numbers in the �gure are IRS

C488 value of the samples. Some spectra were shifted
upward for clarity.
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Figure 4.6: Infrared absorption spectra of the samples deposited under lplP conditions.
Percentage numbers in the �gure are IRS

C488 value of the samples. Some spectra were shifted
upward for clarity.



42 High rate growth of µc-Si:H by PECVD

Figure 4.7: (a) Bonded hydrogen content (CH) and (b) microstructure factor R of the
µc-Si:H material deposited under hphP and lplP conditions, plotted as a function of IRS

C488.
Lines are guides for the eye.

factor R decrease from ∼0.8 to ∼0.15. At IRS
C488 of 60 %, where high e�ciency solar cells

are typically found, CH is ∼8 at.% and R is ∼0.35 in both series. A systematically lower
R values and higher CH can be found in the hphP samples with IRS

C488 below 65 %. A
thicker and/or less crystalline incubation layer in the hphP �lms might be the reason for
this di�erence.

To investigate the atmospheric impurity in-di�usion process, FTIR measurements were
carried out on these samples after di�erent air exposure time, i.e. within 0.5 hour, after 7
days, 30 days, 60 days and more than one year. The SiO absorption bands of three selected
hphP samples with di�erent IRS

C488 are exemplarily shown in Fig. 4.8. In diagram (a) and
(b), the two vertical arrows indicate the progressive developing of the SiO absorption peaks
in two highly crystalline samples with the prolonged exposure time from within 0.5 hour
to over 1 year. The post-oxidation process starts to saturate in the two samples after
30 days storage in the air and only slow development happens with further air exposure.
Such remarkable enhanced oxygen incorporation can hardly be found in the amorphous
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Figure 4.8: FTIR spectra of three hphP sample with di�erent IRS
C488 values measured within

0.5 hour, after 7 days, 30 days, 60 days and more than one year. The two vertical arrows in
diagram (a) and (b) indicate the increasing air exposure time. The post-deposition oxygen
uptake, which can be deduced from the di�erences between SiO absorption intensities in the
spectra measured as-deposited and after one year, are also shown in the �gure, labelled with
"real".

sample [diagram (c)]. However, the spectra measured directly after deposition were not
�at in the frequency region between 1000 and 1200 cm−1. Instead, a valley with minimum
at ∼1100 cm−1 were found in almost all the spectra. The inhomogeneous distribution of
the native oxide layer on an individual c-Si wafer were believed to be the origin of this
phenomenon [Klein 2004, Lossen 2003 ]. To exclude the in�uence from the substrates and
obtain the real post-deposition oxygen incorporation, the as-deposited spectra were used
as the references to subtract the latest measured spectra. The di�erences between them
are also indicated in the �gure marked by labels of "real". Note that the SiO absorption in
some samples, such as the one in diagram (c), doesn't change much after one year in air.
Under such conditions, the measurement accuracy is easily a�ected by the data processing,
such as baseline subtraction etc.

The O incorporation during deposition is typically determined by the background pres-
sure, feed gas purity, leakage rate and out-gas of the deposition chamber. For the high
quality a-Si:H and µc-Si:H �lms deposited in ultra-high vacuum systems equipped with
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Figure 4.9: Oxygen content (CO) of hphP and lplP samples plotted as a function of IRS
C488

in diagram (a) and of microstructure factor R in diagram (b). CO are determined from
the SiO absorption intensities measured after more than one year's storage in the air.

gas puri�ers, O contents of below 1016 cm−3 can be obtained [Kamei 1996 ]. The device
quality material deposited by PECVD and HWCVD in our institute usually contains O
contents of about 1018 cm−3 [Mück 2000, Klein 2001 ]. This concentration is much lower
than 1020 cm−3, the measurement limit of SiO bond density by FTIR [Paesler 1978 ]. A
pronounced SiO mode absorption can be seen in some samples in Figures 4.5 and 4.6,
indicating remarkable O uptake after the deposition. Fig. 4.9 shows the O contents of
the hphP and lplP material calculated through Eq. 3.10, plotted as a function of IRS

C488 in
diagram (a) and of microstructure factor R in diagram (b). The SiO absorption intensity
is determined from the spectra measured after more than one year's storage in the air.
Three samples peeled o� from the substrates after one or two months, thus in these cases,
the O content were estimated from the �nal measurement results. Almost all samples in
the lplP series maintain a low O content close to the measurement limit after prolonged
air exposure, except the one deposited at SC = 2 % with high IRS

C488 = 78 %. A high CO

of 4.7 at.% was found in this sample. The hphP samples with high crystallinity above
60 % or microstructure factor R > 0.3 show high O content of 1 - 3.5 at.%, compared to
the lplP samples with the same IRS

C488 or R. These results are consistent with the former
�nding that µc-Si:H �lms deposited at high rates (achieved by applying higher power) are
generally more porous than the µc-Si:H material at low rate [Mück 2000 ]. Three hphP
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samples with IRS
C488 < 30 % were very stable against the ambient air. Although strong

post-deposition oxygen incorporation happens in the highly crystalline samples in both
series, a clear correlation between O content and IRS

C488 can not be found in Fig. 4.9 (a).
The hphP samples with medium IRS

C488 of about 65 % have the highest O content, while CO

values are almost constant in the lplP �lms with IRS
C488 below 76 %. The lack of O content

dependence on the material crystallinity and R was also previously observed in µc-Si:H
deposited by HWCVD at high deposition rate [Lossen 2004 ]. This contradicts the previous
hypothesis which regarded microstructure factor R as a measure for structure porosity in
the a-Si:H material [Wagner and Beyer 1983, Richter 1983 ]. Possible explanations for this
discrepancy will be discussed later.
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Figure 4.10: Optical absorption coe�cient of hphP and lplP �lms at di�erent photon ener-
gies measured by PDS. Percentage numbers in the �gure are IRS

C488 values of corresponding
samples.
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Figure 4.11: Optical absorption coe�cient of hphP and lplP �lms at the photon energy of
2.2 eV (a) and 0.7 eV (b), plotted as a function of IRS

C488.

4.2.4 Optical absorption
Fig. 4.10 (a) and (b) show the optical absorption of the hphP and lplP series at pho-

ton energies between 0.5 eV and 2.5 eV measured by photothermal de�ection spectroscopy
(PDS). Some hphP samples of which data are presented in �gure 4.2 peeled o� during the
PDS measurements, therefore no absorption coe�cient data are shown in this �gure. The
percentage values in the �gure are the IRS

C488 values of the corresponding samples. A sys-
tematic increase in the above-gap (at 2.2 eV for example) absorption can be observed with
decreasing crystallinity in both series. This can be attributed to the high optical absorption
of the increasing amorphous phase in the material. Compared to the amorphous material
with IRS

C488 = 0 %, µc-Si:H material shows an enhanced absorption in the photon energy
range between 1.2 and 1.8 eV, which can be attributed to the narrower optical band-gap
in the crystalline phase. In the same photon energy region, remarkable interference fringes
are present in most of the hphP samples with IRS

C488 between 72 % and 29 %, but can only
be found in one single lplP material at IRS

C488 of 27 %. Note that primary interference oscil-
lations rising from re�ection at the interfaces of the �lm, were corrected in the evaluation
procedure using the transmittance data [Carius 2005 ]. The reason for residual interference
fringes is believed to be the structure in-homogeneity along the growth axis [Carius 2005,
Ross 2005 ]. The presence of the more pronounced structure in-homogeneity in the hphP
material of high crystallinity is con�rmed by Raman depth pro�le measurements (Fig. 4.4).

Fig. 4.11 compares the above-gap and sub-gap optical absorption of the hphP and lplP
material at similar IRS

C488. The absorption coe�cient at photon energy of 2.2 eV increases
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(a)

(b)

Figure 4.12: (a): Photosensitivity (σphoto/σdark) of these samples. (b): Photo- and dark-
conductivity (σphoto, indicated by open symbols, and σdark, indicated by full symbols) of
hphP and lplP µc-Si:H material as a function of IRS

C488.

with the increasing amorphous volume fraction in both series, and no signi�cant di�erence
can be found for the two types of material at similar IRS

C488 (diagram a). The sub-gap
absorptions at 0.7 eV remains at a low level of about 1 cm−1 except in two hphP samples
with low IRS

C488 of 30 % and 0 %. If the sub-gap absorption is proportional to the deep
defect density [Klein 2004, Wyrsch 1991, Jackson and Amer 1982 ], these results imply
high material quality in the samples deposited at high RD with hphP.

4.2.5 Conductivity
σphoto and σdark of the hphP and lplP �lms are shown in the bottom diagram of Fig.

4.12. The σphoto data are presented by open symbols and σdark by full symbols. An almost
constant σphoto at 105 Scm−1 with the decreasing IRS

C488 can be observed for lplP and hphP
material, except the hphP samples with very high crystallinity. σdark strongly decreases by
several orders of magnitude down to below 10−10 Scm−1, as the structure composition shifts
from highly crystallinity to amorphous dominance. Together with the small variation of
σphoto, the decreased σdark leads to an increased photosensitivity with decreasing crystalline
volume fraction, which is shown in the top diagram. A photosensitivity values between
200 and 500 were obtained for both series with IRS

C488 between 50 and 65 %. Vetterl et al.
suggested that such material could be applied as absorber layer in thin �lm silicon solar
cells [Vetterl 2002 ].

Although σphoto and σdark in both series are quite similar, especially at IRS
C488 of about

60 %, di�erences can still be found between them. Both σphoto and σdark of the hphP series
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show a sharp increase with increasing IRS
C488 in the highly crystalline region. The impurity

incorporation in these samples could be the reason. The post-deposition oxygen uptake
may shift fermi level towards the conduction band and thus increase charge carrier lifetime
[Beyer and B. Hoheisel 1983, Finger 2002, Brüggemann and Main 1998 ]. This leads to
higher σphoto and σdark. Two hphP samples with low crystalline volume faction of 29 % and
19 % show lower σdark than the lplP samples with similar IRS

C488, which leads to a higher
photo-sensitivity in these two sample. The remarkable structure development in the hphP
�lms, forming a thick amorphous incubation layer and thus reducing the total intrinsic
carrier density, can be a possible reason.

4.3 µc-Si:H solar cells deposited at high rates
4.3.1 In�uences of deposition parameters on solar cell deposition

rate and performance
In this section, investigations on the in�uences of the deposition parameters, such as

pdepo, PV HF , Fltotal and electrode distance d on solar cell deposition rate and performance
will be �rst presented. For the individual change of deposition parameters, variations of the
silane concentration SC series were performed to cover the range from highly crystalline
to amorphous growth and to obtain the optimum solar cells. For detailed information
about the deposition parameters in each SC series, see Table 4.1. The �rst column shows
the names assigned to the SC series, which will be used hereafter for the presentation and
discussion of the results. Data for one series of solar cells deposited under low-pressure, low-
power (lplP) conditions at RD between 0.1 and 0.3 nm/s, are also presented for comparison.
RD and the conversion e�ciency for the optimum solar cell in the lplP series are about 0.2
nm/s and 8 %, respectively. The results for this lplP series are in excellent agreement with
earlier work and the solar cell parameters show the well-known trend upon the variation
of SC [Vetterl 2000 ].

In the hphP series deposited with di�erent Fltotal and in the lplP series, an improved,
thinner p-layer, yielding higher blue light response, is used. In the i -layer deposition of
these solar cells, the metallic shield around the powered electrode was removed to obtain
more reproducible and stable deposition.

E�ect of power on the deposition rate and solar cell performance
Five di�erent discharge powers, PV HF of 20 W, 30 W, 40 W, 60 W and 90 W, were

applied to investigate the in�uence on deposition rate (RD) and on the properties of µc-
Si:H solar cells at high deposition pressure. The RD of these SC series with di�erent
PV HF are shown in Fig. 4.13 as functions of SC. In addition, two series of solar cells
prepared with larger electrode distance (hphP 19 mm) or higher pdepo (hphP 4 hPa) at
PV HF = 60 W are also plotted in Fig. 4.13. A linear increase of RD with increasing SC is
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Series pdepo PV HF Fltotal d shield p-layer
name (hPa) (W) (sccm) (mm)

hphP 20 W 2.1 20 100 12 with Normal
hphP 30 W 2.1 30 100 12 with Normal
hphP 40 W 2.1 40 100 12 with Normal
hphP 60 W 2.1 60 100 12 with Normal
hphP 90 W 2.1 90 100 12 with Normal
hphP 19 mm 2.1 60 100 19 with Normal
hphP 4 hPa 4.0 60 100 12 with Normal

hphP 100 sccm 2.1 60 100 12 w/o Improved
hphP 200 sccm 2.1 60 200 12 w/o Improved
hphP 400 sccm 2.1 60 400 12 w/o Improved

lplP 0.25 10 100 19 w/o Improved

Table 4.1: Deposition parameters of the silane concentration (SC) series.

Figure 4.13: RD of solar cells deposited with di�erent PV HF plotted against SC. pdepo = 2.1
hPa and d = 12 mm were used for most of the series, except for the two series with higher
pdepo or larger electrode distance (4 hPa and 19 mm, respectively). Lines are linearly �tted
to the data.

observed in all cases. At PV HF = 90 W, the plasma became unstable and inhomogeneous,
and considerable scatter of RD was observed. Further geometry rearrangement, such as
employing a gas showerhead and bigger cable feed-through etc., is necessary for such high
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Figure 4.14: J-V characteristics (a) η, (b) VOC, (c) FF, (d) JSC under AM1.5 illumination
of solar cells deposited under hphP conditions with di�erent PV HF . Samples are the same
as those shown in Fig. 4.13 with pdepo of 2.1 hPa and d of 12 mm. Lines are guides for
the eyes.

Figure 4.15: (a) E�ciencies of the optimum solar cells in the SC series deposited with
di�erent PV HF . (b) Corresponding deposition rates RD and SC of these cells. Lines are
guides for the eyes.
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PV HF for the present reactor design. The increase of PV HF does not result in any signi�cant
increase of RD at �xed SC and above certain PV HF , RD even decreases. Assuming that up
to 60 W the "real" power dissipated in the discharge at least increases to some extent, the
saturated RD suggests that the amount of silane molecules in the plasma are near to the
silane depletion condition. If almost all silane molecules are dissociated into radicals under
the depletion condition, higher discharge power can not increase the deposition further.
The above deduction is based on RD calculated from the thickness in the middle of the
10×10 cm2 substrates. The good homogeneity of the four series samples with PV HF below
90 W guarantees the validity of this conclusion. On the other hand, it can be seen that
increasing pdepo or the electrode distance d at a given discharge power of 60 W results
in higher RD for all SC compared with the other series deposited at 2.1 hPa and 12 mm
electrode distance. The origin will be discussed later.

Fig. 4.14 shows the J -V characteristics for the series of solar cells deposited with
di�erent PV HF at 2.1 hPa. The electrode distance is 12 mm for all series. For each PV HF ,
similar behavior of J -V parameters for µc-Si:H solar cells was observed when varying SC,
except the scattered results of the hphP 90 W series. FF and JSC increase with SC at
�rst and drop after the maximum. VOC increases almost linearly in the investigated SC
range. The solar cells with maximum e�ciency show a VOC of about 540 mV. Note that
the J -V parameters are taken from the best 1×1 cm2 cell of each 10×10 cm2 substrate.
The low JSC at high SC is attributed to the red and infrared response loss in these solar
cells. This is con�rmed by the quantum e�ciency measurement (to be shown in Fig. 4.26 in
section 4.3.2). The highest FF in each SC series decreases systematically upon increasing
PV HF , but a signi�cant drop of the optimum cell e�ciency was only observed at PV HF =
90 W. The most important observation is the shift of the maximum values in e�ciency,
FF and JSC to higher SC upon the increase of the discharge power. As a consequence,
optimum cells deposited with higher PV HF have higher RD, as indicated in Fig. 4.15, in
which e�ciency, RD and required SC of the optimum cells of these series are plotted vs.
PV HF . The required SC for optimum solar cells increases linearly with PV HF . The increase
of the silane supply leads to a linear increase of RD up to 60 W.

The optimum cells of hphP 19 mm and hphP 4 hPa series show lower conversion
e�ciency of about 6 % and strong structural inhomogeneity over the 10×10 cm2 substrates.
The J-V characteristics of these samples are not shown here.

E�ect of total �ow rate on deposition rate and solar cell performance

As was shown in Fig. 4.13, an increase of the discharge power at hphP conditions from
20 to 60 W does not lead to an increase in the deposition rate at constant SC. At the same
time, the deposition rate increases linearly with silane concentration, i.e. the source gas
supply. This points to silane depletion under these conditions. It means that, at a given
SC, the precursor density cannot be increased much by higher discharge power. A possible
solution to this problem would be to increase the volume of reaction zone between the two
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Figure 4.16: RD of solar cell i-layers deposited with di�erent Fltotal plotted as a function
of SC. Series hphP 60W was deposited with the same parameters as series hphP 100 sccm
except that the plasma shield was removed for the latter's deposition

electrodes or to increase the silane supply by increasing the gas �ow. As an additional
bene�cial e�ect of higher gas �ow, powder formation, which is frequently observed in high
deposition rate processes, could possibly be suppressed [van den Donker 2005, Matsuoka
1999 ].

Three di�erent Fltotal, 100 sccm, 200 sccm and 400 sccm, were used to prepare µc-Si:H
solar cells at a discharge power of 60 W and a pressure of 2.1 hPa. Again, SC series
were done to cover the range from highly crystalline to amorphous material structure.
Furthermore, the metallic steel shield around the powered electrode was removed for the i -
layer deposition. Fig. 4.16 shows the RD of the solar cells deposited at di�erent �ow rates,
plotted against SC. A linear increase of RD with increasing SC is observed at di�erent
Fltotal. At constant SC, doubling Fltotal increases, but far from doubles, the RD, resulting
in lower gas utilization at higher Fltotal. Compared to the hphP 60 W series in Fig. 4.13,
the hphP 100 sccm series was deposited with identical parameters except that the metallic
shield was removed during the deposition. RD of the hphP 60 W series are also shown in
Fig. 4.16. One can see that the removal of the shield makes no di�erence in the RD.

The J -V characteristics of these series of solar cells deposited at di�erent Fltotal are
shown in Fig. 4.17. The dependence of η, VOC , JSC and FF with the variation of SC is
similar to that with di�erent PV HF . Compared to the solar cells in Fig. 4.14 deposited
with di�erent PV HF , thinner p-layers in the three series in this �gure increase the blue
light response and thus JSC , leading to higher e�ciencies. At constant SC, solar cells
deposited with higher Fltotal exhibit higher VOC , suggesting a lower crystallinity in the
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Figure 4.17: J-V characteristics (a) η, (b) VOC, (c) FF, (d) JSC under AM1.5 illumination
of solar cells deposited under hphP conditions with di�erent Fltotal.

Figure 4.18: (a) E�ciencies of the optimum solar cells in the SC series with di�erent
Fltotal. (b) Corresponding deposition rates RD and SC of these cells.
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Figure 4.19: FF and VOC of the optimum µc-Si:H solar cells deposited under lplP and hphP
conditions, plotted against RD. Samples with RD above 0.6 nm/s are deposited with hphP
and those below 0.35 nm/s with lplP. Lines in the �gure are guides to the eyes as the upper
limit of the two J-V parameters.

i -layers. In Fig. 4.18, RD, η and SC of the optimum cells, deposited with di�erent Fltotal,
are shown. An increase of Fltotal from 100 sccm to 400 sccm results in a slight increase of
the e�ciencies of the optimum cells. At higher Fltotal, the required SC for optimum solar
cells is shifted to lower SC, leading to lower RD for the optimum cells and suggesting a
corresponding shift of the µc-Si:H/a-Si:H transition.

Solar cell performance versus RD

Applying the VHF-PECVD in the lplP and hphP regime, µc-Si:H solar cells can be
deposited over a wide range of RD between 0.2 nm/s and 1.5 nm/s without detrimental
in�uence of the high deposition rate on the solar cell performance. In Fig. 4.19, VOC and
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FF of µc-Si:H solar cells with high conversion e�ciency are plotted against their RD. FF
and VOC maintain constant high values of 72 % and 550 mV, respectively, independent
of RD and the deposition regime. JSC is not taken into account here because it is more
sensitive than FF and VOC to factors other than the i -layer properties, such as the type of
TCO, the p-layer quality and thickness and the i -layer thickness.

Powder formation and homogeneity problem

Powder formation in the PECVD process has been investigated for a long time [Perrin
1991, Bouchoule 1991, Howling 1993, Watanabe 1996 ]. Besides leading to strenuous cham-
ber cleaning work, micrometer-size particles also deteriorate the material quality [Matsuda
2003, Ross 1984 ]. Such a problem is more severe in the high pressure regime, in which the
gas phase radicals and molecules have longer residence time in the plasma and thus have
more chance to agglomerate [van den Donker 2005 ]. Other deposition parameters also
show in�uence on the powder formation. It was found that the increase in the excitation
frequency and Fltotal can suppress the powder generation [Howling 1992, Matsuoka 1999 ].
Closer electrode distance was also found to have the same e�ect, and this was attributed
to gas heating from the electrodes [Guo 1998 ]. Although it is very critical for the hphP
deposition regime, it is not intended to make a systematic and quantitative research on the
powder generation mechanism. In the following, the observation in the powder formation
is just brie�y described under hphP conditions.

Under the hphP conditions, powder can be evidently seen on the chamber wall just after
several runs of i -layer depositions, while this happens later in the conventional lplP regime.
With the metal shield installed, powder was visible between the shield and electrode. This
would in�uence the plasma and lead to deteriorated run-to-run reproducibility. After
the removal of the shield, the powder was mainly visible on the chamber wall. The two
electrodes were usually powder free. As a result, although pronounced, powder formation
did not 'signi�cantly' a�ect the deposition reproducibility and material quality. Typically,
high performance solar cells could be prepared up to a accumulative layer thickness of
at least 20 µm in the reaction chamber before chamber cleaning was needed. Similar
result was also found by Rech et al. [Rech 2005 ], who reported that even up to 80 µm
accumulative deposition did not deteriorate the module performance. In addition, without
a precise quantitative investigation, the clear evidence for the powder reduction at higher
Fltotal or smaller electrode distance was not observed.

Compared to the lplP deposition regime, our PECVD process working with very high
frequency and hphP caused non-uniformity across the substrates in some cases. Here,
a summary of the thickness and structure homogeneity of the solar cells on 10×10 cm2

substrates will be made, when di�erent deposition parameters were used. Fig. 4.20 shows
the ratios between the thickness at the corner and in the middle (Dcorn/Dmid) on individual
substrates, plotted as a function of PV HF . The corner thickness is measured close to the
solar cells at the corner, which is illustrated by the inset in the �gure. A thickness ratio close
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Figure 4.20: The ratios between the thickness measured at the corner and in the middle
on individual 10×10 cm2 substrates as a function of PV HF . The inset in the �gure shows
the positions of measuring points on the substrates. Data are averaged from the samples
in each silane concentration series in Table 1.1. The standard deviations are indicated by
error bars. The hphP samples were deposited with PV HF > 20 W. Depositions with or
without the plasma shield around the powered electrode are presented by full squares and
open diamonds, respectively.

to 1 suggests a uniform growth in the sample. Data are averaged from the samples in each
silane concentration series in Table 4.1. The error bars indicate the standard deviations in
each series. The hphP samples were deposited with PV HF > 20 W. Depositions with or
without the plasma shield around the powered electrode are presented by full squares and
open diamonds, respectively. From this �gure, almost no di�erence between the thickness
at the corner and in the middle can be seen in the samples deposited at PV HF equal to
or below 40 W, except the 20 W samples deposited with the plasma shield. Removing
the plasma shield slightly improves the homogeneity at PV HF = 20 W. In the solar cells
deposited at PV HF > 60 W, larger corner thickness values are typically found. Removal
of the plasma shield slightly enlarged the thickness ratio (Dcorn/Dmid), and the increased
Fltotal from 100 to 400 sccm led to further homogeneity deterioration. But a Dcorn/Dmid

below 1.2 at 400 sccm indicates that the thickness uniformity under such condition is still
reasonable. Therefore, the deduction of silane depletion from RD at di�erent PV HF (see
section 4.3.1) was not a�ected because of the su�cient uniformity in the four series with
PV HF below 90 W. The unstable deposition at PV HF of 90 W is re�ected by a high average



4.3 µc-Si:H solar cells deposited at high rates 57

Dcorn/Dmid value and huge scatter of Dcorn/Dmid in individual cells.
Generally, the solar cells showing thickness inhomogeneity also su�er from the inho-

mogeneity in the structural composition, namely, di�erent parts on the 10×10 cm2 have
di�erent crystallinities. The variation of open circuit voltages of solar cells on one sub-
strate evidently re�ects the change in the crystallinity, which was con�rmed by Raman
scattering measurements. In the samples presented in this chapter which show structural
inhomogeneity, the area close to the border of the 10×10 cm2 substrates are typically
more microcrystalline than the middle region. The variation in the crystallinity leads to a
�uctuation of solar cell performance on the same substrate.

4.3.2 Structural, optical and electrical properties of solar cells
To compare the properties of the µc-Si:H solar cell absorber layers grown at di�erent

deposition conditions with di�erent growth rates, it is essential to know the structural com-
position of the i -layer. As has been suggested above considering the results of the solar cell
J -V parameters (Figs. 4.14 & 4.17), the variation of power and �ow under hphP condi-
tions shifts the µc-Si:H/a-Si:H transition considerably to di�erent silane concentration SC.
This shall be con�rmed in the following through Raman scattering experiments performed
directly on the solar cells. Knowing the IRS

C488 values allows a comparison between solar
cells prepared at similar crystalline volume fraction but under di�erent conditions and at
di�erent deposition rates.

A further point of concern for solar cell materials prepared at high deposition rate is
that the i -layer absorber material might exhibit a structure evolution along the growth
axis. The frequently observed interface or incubation layer with pronounced porosity and
amorphous phase could be expected to be more developed, i.e. thicker, at higher growth
rates. This was investigated in the present research by Raman depth pro�le methods.

Finally, the in�uence of di�erent deposition rates on the electronic and optical properties
of the i -layer absorber material in the µc-Si:H solar cell is of interest. The dark J -V
characteristic and quantum e�ciency measurements can be used to evaluate the absorber
quality.

Raman scattering experiments and structure depth pro�les

The IRS
C488 values of the solar cells presented in Fig.s 4.14&4.17 are shown in Fig. 4.21

as a function of SC. Note that Raman measurements were carried out on solar cells with
amorphous n-layers removed by KOH etching. For the hphP 20 W and hphP 40 W series,
only the optimum cells were measured. A decreasing i -layer crystallinity with increasing
SC can be observed in each series. Depositions with or without shield around the cathode
made no remarkable di�erence in the structure properties, when comparing the hphP 60
W to the hphP 100 sccm series. Although the µc-Si:H/a-Si:H transition occurs at di�erent
SC when di�erent deposition conditions are applied, optimum cells, which can be found
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Figure 4.21: Raman scattering intensity ratio with 488 nm excitation, IRS
C488, of the lplP and

hphP solar cells. Optimum solar cells in the SC series are found between the two dashed
lines shown in the �gure. Arrows in the �gure indicate the shift of IRS

C488 by applying higher
PV HF or Fltotal. Lines are guides to the eyes.

Figure 4.22: IRS
C647 of the lplP and hphP solar cells plotted as a function of IRS

C488. Lines are
guides to the eyes.
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between the two dashed lines in this �gure, are always obtained at similar crystallinity
around 60 %. The results con�rm the conclusions made from the J -V parameters: An
increase of PV HF shifts the µc-Si:H/a-Si:H transition to higher SC values; an increase of
Fltotal shifts this transition to lower SC values. As RD in all cases increase with SC, such
shifts in the transition result in a shift of the deposition rates for optimum solar cells.

The structural development of three series of µc-Si:H solar cells, hphP 30 W, hphP 60W
and hphP 100 sccm, prepared at medium and high deposition rate have been investigated
by Raman scattering measurements with di�erent excitation wavelengths. The results are
compared with similar studies on solar cells with standard lplP absorber layers. Fig. 4.22
shows the IRS

C values calculated from Raman spectra with 647 nm excitation (IRS
C647), plotted

against those with 488 nm (IRS
C488). The deviation from the diagonal re�ects the structure

di�erence between the back of the i -layer near the etched-away n-layer and close to the p/i
interface. The lplP samples deposited at low RD show a very homogeneous distribution of
the crystalline fraction along the growth direction, no matter if highly crystalline or almost
amorphous. On the other hand, for the hphP solar cells close to the transition, the IRS

C647

values are signi�cantly smaller than IRS
C488, indicating a structural evolution during the i -

layer growth. However, the resolution in growth direction of this method with di�erent
wavelengths is of course not very high. The IRS

C647 values, considered here to emphasize more

Figure 4.23: The IRS
C488 at di�erent depths in the i-layer show the structure development

along the growth axis. Solar cells are optimum cells of three SC series deposited by lplP
and hphP. For the 1 µm thick solar cells, crater depth of 0 and 1000 nm correspond to the
n and p-layer position, respectively. Lines are guides to the eyes.
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the contribution close to the p/i interface, are still strongly a�ected by the top region.
In order to evaluate the crystallinity at di�erent stages of the i -layer growth, Raman

measurements with 488 nm excitation were done on craters with di�erent depths which
were etched into the solar cells by KOH. Fig. 4.23 shows the IRS

C488 at di�erent depths
measured on the optimum solar cells of selected series. As the solar cells are all about
1 µm thick, position 0 and 1000 on the x-axis corresponds to the position of the n and
p-layer, respectively. Consistent with the "di�erent wavelength" method, the lplP solar
cell exhibits very similar IRS

C488 at di�erent stages of growth, i.e. no structure evolution.
For the hphP optimum solar cells, the structure development, already indicated in Fig.
4.22, is con�rmed by this method. IRS

C488 di�erences of up to 20 % between the top and
the bottom of the i -layer was observed. Deposited at relatively lower RD, the hphP 20

Figure 4.24: The bright-�eld TEM images and selective electron di�raction patterns mea-
sured on two hphP solar cells. The numbered SAED patterns are taken from the corre-
sponding regions in the TEM images. (a), hphP 20W, (b), hphP 100sccm.
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Figure 4.25: Xc of the hphP 20 W and hphP 100sccm cells in the regions close to the
bottom, middle and top. Xc are estimated from the ED patterns taken from the circular
region with diameter of 200 nm. The IRS

C488 values of the hphP 100sccm series are also
indicated here for comparison.

W optimum cell indicates similar or even more pronounced structure development in the
i -layer, probably due to the less microcrystalline p-layer.

Transmission electron microscopy

Transmission electron microscopy (TEM) were measured on the two solar cells showing
pronounced structure development by the 'Raman structure depth pro�le' method Fig.
4.23. Selective area electron di�raction was also used to quantitatively investigate the
structure development in the i -layer. Fig. 4.24 shows the bright-�eld images and the
electron di�raction patterns of the two samples. The bright-�eld images are very similar
to each other and no structure development can be directly observed. The crystallinity
can be calculated from the ratio of the integrated power of the crystalline and amorphous
contributions in azimuthally averaged Debye-Scherrer di�raction patterns [see section 3.5.4
or Luysberg and Houben 2005 ]. Fig. 4.25 indicates the crystallinity (Xc) of the three solar
cells. Note that Xc is the average crystallinity of the region with diameter of 200 nm.
Structure development can be seen in both samples from hphP 20W and hphP 100sccm
series. The IRS

C488 values of the hphP 100sccm sample are also indicated in this �gure
for comparison. Although the Xc and IRS

C488 values are not the same in the whole range of
depth, they have the same trends and con�rm the structural development along the growth
axis.
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Figure 4.26: The integrated intensities of the quantum e�ciency, (a) IQE_red and (b)
IQE_blue, in long and short wavelength region, respectively, of the lplP and hphP 100 sccm
solar cells, plotted vs. the IRS

C488. Lines are guides for the eyes.

Quantum e�ciency

In an attempt to study the in�uence of structure development on the carrier generation
and transport, quantum e�ciency measurements were performed on two solar cell series,
lplP and hphP 100 sccm. As the short wavelength light will be fully absorbed in the p-
layer and the i -layer close to the p/i interface, the short wavelength response can be in
general considered as a criterion for the p-layer and p/i interface quality. Long wavelength
light, with lower absorption coe�cient for microcrystalline silicon, will be homogeneously
absorbed in the whole 1 µm thick i -layer. The integrated intensity of QE between 300 and
520 nm, IQE_blue, is used to evaluate the short wavelength response of solar cells, and that
between 650 and 1100 nm, IQE_red, for the long wavelength response. In Fig. 4.26 (a) and
(b) are IQE_blue and IQE_red of the lplP and hphP 100 sccm series, plotted against IRS

C488.
Consistent with the highest JSC in the region with intermediate crystallinity (Fig. 4.14 &
4.17), the long wavelength responses of both series show maximum values in this range
(Fig. 4.26 (a)). At IRS

C488 < 65%, the long wavelength response decreases to lower values
with the increasing amorphous phase in the i -layer.
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Figure 4.27: The dark J-V curves of the solar cells in the hphP 100 sccm SC series.
Numbers in the �gure indicate IRS

C488 values of the corresponding samples.

On the other hand, the blue light response shows pronounced di�erence between lplP
and hphP solar cells. In lplP series, with the exception of the blue response at the highest
IRS
C488 values, a higher IQE_blue can be seen in almost the entire IRS

C488 range. This is also
con�rmed by the J-V measurements with blue light �lter bg7 (not shown in this work).
The di�erences in the short wavelength response could be attributed to a deteriorated p/i
interface in high deposition rate material. The presence of a more amorphous or thicker
incubation layer, as concluded from the depth pro�le methods, could lead to extraction
problems for carriers generated near the p/i interface. However, the high FF and high
VOC values in these hphP optimum cells indicate that a moderate structure development
in growth direction is not a su�cient reason for bad solar cell performance. Still, a further
improvement of the solar cells by an adjustment of the crystallinity at the p/i interface
could be possible.

Dark J -V measurements

A further possibility to obtain information about transport and recombination in the
i -layers and at the interfaces of the p-i -n µc-Si:H solar cells are measurements of the dark
J -V curves. In Fig. 4.27, the dark J -V curves of the solar cells of the hphP 100 sccm
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Figure 4.28: (a) Saturation current density j0 and (b) diode factor n of the solar cells
deposited by lplP and hphP, plotted as a function of IRS

C488. Optimum cells in di�erent
series are generally found between the two dashed lines in the �gure. Lines are guides to
the eyes.

series are shown exemplarily. With the decrease of IRS
C488, a systematic shift of the curves

to lower current densities can be observed, which can also be found in all other SC series
of Table 4.1. According to the simple p-n diode theory, if the validity of its application
to µc-Si:H solar cells is assumed, the decrease in the current density with decreasing IRS

C488

qualitatively explains the increase of VOC . Besides the shift of the curves, a change of the
slope in the exponential range is also observed. The diode factor n and saturation current
density j0 are calculated from the �tting of exponential part of the dark J -V curves to the
diode equation jdark = j0·[exp(eV/nkT)-1], where shunt and series resistances have minor
in�uence on the dark current density. The results are plotted for various solar cell series
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prepared at di�erent deposition conditions vs. IRS
C488 in Fig. 4.28. With the decrease of

the i -layer crystallinity, the diode factor n decreases from a value of about 1.85 at high
IRS
C488 to about 1.4 at low crystalline volume fraction. However, the values of n and j0

at constant IRS
C488 show no systematic dependence on the deposition conditions or RD and

show no clear trend with the change of deposition parameters. This is consistent with the
previous observation that the optimum cell performance is almost independent of RD and
deposition conditions.

4.3.3 Thickness dependence
Solar cell performance depends greatly on the i -layer thickness. An i -layer thickness

series can help to �nd out the optimum cells with highest e�ciency. In addition, the
study of thickness dependent cell performance can help to understand the charge carrier
transport. The illuminated and dark J -V characteristics of solar cells with optimum i -layer
will be shown in the following section as a function of their i -layer thickness.

Figure 4.29: J-V parameters of solar cells with optimum i-layer material deposited with
di�erent PV HF and Fltotal are compared at di�erent thickness. High e�ciency solar cell
can be obtained at a wide range of thickness between 1 and 2.5 µm. Lower PV HF and high
Fltotal result in better performance. Lines are guides to the eyes.
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J -V parameters and quantum e�ciency

Microcrystalline silicon material deposited under hphP 20W, hphP 100sccm and hphP
400sccm conditions with optimized SC were used in this experiment. Fig. 4.29 shows the
J -V parameters, η, VOC , FF and JSC , of the solar cells with i -layer thickness between
0.5 and 4 µm. In good agreement with previous results [Vetterl 2001, Klein 2002 ], VOC

and FF decrease almost linearly in all three series, suggesting reduced carrier extraction
e�ciency in the thick devices, probably due to the reduced electric �eld in the i -layer and
longer carrier travel length. Thicker i -layers increases the light absorption and thus leads
to a higher JSC . At i -layer thickness below 2.5 µm, JSC increase sharply with increasing
i -layer thickness and start to saturate at about 2.5 µm. Due to the combinative e�ect of
these three parameters, the e�ciencies reach a plateau between 1 and 2.5 µm in all three
series. Note that highly re�ective ZnO/Ag back contacts were used in all solar cells in
this �gure. JSC depends mainly on the i -layer thickness and no di�erence can be found
between the solar cells with di�erent i -layer material. Compared with the series with hphP
100 sccm optimum material, hphP 20 W series deposited with lower PV HF and hphP 400
sccm with higher Fltotal show higher VOC and FF at the same thickness, leading to higher
e�ciency in the two series. These results are not consistent with our previous observations
that solar cell performance is independence of the deposition conditions. The reason for

Figure 4.30: Quantum e�ciency of three solar cells with di�erent i-layers thickness of 1.1,
1.9 and 3.9 µm. The i-layers were deposited by hphP 400 sccm with optimized SC of 6 %.
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Figure 4.31: (a), saturation current density j0 and (b), diode factor n of the solar cells
with di�erent i-layer thickness (same as in Fig. 4.29). Lines are guides to the eye.

this discrepancy is not clear. These three series were not fabricated at the same period of
time. The run-to-run reproducibility of the deposition system can be a possible reason.

To give more detailed information on the increased JSC with the thickness, quantum
e�ciency (QE) measurements were conducted on three cells from the hphP 400 sccm series
with i -layer thickness of 1.1, 1.9 and 3.9 µm. QE measurements were carried out under
short-circuit conditions. The QE curves are shown in Fig. 4.30. The improved p-layers
result in exceptionally good short wavelength light response. These three cells show very
high quantum e�ciency of ∼73 % at the wavelength of 400 nm. Increased i -layer thickness
from 1.1 to 3.9 µm slightly decreases the QE between 400 and 520 nm, but strongly
enhances the long wavelength light response, leading to higher JSC in thicker solar cells.
The simultaneous decrease of VOC and FF suggests that part of the enhancement in JSC

may be compensated by the reduced carrier extraction, and therefore, there exists an upper
limit for the improvement of JSC by increasing the thickness [Vetterl 2001a].

Dark J -V measurements

Similar to the previously researches [Vetterl 2001, Klein 2002 ], dark J -V curves shift
to higher current level with the increasing thickness, accompanied by a steady decrease in
the curve slope. To make an quantitative comparison between the solar cells with di�erent
i -layer material, the diode factor n and saturation current density j0 is compared in Fig.
4.31 (a) and (b), respectively. The saturation current density j0 increases by about two
orders magnitude as the i -layer thickness increases from about 0.5 µm to 2.4 µm in the
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hphP 100 sccm series and to 4 µm in the other two. These results quantitatively explain
the reduced VOC in the thick solar cells. The solar cells in the hphP 20 W and hphP 400
sccm series show similar j0 at similar i -layer thickness. Consistent with the lower VOC

at constant thickness, higher j0 values are found in the hphP 100 sccm series. Similar to
j0, diode factor n also increases with the i -layer thickness in all three series. At similar
thickness, diode factor R are higher in solar cells in hphP 100 sccm than in the other two
series.

According to the diode theory [Brammer and Stiebig 2003, Brammer and stiebig 2005 ],
j0 of a µc-Si:H p-i -n solar cells depends strongly on the i -layer thickness and deep defect
density. The higher j0 values in the hphP 100 sccm series cells indicate inferior i -layer
quality, in good agreement with the illuminated J -V measurement results. In addition,
higher diode factor n value in a p-i -n diode suggests that the recombination in the bulk
i -layer play a more important role in the total recombination in the device. Thicker i -layer
reduces the electric �eld strength across the i -layer and and increases the mean travel
length of the charge carriers, and thus enhances the bulk recombination. This is re�ected
by the higher diode factor values. Higher defect density in the hphP 100 sccm series can be
deduced from the higher j0, with respect to the other two series with similar crystallinity
and the same thickness. Higher diode factor n values in hphP 100 sccm series, suggesting
stronger bulk recombination, are consistent with relatively low i -layer quality. The reason
for the higher n values in the hphP 20 W series, as compared to the hphP 400 sccm series,
is not well understood. The less high-energy ion bombardment on the p-layers and p/i
interface as a result of the lower PV HF may be a possible reason [Mai 2006 ].

4.3.4 High e�ciency solar cells and modules

Annealing the solar cells up to 2 hours increased e�ciencies further for the samples in
Fig. 4.29. The J -V curves of the optimum solar cell from the hphP 100 sccm and hphP 400
sccm series are shown in Fig. 4.32. The hphP 100 sccm cell is 1.4 µm thick and deposited at
RD of 1.2 nm/s, showing an e�ciency of 9.2 %. Probably due to the good quality i -layer,
the hphP 400 sccm cell maintains high performance at the thickness of 1.9 µm, leading to
a higher JSC of 25.7 mA/cm−2. As the two solar cells have very similar VOC and FF, the
higher JSC in the hphP 400 sccm cell results in higher e�ciency of 9.8 %. The hphP 400
sccm cell was deposited at a slightly lower RD of 1.1 nm/s.

This high growth rate material was also incorporated into modules. A single junction
mini-module with an aperture area of 8×8 cm2 was made with the hphP 400 sccm optimum
i -layer material and achieved an e�ciency of 7.9 %. A module with the optimum material
of hphP 20 W series shows a higher e�ciency of 8.8 % due to the better homogeneity. Fig.
4.33 shows the J -V and quantum e�ciency curves of this module. The 1.6 µm i -layer was
deposited by hphP 20 W at about 0.6 nm/s.
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Figure 4.32: High e�ciency solar cells deposited under hphP conditions with optimized i-
layer thickness and ZnO/Ag back contacts. Cell 1: hphP 100 sccm, SC = 11 %, thickness
= 1.4 µm. Cell 2: hphP 400 sccm, SC = 6 %, thickness = 1.9 µm.

Figure 4.33: (a), J-V curve of a µc-Si:H single junction module with 1.6 µm i-layer de-
posited by hphP 20 W. (b), Quantum e�ciency at di�erent wavelength of this sample.
Aperture area: 8×8 cm2.
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Figure 4.34: J-V characteristics, η, VOC, FF and JSC, of the hphP 400 sccm optimum cell
(the same as in Fig. 4.32) as a function of light soaking time. Data are normalized to the
initial values.

4.3.5 Stability
Post-deposition oxygen incorporation up to several at.% was observed in our hphP �lms

with IRS
C488 above 60 % (see section 4.2.3). In addition, instability has been observed in the

solar cells with high crystallinity after storage or treatments in air and water [Yan 2002,
Matsui 2004, Sendova-Vassileva 2004 ]. Thus, it is necessary to investigate the ambient
stability in the solar cells with such hphP material. The lplP and hphP cells deposited
with di�erent parameters were re-measured after at least 6 months exposure to air without
illumination. Opposite to the noticeable oxygen incorporation in many hphP �lms, just
one single sample in the hphP 60 W series with high IRS

C488 of 75 % degraded in this time
period. The protection from the amorphous n-layers and silver back contact may help to
reduce the atmospheric in-di�usion.

Prolonged AM1.5 light soaking was conducted on the hphP 400 sccm optimum cell (the
same as in Fig. 4.32), which showed an initial e�ciency of 9.8 % and an IRS

CR488 of 58 %.
Fig. 4.34 shows its normalized J -V parameters as a function of the increasing light soaking
time. J -V parameters were almost unchanged in the �rst 100 hours. The FF and VOC

started to decrease afterwards and after 1136 hours they reached 96 % and 98 % of the
initial (annealed) values, respectively. Compared to FF and VOC , JSC is more stable upon
the light soaking and only decrease by about 1 % in the end. With the reduced VOC , FF
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Figure 4.35: Dark J-V curves before degradation, after 1136 hours light soaking and after
annealing.

and JSC , solar cell e�ciency decreases to 93.1 % of the initial value.
The relatively stable JSC in this sample suggests that the overall performance degra-

dation can not be fully attributed to deterioration of solar cell back contact after the
prolonged illumination. Furthermore, 1 hour annealing at 160 ◦C after light soaking recov-
ered the e�ciency to some extent. This in return suggests that the e�ciency degradation
at least partly resulted from the light-induced defect formation. Dark J -V measurements
were carried out on this sample before degradation, after 1136 hours of light soaking and
after annealing. Compared to the initial state, the dark current density increased slightly
after light soaking (Fig. 4.35). This quantitatively explains the decreased VOC . One hour
annealing almost recovered the enhanced dark current density. These results suggest that
the degradation in the solar cell performance is related to the light-induced meta-stability.

4.4 Discussion
High quality material and high e�ciency solar cells have been deposited at high de-

position rate by the combination of VHF discharge excitation with high process pressure
and power. Presumably, this achievement was made possible by e�ective dissociation of
the process gases while keeping damage through high-energy ion bombardment at a low
level. In the following, the in�uences of deposition parameters on the deposition precess,
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material and device quality will be discussed.

4.4.1 Microcrystalline silicon �lms deposited at high rate
Compared to the samples deposited under conventional lplP conditions, µc-Si:H �lms

deposited with hphP at high RD show similar high material quality. High photosensitivity
and low sub-gap absorption were found in �lms close to the transition from µc-Si:H to a-Si:H
growth, indicating good applicability to thin �lm silicon solar cells. This was con�rmed by
the high e�ciency in the solar cells with hphP absorbers.

Although similar in a number of aspects, µc-Si:H �lms deposited with hphP and lplP
also have distinct di�erences. Above all, a more pronounced structure evolution along
the growth axis was found in hphP �lms. This was con�rmed by the Raman and TEM
measurements. For a laser line of 488 nm wavelength, ∼90 % of the Raman signal originates
from the top 20 nm of the sample (see Table 3.1). That is to say, IRS

CR488 may largely
overestimate the average crystallinity in the �lms, if a thick incubation layer is present
in the �lms or solar cells. This makes the data evaluation and comparison somewhat
problematic, especially for the parameters determined from the whole thickness. Let's
take the microstructure factor for example. Microcrystalline silicon �lms deposited with
hphP show slightly higher CH and smaller R at IRS

C488 < 65 % (see Fig. 4.7). Microstructure
factor R is regarded as the criterion for the porosity of a-Si:H [Wagner and Beyer 1983 ].
If this hypothesis is also valid for µc-Si:H, it is not in good agreement with the post-
deposition Oxygen uptake in our samples. As can be seen, hphP samples with IRS

C488 > 60
% exhibit strong post-deposition oxygen uptake, compared to the lplP �lms with similar
R values (Fig. 4.9). If the the pronounced structure development in the hphP �lms can be
the possible explanation for this discrepancy: due to the high RD, µc-Si:H top layer in the
hphP �lm is porous and thus results in oxygen molecules and humidity adsorption after
prolonged air exposure. As most of the Raman signal are contributed from the top layer of
our 500 nm thick �lms, IRS

C488 values are mainly determined by the top layer crystallinity.
While at the same time, the amorphous incubation layer, which is thicker in hphP �lms
but still almost invisible in the Raman measurements with a short excitation wavelength
of 488 nm, leads to a smaller average microstructure factor R and higher CH . Similarly,
the di�erence in the structure development in the hphP and lplP material also impairs the
�ne comparison of other parameters, such as conductivity etc.

Grown on microcrystalline p-layers, µc-Si:H i -layers in solar cells show less pronounced
structure development as compared to the µc-Si:H �lms on glass substrates. Although
structure evolution along the growth axis still occurs in some cells (Fig. 4.22), the i -layer
growth is much more homogeneous than the �lms with similar IRS

C488. Knowledge acquired
from the investigations in µc-Si:H �lms may not be easily applied to their counterparts
in the solar cells. Therefore, for fabricating a thin microcrystalline seed layer on glass,
simulating the p-layers in solar cells, is important for the material characterizations on
various substrates [Vetterl 2003, Ross 2005 ].
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4.4.2 High rate deposition process and solar cell quality
Like in previous reports[Vetterl 2000, Klein 2002, Roschek 2002 ], it was found that

optimum solar cells, no matter if deposited with hphP or lplP, were always obtained close to
the transition from highly crystalline to the amorphous growth. These results demonstrate
the importance to investigate the entire structure composition range from highly crystalline
to amorphous to �nd the deposition parameters for the optimum phase mixture (OPM)
absorber material while exploring a new deposition regime.

In the following, the in�uence of the deposition parameters under VHF-hphP conditions
on the shift of the crystalline-to-amorphous growth conditions shall be discussed. An
illustrative diagram, which considers the ratio of hydrogen over silane radicals as major
parameter, explains the shift of the region for growth of OPM material. Further, the
in�uence of the high deposition rate processes on the material structure and the resulting
solar cell performance shall be discussed.

Structure adjustment for optimum phase mixture µc-Si:H materials
As a possible solution for high growth conditions of µc-Si:H without damage to the

surface layer, the high pressure depletion method was proposed. [Kondo 2000, Guo 1998 ]
In this approach, the application of high discharge power is used to decompose most of the
silane in initial reactions of type,

SiH4 → SiHx + (4− x)H. (4.1)
Under silane depletion condition, the reaction

SiH4 + H → SiH3 + H2 (4.2)
where silane molecules annihilate atomic hydrogen, will be suppressed and a high atomic

hydrogen density is maintained. High working pressure, which is much higher than the
several ten Pa, typically used in the conventional RF- or VHF-PECVD techniques for
µc-Si:H growth, provides su�cient silane molecules and prevents detrimental ion damage.
One of the consequences, when working under silane depletion conditions, is that one would
expect little increase in the deposition rate with an increase in discharge power.

With the results of the present report the success of this approach can be con�rmed. The
results indicate "silane depletion", at least to some extent, although the term "depletion"
is somewhat ambiguous. The upper limit of silane utilization can be varied by other
deposition parameters, such as electrode distance and pressure. Thus, the increases of
RD with an increase of electrode distance and the pressure (Fig. 4.13) agree with the
assumption of silane depletion. With higher pressure, the total amount of silane in the
reaction zone is increased. With higher electrode distance, the volume of the reaction zone
between the electrodes is increased. In both cases more silane precursor gas is available to
overcome the depletion and obtain a higher silane utilization upper limit.
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From the shift of the microcrystalline to amorphous growth conditions upon a variation
of the process parameters, the author proposes that a proper ratio of atomic H over SiHx

(x = 0, 1, 2 or 3) should be maintained for the OPM material growth. Note that the
contribution to the growth from individual kind of radicals and ions, such as SiH, SiH2 or
SiH3, has long been discussed [Perrin 1991, Bruno 1995, and references therein] and will
not be elaborated on here. Let us �rst look at the in�uence of PV HF , which is visualized
in the schematic diagram in Fig. 4.36 (a). At low PV HF , a certain H/SiHx ratio for the
OPM material growth is established by the choice of SC. Higher PV HF cannot produce
more silicon-related precursors, due to the silane depletion in the whole investigated SC
range (Fig. 4.13). But it will increase the atomic H density further, resulting in higher
H/SiHx ratio. This e�ect does not lead to higher RD, but higher crystallinity in the i -layer
(con�rmed by the results of Fig. 4.13 and Fig. 4.21). In order to compensate the increased
hydrogen radical density and maintain the required H/SiHx ratio for the OPM material
growth, more silane has to be added to the plasma, leading to higher RD for the optimum
solar cell.

Fig. 4.36 (b) illustrates the situation for di�erent Fltotal, which �ts well into this picture,
too. When a higher Fltotal is applied to an established OPM material growth condition,
higher RD will be generally observed because of higher silane supply (see Fig. 4.16). But
the increasing SiHx radical density and the possible atomic H annihilation e�ect by the
excessive silane molecules results in a lower H/SiHx ratio, leading to lower i -layer crys-
tallinity. This is con�rmed by the Raman scattering measurements (Fig. 4.21) and by the
J -V parameters (Fig. 4.17) of the solar cells deposited with di�erent Fltotal. In order to
maintain the proper ratio of atomic H over SiHx, one has to go to lower SC at higher
Fltotal. Note that Fig. 4.36 is just an illustrative picture and the rectangle areas do not
represent the true radical densities.

Similar relation between material crystalline volume fraction and precursor ratio can
also be deduced from the optical emission of the plasma. The emission intensities of
Si* or SiH* were proposed proportional to the growth rate of a-Si:H and µc-Si:H under
certain conditions [Matsuda 1983a, Howling 1992, Keppner 1999, Guo 1998, Rath 2004 ].
In addition, the Hα intensity was found suitable as a measure for the atomic hydrogen
density [Heintze 1993a]. A monotonic decrease of crystallinity with increasing Si*/Hα or
SiH*/Hα was found while varying working pressure or discharge power [Guo 1998, Keppner
1999 ]. Furthermore, it was found that, if the Hα/Si* ratio is higher than a threshold value,
the transition from amorphous to microcrystalline growth occurs, irrespective of the ion
energy and deposition rate [Rath 2004 ]. All these �ndings support the hypothesis that
maintaining a proper H/SiHx ratio is critical for the optimum phase mixture material
growth. The threshold value of H/SiHx ratio may be di�erent under di�erent conditions.
A further investigation about the H/SiHx ratio for the crystalline growth under various
condition is of great interest.

As the variation of SC is the most simple and straightforward method to adjust the
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Figure 4.36: Schematic diagrams of the amount of hydrogen and silane radicals (arbitrary
units) (a) in the SC - PV HF parameter space and (b) in Fltotal - SC parameter space under
hphP conditions. To maintain the necessary H/SiHx ratio for growth of optimum phase
mixture material, the SC has to be adjusted when varying PV HF and Fltotal. Areas of
rectangles do not represent the exact radical densities.

H/SiHx ratio, it is considered mandatory for material and device optimization.

Solar cell performance and i-layer properties
This chapter has studied the transport properties of µc-Si:H solar cells, prepared by

di�erent techniques and at di�erent deposition rates by dark J -V and quantum e�ciency
measurements and correlated these with the results from Raman and Raman "depth pro-
�le" measurements. Based on various earlier reports about high deposition rate processes
for intrinsic µc-Si:H absorber layers, including work in the hphP regime [Rech 2003, Kondo
2003, Niikura 2004, Rath 2003 ], one could have expected, that the high rate growth pro-
cess has negative in�uences on the material quality, likely due to the high energy ion
bombardment resulting from the required high discharge power. In addition, structure
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inhomogeneity along the growth axis can be another negative e�ect induced by the high
deposition rate. The results from the structure depth pro�le clearly show the existence of
such a structure in-homogeneity in hphP material at high growth rate. Surprisingly this
structure in-homogeneity is not re�ected in an overall reduced solar cell e�ciency under
illumination as compared with low deposition rate material (Fig. 4.19), but only in a lower
short wavelength response (Fig. 4.26). Also the evaluations of the dark J -V curves do
neither indicate di�erences in the total defect density nor di�erences in the interface re-
combination between solar cells prepared with di�erent regimes. Assuming the validity of
the theory for p-n diodes as applied to µc-Si:H solar cells, similar defect densities can be
deduced from the similar j0 in the solar cells with similar crystallinity and thickness (Fig.
4.28 (a)). Thus, a similar diode factor n in the solar cells with the same crystallinity (in
Fig. 4.28 (b)) suggests no noticeable di�erence in the recombination at the interface. De-
tailed discussion about the j0 and n in µc-Si:H p-i -n diodes can be found in Ref. [Brammer
and Stiebig 2005 ]. Further support for similar bulk layer properties between high (hphP)
and low (lplP) deposition rate material is given by the very similar IQE_red values in the
quantum e�ciency measurements for both types of solar cells.

Another similarity between the lplP and hphP material is that the optimum solar cells
are always obtained at the µc-Si:H/a-Si:H transition. In good agreement with previous
results that higher defect density was found in the highly crystalline material [Finger
2002, Baia Neto 2002 ], the reduced IQE_red (Fig. 4.26 (a)), the high diode factors n >
1.7 and the high dark saturation current densities (Fig. 4.28) at the highest crystalline
volume fractions suggest carrier extraction problems in the devices. In addition to the
higher VOC in the solar cells with OPM material, higher FF in such cells suggests lower
bulk recombination and better carrier extraction, as compared to the highly crystalline
samples.

On the other hand, the considerable di�erence in blue light response IQE_blue does
indicate a di�erence at the p/i interface in lplP and hphP solar cells with reduced carrier
extraction from the interface-near region in hphP solar cells deposited at high RD. However,
the observed structure development may not be pronounced enough to deteriorate the
carrier extraction in the bulk. The FF remains at high levels above 70 %, indicating good
carrier extraction from the bulk in these cells.

In summary, the combination of high plasma excitation frequencies in PECVD together
with high deposition pressure makes it possible to achieve high rate growth of OPMmaterial
without negative in�uence on the solar cell J -V parameters. All results suggest very
good bulk layer properties with no indication for di�erences between high and low growth
rate material. This allows high rate growth of high e�ciency solar cells. However, there
are clear indications for structure in-homogeneity and deteriorated p/i interfaces in the
hphP material. This gives hope for even further improved solar cell performance at high
deposition rate by reducing the structure development or improving the p/i interface.
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4.5 Summary of this chapter
4.5.1 Material properties

Microcrystalline silicon material was deposited at high RD by VHF-PECVD working
at high pressure-high power. The structural, electrical and optical properties of the hphP
material with di�erent structural composition were investigated and compared with µc-
Si:H �lms deposited under conventional low pressure-low power conditions. It is found
that

• Device grade µc-Si:H material was achieved at high deposition rate above 1.0
nm/s by the combination of VHF and hphP.
• µc-Si:H �lms deposited with hphP and lplP are similar with respect to ma-
terial properties, such as conductivity, optical absorption and H content and
bonding structure.
• Compared to the lplP material with similar IRS

C488, hphP material shows more
pronounced structure evolution in the growth direction.
•With similar microstructure factor R at the same IRS

C488, hphP material shows
more severe post-deposition atmospheric in-di�usion.

4.5.2 µc-Si:H solar cells deposited at high rates
The in�uences of the deposition parameters and i -layer quality on the solar cell per-

formance were investigated in this chapter. One can conclude that
• A very e�ective growth regime, using VHF-PECVD at high pressure and
high power (hphP), for the deposition of µc-Si:H solar cell absorber layers with
excellent quality at high deposition rates was identi�ed.
• Under all deposition conditions used, highest solar cell e�ciencies are obtained
with optimum phase mixture (OPM) material grown close to the transition from
highly crystalline to amorphous growth.
• Growth of OPM material is strongly determined by a proper H over SiHx

ratio in the gas phase. This ratio is most easily controlled by a variation of the
silane concentration. Corresponding silane concentration series are considered
mandatory for successful device optimization.
• The µc-Si:H material quality is found to be independent on the deposition rate
up to 1.5 nm/s under VHF-PECVD hphP growth conditions in the investigated
range in this work.
• A high e�ciency of 9.8 % was obtained for a single junction p-i -n solar cell
with the i -layer deposited at 1.1 nm/s. For a single junction module with
aperture area of 8×8 cm2, an e�ciency of 8.8 % was achieved.
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• The structure evolution along the growth axis was found in the high depo-
sition rate material. Although without noticeable e�ect on the total solar cell
e�ciency, it deteriorates the blue light light response in the solar cells, indicat-
ing the potential for further optimization of the presented growth process and,
thus, of the device performance.
• Optimum µc-Si:H solar cells deposited close to the transition region were
found very stable against light soaking. After more than 1000 hours of AM1.5
illumination, only slight degradation below 7 % was found. Furthermore, no
degradation was observed in these optimum cells deposited at high rates after
long term storage in the air.



Chapter 5

µc-Si:H �lms and solar cells deposited
by HWCVD and PECVD

PECVD has long been a widely-used deposition method for a-Si:H and µc-Si:H ma-
terial and solar cells. In the recent decade, great e�ort has been made to improve the
material quality and increase the deposition rate (as mentioned in the former chapter).
High e�ciencies over 9 % for the single junction µc-Si:H solar cells were achieved by a
number of groups. At the same time, di�erent growth regimes, working with high plasma
excitation frequency and high pressure high power, were established to achieve high rate
deposition [Feitknecht 2003, Matsui 2004, Gordijn 2005, Kilper 2005 ]. In Chapter 4, a high
e�ciency of 9.8 % was successfully realized for the single junction µc-Si:H solar cells in p-
i -n con�guration at a considerably high deposition rate over 1.0 nm/s by the combination
of VHF and hphP. HWCVD is an alternative deposition method for high quality µc-Si:H
material and solar cells. The renaissance of HWCVD commenced with the intensive work
of Matsumura [Matsumura 1989, Matsumura 1989a], which showed that HWCVD was
capable of providing high quality a-Si:H and a-Si:H based alloys. High e�ciency a-Si:H
solar cells were deposited at high rate of 1.65 nm/s [Mahan 1998 ], and a-Si:H material can
be deposited at a very high RD above 10 nm/s by HWCVD [Mahan 2002 ]. Deposition
of µc-Si:H material and solar cells using HWCVD became a hot topic in the �eld in the
recent years. Superior properties, such as large grain size, small microstructure factor and
low defect density etc., were achieved in HWCVD µc-Si:H material [Schropp 1997, Rath
1997, Alpuim 1999 ], but a breakthrough in the solar cell e�ciency was not made until
the low substrate temperature deposition process was identi�ed [Klein 2002a], bene�ting
from the su�cient hydrogen passivation of the grain boundaries. However, the low �lament
temperature in such deposition process, preventing the detrimental radiant heating from
the hot �laments, signi�cantly decreases the deposition rate.

Similar in a number of aspects, the material and solar cells deposited by PECVD and
HWCVD also have many di�erences. High quality a-Si:H deposited by PECVD usually
has about 10 at.% bonded hydrogen content [Stutzmann 1989, Mahan 1991 ], while a-
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Si:H �lms deposited by HWCVD still maintain a low defect density and a narrow Urbach
edge with much lower hydrogen content down to 2 % [Mahan 1991 ]. More pronounced
di�erences were found in µc-Si:H solar cells. µc-Si:H solar cells deposited by PECVD show
a poor performance as the open circuit voltage (VOC) exceeds a value of the optimum
cells (typically between 500 - 540 mV as can be found in literature [Vetterl 2000, Roschek
2002]), while solar cells deposited by HWCVD at low substrate temperature maintain high
performance at a higher VOC of up to 600 mV. A comparison of the structural, electrical
and optical properties of the PECVD and HWCVD �lms and solar cells can help to reveal
the origins of the above mentioned di�erences.

5.1 µc-Si:H �lms deposited by PECVD and HWCVD
µc-Si:H �lms deposited by PECVD are the same as those presented in Chapter 4

prepared either at low pressure, low power (lplP) or at high pressure, high power (hphP).
The data of HWCVD samples was taken from the PhD thesis of S. Klein [Klein 2004 ].
Those samples were deposited at low �lament temperature (Tf , 1650 ◦C) to prevent the
detrimental radiant substrate heating. Two di�erent gas pressures (pdepo), 3 and 5 Pa, were
used. The substrate temperature was �xed at ∼220 ◦C by varying the heater temperature.

5.1.1 Raman spectroscopy
IRS
C488 were re-calculated for the HWCVD �lms with three Gaussian peaks �tted to

the Raman spectra in the same way as used for the PECVD material. The values are
systematically about 5 % smaller than those calculated by S. Klein in his PhD thesis
[Klein 2004 ]. This is probably due to the di�erent baseline subtraction methods.

Besides an easy tool to semi-quantitatively determine the crystallinity, the line width
and peak frequency of the crystalline peak at ∼520 cm−1 of Raman spectra, associated with
the transverse optical (TO) mode, can be used to characterize the lattice order of semicon-
ductors [Perkowitz 1993 ]. In general, a narrower line width and a higher frequency of the
TO peak of the crystalline component imply higher order of material or larger crystallite
size [Iqbal 1981, Richter 1981, Campbell and Fauchet 1986, Fauchet and Campbell 1990,
Smit 2003 ]. The full width at half maximums (FWHM) and the peak frequencies of the
crystalline component, determined from the Raman spectra of the PECVD and HWCVD
material after an amorphous reference spectrum is subtracted, are shown in Fig. 5.1. For
the subtraction procedure, please see Appendix B. Although with remarkable scatter, clear
trends can still be found. In the top set of the �gure, a dashed line indicates the FWHM
value of 11 cm−1. As can be seen, almost all PECVD samples are located above the dashed
line, while the HWCVD samples are found below. In good agreement with the results in
the literature [Iqbal 1981 ], higher peak frequency are found in the samples with higher
crystallinity (Fig. 5.1 (b)). However, in contrast to the obvious di�erence in the FWHM
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Figure 5.1: (a), FWHM of the crystalline TO peak of the PECVD and HWCVD material
at di�erent IRS

C488, (b), frequency of the peak position of the crystalline component.

values, no clear di�erence can be seen between the PECVD and HWCVD samples.

5.1.2 Infrared spectroscopy
Passivating the dangling bond defects and reducing the intrinsic stress of the random

network, bonded hydrogen atoms show strong in�uence on the electrical and optical prop-
erties of the material. In this section, the infrared spectroscopy measurements are used to
investigate the bonded H content (CH) and their bonding con�guration. The microstruc-
ture factor R and CH of the PECVD and HWCVD �lms are shown in Fig.5.2 as a function
of IRS

C488. CH increases and microstructure factor R decreases with the increasing amor-
phous volume fraction, which is consistent with the previous �ndings [Klein 2001, Lossen
2004 ]. Deposited at almost 5 times higher RD, the PECVD hphP series show slightly
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Figure 5.2: (a), bonded H content of the HWCVD and PECVD �lms determined from the
infrared absorption of the SiH wagging mode center at ∼640 cm−1. (b), Microstructure
factor R of the four material series.

higher CH than the lplP material with similar IRS
C488. This has been stated in the former

chapter. An important observation in this �gure is the remarkably higher CH in the two
PECVD series, compared to the HWCVD material with similar structure composition. In
the IRS

C488 region between 70 % and 20 %, CH increases from about 4 % to 6 % in the
two HWCVD series, while it increases from ∼5 % to 11 % in the two PECVD series. At
the same time, the microstructure factor R was found to be very similar in the µc-Si:H
material deposited by PECVD and HWCVD in the whole range of IRS

C488.

5.1.3 Conductivity
Fig. 5.3 (a) shows the photo- and dark- conductivities (σphoto and σdark, respectively) of

the four series deposited with HWCVD and PECVD, plotted as a function of IRS
C488. With

the structure composition shifting from highly microcrystalline (at IRS
C488 of ∼80 %) to
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Figure 5.3: (a), σphoto and σdark of the PECVD and HWCVD material at di�erent IRS
C488,

(b), photosensitivity of these samples.

Figure 5.4: σphoto of the PECVD and HWCVD �lms plotted as a function of σdark.
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fully amorphous growth, σdark decrease by several orders of magnitude in all PECVD and
HWCVD series, and photo-conductivities decrease by about a factor of ten. This results
in an increase in photosensitivity (σphoto/σdark) with decreasing crystallinity, as shown in
Fig. 5.3 (b).

Although with distinct di�erences in the growth process, PECVD and HWCVD �lm
show surprising similarities in σphoto, σdark and photo-sensitivities in a wide range of IRS

C488,
as indicated by the two guidelines in Fig. 5.3 (b). The increased σphoto and σdark at IRS

C488

> 65 % found in PECVD hphP material can also be observed in the two HWCVD series.
Fig. 5.4 shows σphoto as a function of σdark. Although there is considerable scatter,

especially for the samples with low crystalline volume fraction, µc-Si:H �lms deposited by
PECVD and HWCVD exhibit a similar relationship between σphoto and σdark. Such corre-
lation was previously established for a-Si:H [Beyer and Hoheisel 1983 ] and was postulated
valid for the µc-Si:H material [Finger 2002, Brüggemann and Main 1998 ]. High σphoto and
high σdark are usually found in µc-Si:H with high crystallinity. According to the above lit-
erature, the higher defect density and/or impurity content, which can shift the Fermi-level
to the conduction band and charge deep defects, enhance the σphoto and σdark at the same
time.

5.2 µc-Si:H solar cells deposited by PECVD and HWCVD
From the previous section, one can see that the PECVD and HWCVD material at

constant IRS
C488 are very similar in the σphoto and σdark, suggesting similar properties in the

carrier generation, transport and recombination. However, an unambiguous and direct
correlation between the material and solar cells is still not available. In addition, sub-
strate and depth dependent growth of µc-Si:H and the complicate operating principles of
the solar cells make it necessary to make a direct comparison between the PECVD and
HWCVD solar cells. In our previous research [Mai 2006 ], the illuminated and dark J -V
characteristics and spectral response of the PECVD and HWCVD cells were compared. In
addition, it was proposed that the i -layer material deposited by PECVD or HWCVD is
very similar to each other, and that a better p/i interface quality may be responsible for
the di�erences in the solar cell performance. However, more systematic and precise studies,
such as the characterization of structure development and p/i interface quality, are still
necessary. For this purpose, two solar cell series, with the only di�erence in the i -layers de-
posited with HWCVD or PECVD, prepared on similar ZnO substrates, with similar doped
layers and i -layer thickness were compared. The PECVD i -layers were deposited under
lplP conditions with RD at about 0.2 nm/s. A low substrate temperature process was
used to deposit HWCVD i -layers with low Tf of 1650 ◦C and low pdepo of 3 Pa, resulting
in TS of about 180 ◦C. The deposition rate of HWCVD i -layer is about 0.1 nm/s. The
i -layers are about 1.1 µm thick for all solar cells with standard deviation of about 10 %.
RD of PECVD i -layers were determined from the �lms deposited on glass substrates. This
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somewhat underestimated the real RD values on conductive ZnO substrates. This made
the average thickness of PECVD solar cells about 5 % larger than that of the HWCVD
cells. To separate the strong e�ect of the i -layer crystallinity on the VOC values, the SC
in both cases was varied to obtain solar cells with crystallinities covering the range from
highly crystalline to fully amorphous.

5.2.1 J -V parameters versus VOC

Fig. 5.5 shows the e�ciency, �ll factor (FF) and short circuit current density (JSC)
of the solar cells with i -layers deposited by PECVD and HWCVD, plotted as a function
of VOC . High e�ciencies of ∼8 % are obtained for the optimum solar cells in both series,
indicating that both techniques are capable to provide high quality absorber material. In
good agreement with our previous results [Mai 2006 ], PECVD and HWCVD cells are quite
similar as VOC is smaller than 550 mV. E�ciencies of PECVD cells decrease sharply as
the VOC exceed 550 mV, resulting from the deteriorated FF and JSC . On the contrary,

Figure 5.5: E�ciency, FF and JSC of the solar cells with i-layers deposited by PECVD
and HWCVD, plotted as a function of VOC. Lines are guides to the eye.
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the FF of HWCVD cells continues to increase with the increasing VOC and maintains very
high value at 598 mV. At the same time, the HWCVD cells show higher JSC than the
PECVD cells with the same VOC at VOC > 550 mV, although the JSC decrease with the
increasing VOC in both series. As a result, high solar cell performance is still maintained
in the HWCVD series at high VOC close to 600 mV, indicating distinct di�erence from the
sharp deterioration in the PECVD series. For example, a solar cell with VOC of 589 mV
shows an e�ciency of 8.02 % and a FF of 72.9 %. Another HWCVD cell with VOC up to
598 mV still show a high e�ciency of 7.44 % and FF of 71.1 %. Note that all solar cells
are with simple Ag back contacts.

5.2.2 J -V parameters versus IRS
C488

Raman scattering measurement was conducted directly on the solar cells after the re-
moval of the a-Si:H n-layers by KOH etching. Although the excitation laser used here with
a wavelength of 488 nm can just show the structure properties of the top several hundred
nm of the µc-Si:H i -layer (see section 3.1), a homogeneous growth in these two series of
solar cells was con�rmed by other methods later in this chapter. The normalized Raman
spectra of the two series are indicated in Fig. 5.6. The TO peaks of the amorphous phase
increase steadily with the increasing SC in the feedstock gases. Although the crystallinity
is very sensitive to SC at the transition from µc-Si:H to amorphous growth, especially in
the PECVD process, there is no expected di�culty in obtaining a wanted crystallinity if

Figure 5.6: Raman spectra of the PECVD and HWCVD solar cells. It is possible to obtain
any desired crystallinity if su�cient �ne tuning of SC is applied.
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Figure 5.7: J-V characteristics, η, VOC, FF and JSC, of µc-Si:H solar cells with i-layers
deposited by PECVD or HWCVD, plotted as a function of IRS

C488. The intrinsic HW p/ i
bu�er layers in PECVD solar cells nearly eliminates the di�erences between the PECVD
and HWCVD solar cells. Lines are guides to the eye.

the pace of SC variation is small enough.
The e�ciency (η), VOC , FF and JSC of the two series in Fig. 5.5 are re-plotted in

Fig. 5.7 as a function of i -layer IRS
C488. VOC in both series depends critically on the i -layer

crystallinity and increases with decreasing IRS
C488. But, too high or too low crystallinity in

the i -layer leads to bad solar cell quality, indicated by the inferior FF and JSC , resulting
in highest e�ciencies at intermediate IRS

C488. JSC are very similar in both series in the
entire range of IRS

C488. It is valuable to remind that the PECVD cells are about 5 % thicker
than the HWCVD cells. The decreasing JSC at IRS

C488 < 60 % can be attributed to the
low absorption coe�cient of the long wavelength light in the increasing amorphous phase
in the i -layer. The low JSC in the high IRS

C488 region has been discussed in Chapter 4 in
terms of the strong bulk recombination. An important observation in this �gure is that the
HWCVD series shows ∼25 mV higher VOC and ∼3 % (abs.) higher FF than the PECVD
samples in the IRS

C488 region between 60 % and 10 %. A HWCVD sample with low IRS
C488 of 17

% and thus high VOC of 598 mV still maintains high FF of 71.1 %, indicating a remarkable
di�erence between the two series. However, the higher FF can not be simply attributed
to the better carrier extraction in the solar cells, since a larger FF can be mathematically
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obtained from a J -V curve with higher VOC [Stiebig 2005, Green 1992 ].

5.2.3 PECVD solar cells with HW p/i bu�ers
Since the above di�erences in VOC and FF was previously attributed to the better

p/i interface quality in the HWCVD solar cells [Mai 2006 ], incorporating an intrinsic
µc-Si:H p/i bu�er layer deposited by HWCVD into PECVD cells may improve the cell
performance. In the following, the e�ects of such HW bu�er layers will be studied. The
deposition parameters of the HW bu�er are the same as those for the HWCVD i -layer
preparation, except that the SC was kept between 3 and 5 % to obtain su�cient crys-
tallinity, which is crucial to obtain good nucleation in the bulk layer deposited by PECVD.
The thicknesses of the HW-bu�ers were varied between 10 and 100 nm. When di�erent
bu�er layer thickness is used, the deposition time of the bulk i -layer was simultaneously
changed to maintain a constant total thickness of about 1.1 µm. Note that the HW-bu�er
cells are of similar thickness to the PECVD cells, and thus are approximately 5 % thicker
than the HWCVD samples. Di�erent structural compositions were obtained for the bulk
layers by the variation of SC to avoid the in�uence of i -layer crystallinity on VOC and FF
values.

The J -V parameters under illumination of the HW-bu�er cells are also plotted in Fig.
5.7 together with the two series with i -layers deposited entirely by PECVD and HWCVD,
as a function of IRS

C488. As can be seen in this �gure, inserting an intrinsic µc-Si:H HWCVD
bu�er layer between the p- and i -layer of the PECVD solar cells nearly eliminates the
di�erences between the PECVD and HWCVD cells. The solar cells with HW-bu�ers obtain
very similar VOC and FF as the HWCVD cells at the same IRS

C488, although more than 90
% of the 1100 nm thick bulk i -layer was deposited by PECVD. In addition, HW-bu�er
layers lead to an increase in JSC at �xed IRS

C488, resulting in higher e�ciencies up to 8.5 %
for the 1.1 µm thick single junction solar cells with only simple Ag back contact. Another
exceptional e�ect of the HW-bu�ers is that solar cell performance can be maintained at
a high level as VOC exceeds 550 mV (Fig. 5.8). Two solar cells with a low IRS

C488 of 28 %
and 10 %, corresponding to VOC values of 585 mV and 586 mV, respectively, still exhibits
surprisingly high solar cell performance with e�ciency over 8.0 % and FF over 72 %, which
up to now could only be obtained with i -layers prepared entirely by HWCVD. It was also
found that varying the SC and thickness of the bu�er layer to some extent make no visible
di�erence in the solar cell performance. It will be discussed in detail about the e�ects of
the HW-bu�er deposition parameters in the following section.

To con�rm the hypothesis that better p/i interface quality is the reason for the higher
VOC and FF of the HWCVD and HW-bu�er cells, J -V characteristics measurements with
short and long wavelength illumination were conducted. As the blue light will be nearly
totally absorbed in the p-layer and at the p/i interface, the blue light response, therefore,
can be regarded as the criterion for the p-layer and p/i interface. The long wavelength light
generates a homogeneous absorption pro�le in the ∼1.1 µm thick i -layer, thus the red light
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Figure 5.8: E�ciency, FF and JSC of the solar cells with i -layers deposited by PECVD
and HWCVD, plotted as a function of VOC . The intrinsic microcrystalline HW-bu�ers
nearly eliminate the di�erences between the two series with i-layer deposited completely
by PECVD or HWCVD. Lines are guides to the eye.

response will shed light on the bulk material quality in the solar cells. Fig. 5.9 shows the
FF and JSC of the PECVD and HWCVD series under blue and red light illuminations. The
blue and red light illuminations were created with an AM1.5 illumination through a band-
pass �lter (bg7, centered at 480 nm) and a cut-on �lter (og590, >590 nm), respectively. The
evolutions of blue light and red light FF upon the variation of IRS

C488 are very similar to those
under AM1.5 illumination. The FF of the PECVD cells starts to drop as the IRS

C488 decrease
below 50 %, while that of the HWCVD cells continues to increase and maintain at a high
level at a low IRS

C488 of 17 %. The blue light JSC (JSCbg7) decrease with decreasing IRS
C488 in

both series, indicating that too high amorphous volume fraction at the p/i interface limit
the extraction e�ciency for the carriers generated in this region. Compared to the PECVD
cells, the HWCVD cells show higher JSCbg7 and FFbg7in the IRS

C488 range between 60 % and
10 %, where they simultaneously show higher VOC and FF under AM1.5 illumination. Our
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Figure 5.9: (a), FF and JSC under blue light illumination of the solar cells with i-layers
deposited by PECVD and HWCVD, plotted as a function of IRS

C488. The application of
the HW-bu�er layers improve the blue light response. (b), FF and JSC under red light
illumination of these cells. Lines are guides to the eye.

previous research [Klein 2002, Mai 2006 ] yielded similar results that HWCVD cells with
high VOC of 600 mV still maintain high blue light quantum e�ciency. The two series with
the bulk i -layer deposited with PECVD and with similar i -layer thickness have very similar
red light response. The relatively lower JSCog590 in the HWCVD cells, compared to those
of the PECVD and HW-bu�er cells, can be attributed to the thinner i -layers. With higher
blue light or red light JSC than the PECVD or HWCVD cells, HW-bu�er cells obtain
higher AM1.5 JSC . In addition to the higher FFbg7, HW-bu�er cells also show high red
light FF. However, a better extraction for carrier generated in the bulk of the HWCVD and
HW-bu�er cells can not be unambiguously concluded from higher FFog590 alone, as they
might be, at least partly, a result of the larger VOC values [Stiebig 2005, Green 1992 ]. The
PECVD and HW-bu�ere series have i -layers deposited by PECVD with almost the same
thickness. The strong resemblance between the JSCog590 of these two series in turn give a
hint that the HW p/i bu�er layers have no signi�cant e�ect on the extraction e�ciency
for the carriers generated in the bulk.
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Figure 5.10: IRS
C488 of the solar cells with or without HW-bu�ers plotted as a function of the

bulk i-layer SC.
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Figure 5.11: Bulk i-layer IRS
C488 and VOC of the solar cells plotted as a function of the bu�er

layer thickness (a) and SC (b). The i-layers were deposited with the same SC of 7 %

5.2.4 In�uences of HW-bu�er deposition parameters
Fig. 5.10 shows the IRS

C488 values of the PECVD cells and the HW-bu�er cells as a
function of bulk layer SC. SC was varied from 3 to 5 % and thickness was varied from
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10 to 100nm in these HW-bu�er cells. It can be seen that the bulk layer crystallinities
of HW-bu�er cells are mainly determined by the bulk layer SC and are almost identical
to those solar cells without bu�er layers deposited with the same SC. If SC for bulk layer
deposition is kept at 7 %, the bulk layer IRS

C488 and VOC are nearly constant (Fig. 5.11), as
the bu�er layer thickness is varied from 10 to 100 nm, and SC from 3 to 5 %.

5.3 The function of HW-bu�ers

Compared to PECVD cells, solar cells with i -layers deposited entirely by HWCVD
show superior performance at high VOC and higher VOC and FF at the same IRS

C488. Such
di�erences were attributed to the more e�ective carrier extraction at the p/i interface in
the HWCVD solar cells [Mai 2006 ]. The implementation of a bu�er layer prepared by
HWCVD leads to a noticeable improvement of FF and VOC in p-i -n solar cells where
the bulk i -layer is prepared by PECVD. The better p/i interface quality in the resulted
solar cells were con�rmed by the enhanced blue light response. However, the reasons for
this improvement are not yet understood. There are several possible e�ects. Firstly, less
disordered incubation layer deposited with the HWCVD process improved the nucleation
[Klein 2004 ]. Secondly, as the advantage of an ion-free deposition for thin �lm device
fabrication has been already suggested in earlier reports [Matsumura 1989a, Stannowski
2003 ], absence of ion damage during HWCVD growth may result in a better p/i interface
quality. In the following of this section, the two likely explanations will be experimentally
testi�ed and evaluated.

5.3.1 Facilitating nucleation

The presence of a more amorphous incubation layer and the thickness-dependent crys-
tallinity evolution was found pertaining to the growth of µc-Si:H by a variety of techniques
[Houben 1998, Ross 2000, Luysberg 2001, Collins 2003, and chapter 3 ]. The amorphous
p/i interface layers and structural development along the growth axis were previously found
in the µc-Si:H solar cells deposited by PECVD and regarded to be the origin of deterio-
rated blue light response [Stiebig 2000, Vetterl 2001a, and chapter 3 ]. On the contrary,
the crystalline growth was found starting directly from the microcrystalline p-layers and
homogeneously extending to the whole thickness of the i -layers in the HWCVD solar cells
deposited with low Tf and Ts [Klein 2004 ]. Furthermore, strong structural development
along the growth axis is more commonly seen in the material and solar cells deposited
at high RD. Thus, the 2 - 3 times higher RD in the PECVD cells make the structural
development a suspicious factor that should be �rstly veri�ed.
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Figure 5.12: Structure development during the i-layer growth in PECVD (a) and HWCVD
(b) solar cells obtained by the Raman structural depth pro�le. Numbers indicated in the
�gures are SC for the bulk i-layer deposition. The crystallinity of the ∼20 nm thick µc-Si:H
p-layer is indicated at the position of x = 0. Lines are guides to the eye.

Raman structure depth pro�le

The Raman structure pro�le method described in the previous chapter is used here
to acquire the crystallinity evolution along the growth axis. The IRS

C488 values at di�erent
stages of growth of the PECVD and HWCVD solar cells are shown in Fig. 5.12 (a) and (b),
respectively. Numbers indicated in the �gure are SC for the bulk layer deposition. The ∼20
nm thick µc-Si:H p-layer shows a high crystalline volume fraction of about 45 %, indicated
at the position of x = 0. Note that the p-layer was deposited on chromium coated glass with
the same parameters as the normal p-layers in the solar cells. The chromium substrate was
used here to reduce the contribution from the substrate in Raman scattering measurement.
It is important to remind that the use of chromium substrate may lead to a change in the
crystalline volume fraction and �lm thickness, which in turn will also a�ect the crystallinity.
From these two diagrams, an increasing IRS

C488 with the thickness is observed in the solar
cells with crystallinity near or higher than that of the p-layer. In the solar cells with low
crystallinity, higher IRS

C488 is observed in the region close to the p-layer in both PECVD
and HWCVD series. The contributions of the µc-Si:H p-layers to the Raman signal have
been taken into account and are indicated by the larger error bars for the data points near
the p-layers. Data points with thickness > 200 nm can hardly be a�ected by the p-layers,
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although ±50 nm error might happen in the thickness measurement (See Chapter 3 for
details). The more developed crystallite formation at the p/i interface can be explained by
the microcrystalline growth facilitated by the nuclei of microcrystalline p-layers. But the
high SC for the i -layer preparation could not maintain the crystalline growth and thus led
to a decreasing crystallinity with the increasing thickness. The termination of crystallite
growth was also previously observed in high SC samples [Houben 1998 ]. Some solar cells
show a minimum crystallinity at the middle of the i -layer, but its origin is not clear. The
IRS
C488 di�erence between the top and the bottom of the i -layer are typically within 10 %
in almost all PECVD and HWCVD solar cells in Fig. 5.12. Note that such a di�erence is
not as big as the values in the former research [Vetterl 2001a, Klein 2004 ]. The structure
evolution along the growth axis previously observed in the PECVD µc-Si:H solar cells
[Vetterl 2001a] can be ascribed to the relatively lower crystallinity of the p-layers prepared
in another system of our institute [Lambertz 2005 ].

Raman structure depth pro�le measurements were also carried out in selected HW-
bu�er samples (shown in the coming section). Very homogeneous growth, similar to those
in PECVD and HWCVD samples, was also found in HW-bu�er cells. To con�rm the
measurement results of the Raman structure depth pro�le, transmission electron di�raction
measurements were performed on the PECVD, HWCVD and HW-bu�er cells.
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sample bulk layer SC IRS
C488 η VOC FF JSC Remark

by (%) (%) (%) (mV) (%) (mA/cm2)
PECVD PECVD 7.5 26.4 6.9 564 68.4 17.8 � �

HWCVD HWCVD 5.25 29.9 8.0 589 72.9 18.9 � �

HW-bu�er PECVD 7.5 28.4 8.4 585 72.4 19.7 100 nm bu�er
SC: 5 %

Table 5.1: Deposition parameters, structural and J-V parameters of the PECVD, HWCVD
and HW-bu�er cells.

Transmission electron microscopy
To con�rm the results obtained form Raman scattering measurements, transmission

electron microscopy (TEM) pictures measured on three solar cells (one PECVD, one
HWCVD and one HW-bu�er cell) with similar IRS

C488 of about 30 %. The deposition pa-
rameters, structure properties and J -V characteristics of these cells are summarized in
Table 5.1. With very similar i -layer crystallinities with the PECVD cells, the HWCVD
and HW-bu�er cells show higher VOC (> 20 mV) and FF (> abs. 4 %). The PECVD
cell has slightly higher red light JSC (JSCog590) than the HWCVD cell, likely due to the
thicker i -layer. But its relatively poor blue light JSC results in a smaller total JSC than the
HWCVD cell. The HW-bu�er cell consists of a 100 nm thick p/i bu�er deposited at a SC
of 5 %, which is a bit smaller than the SC value (5.25 %) of the HWCVD i -layer. The bulk
layer of the HW-bu�er cell was deposited with the same SC of 7.5 % as the i -layer in the
PECVD cell. With the improved JSCbg7 and the higher JSCog590 coming from the thicker
bulk layer, the HW-bu�er cell exhibits the highest AM1.5 JSC in the three samples. As a
result, high e�ciencies of 8.0 % and 8.4 % are observed in the HWCVD and HW-bu�er
cells.

Fig. 5.13 shows the cross sectional TEM pictures of these three samples. In the left
column are the bright-�eld images, and in the right column are the dark-�eld images.
Images (bright-�eld and dark-�eld) of the PECVD sample are shown in diagrams (a) and
(b). Diagrams (c) and (d) belong to the HWCVD cell, and pictures in (e) and (f) are
taken from the HW-bu�er cell. From the bright- and dark-�eld images, one can see clearly
the aluminum-doped ZnO substrates. The silicon layers looks very similar from the TEM
bright-�eld pictures, featuring with small �ber-like columnar grains. These grains start
directly from the ZnO substrates and almost extend through the whole i -layer. The i -
layers show a very homogeneous growth and no incubation layer was observed in all these
samples. The absence of the incubation layer in the solar cells was believed to be induced
by the better nucleation on the microcrystalline p-layers, though the p-layer themselves
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Figure 5.13: Cross sectional TEM pictures of three selected samples. In the left column are
the bright-�eld images, and in the right column are the dark-�eld images. Images (bright-
�eld and dark-�eld) of the PECVD sample are shown in diagrams (a) and (b). Diagrams
(c) and (d) belong to the HWCVD cell, and pictures in (e) and (f) are taken from the
HW-bu�er cell.
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Figure 5.14: SAED patterns [(a), (b), (c) and (d) on the right-hand side] taken in the
HWCVD cell in the indicated regions (left).

can't be identi�ed in these images between the µc-Si:H i -layers and ZnO substrates.
To quantitatively obtain the structure information at di�erent stages of i -layer growth,

selective area electron di�raction (SAED) experiments were carried out on these three
samples. It can be seen that SAED patterns of these samples at di�erent selected area are
similar to each other, which is consistent with the homogeneous crystallite distribution in
the i -layers. Fig. 5.14 exemplarily shows the four ED patterns taken from the di�erent
areas in the HWCVD cell. Among them, pattern (a) is taken from the circular area with
diameter of 200 nm close to the bottom of the i -layer, and (b) close to the middle, (c)
close to the top and (d) from the center part of the i -layer. All di�raction patterns show
the spotty rings, which corresponds to the {111}, {220} and {311} lattice planes, and the
di�use halo pattern of a-Si:H.

Crystalline volume fraction at di�erent areas can be estimated from the ratio of the
integrated power of the crystalline and amorphous contributions in azimuthally averaged
Debye-Scherrer di�raction patterns [see section 3.5.4 or Luysberg and Houben 2005 ]. Fig.
5.15 shows the crystallinity (Xc) of the three solar cells. In good agreement with the
measurement results by the Raman structure depth pro�le (Fig. 5.12], all solar cells have
a very homogeneous growth with Xc di�erence between the top and bottom within 10 %.
Actually, the PECVD cell is even more homogeneous than HWCVD cell. The 100 nm
thick HW-bu�er in the HW-bu�er cell is deposited with SC of 5 %, which is lower than
that used for the HWCVD cell deposition. The HW-bu�er doesn't seem to disturb the
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Figure 5.15: Xc of the PECVD, HWCVD and HW-bu�er cells in the regions close to the
bottom, middle and top. Xc are estimated from the ED patterns taken from the circular
region with diameter of 200 nm.

bulk layer growth, and the PECVD and HW-bu�er cell have similar XC in almost the
whole i -layer. Note that the absolute Xc values calculated from ED patterns are about
10 % higher than the IRS

C488 values measured from the top of the same solar cells. As both
Xc and IRS

C488 are semi-quantitative measures for crystalline volume fraction, the absolute
values are not comparable.

The above TEM and SAED results show that the three cells are all very homogenous
along the i -layer growth axis. However, Xc estimated from this method is only an averaged
crystallinity of a circular area with a diameter of 200 nm. This make this method also
not sensitive enough for the region very close to the p-layer. Therefore, the possibility of
a very thin and less crystalline layer at the p/i interface shall not be excluded.

Amorphous HW-bu�er layers

From the Raman structural depth pro�le and TEM measurement presented above, very
homogeneous growth is found in both HWCVD and PECVD cells with various structural
composition. Therefore, the di�erence in the VOC and FF in the two types of solar cells
should not be attributed to the structure development. But it is notable that the presence
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of a several ten nm thick amorphous layer at the p/i interface might worsen the interface
properties but is not easily detectable. Without a well-de�ned surface after the KOH
etching and a crystallite distribution function in the incubation layer, it is very di�cult to
precisely separate the contribution from the p-layers in the Raman depth pro�le method.
As mentioned above, the sensitivity of SAED is also not su�cient for this purpose. It is also
di�cult for other techniques like high resolution TEMmeasurement due to its poor contrast
on amorphous material. In order to investigate the in�uence of the possible amorphous p/i
interface, HW-bu�ers with high amorphous volume fraction were intentionally incorporated
in PECVD cells.

The solar cells consist of normal doped layers, an intrinsic PECVD bulk layer and a
HW-bu�er layer. The bulk layers were deposited with lplP at a SC of 7 %. The thickness of
the HW-bu�er was kept at 10 nm, which was proven to be su�cient to yield higher VOC and
FF. Di�erent SC from 4 % to 10 % were used to obtain di�erent structure composition
in HW-bu�ers. The SC of 4 %, yielding highly microcrystalline bu�er layers, is one of
the typical values for the standard µc-Si:H HW-bu�er deposition. To our experience, the
HWCVD 'solar cell' deposited at SC = 7 % is fully amorphous. But it is notable that
it might not be the case in the very thin layers grown through the local epitaxy on the

Figure 5.16: The J-V characteristics, (a): η, (b): VOC, (c): FF and (d): JSC of the solar
cells with HW-bu�er layers deposited at di�erent SC. The percentage numbers in diagram
(b) are IRS

C488 values of the samples. The amorphous HW-bu�er layers deteriorated JSC but
have almost no e�ect on VOC and FF. Lines are guides to the eye.
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Figure 5.17: (a), FF and JSC of the solar cells with HW-bu�er deposited with di�erent
SC under short wavelength light illumination. (b), FF and JSC of these cells under long
wavelength light illumination. Lines are guides to the eye.

microcrystalline p-layers. For this reason, higher SC of 8.5 % and 10 % were also used.
Fig. 5.16 shows the J -V parameter of these solar cells. As the bu�er layer SC increases

from 4 % to 10 %, very constant FF and slightly increased VOC are observed. A sharp
decrease in the JSC from ∼21 mA/cm2 to ∼17.5 mA/cm2 results in a decrease in the
e�ciency from 8.5 % to 7.3 %. The percentage numbers indicated in Fig. 5.16 (b) are
IRS
C488 values for the corresponding samples measured after the removal of the amorphous
n-layers. As the HW-bu�er layer is shifted from highly microcrystalline to fully amorphous
growth, a slight decrease in the IRS

C488 is observed, which can explain the increasing VOC

values.
However, the marginal change in the i -layer crystallinity can not explain the sharp

decrease in JSC . To gain detailed information, the blue and red light responses of these
solar cells were measured. As mentioned above, the blue light JSC and FF can be used as
the criterion of p/i interface quality, and the red light response will provide the information
of light absorption and carrier extraction in the bulk. Fig. 5.17 shows the FF and JSC under
the blue and red light illumination. The blue light JSC (JSC_bg7) decreases sharply from
∼3.54 mA/cm2 to ∼2.5 mA/cm2, while FFbg7 only decreases slightly from 72.8 % to 71.4
% as the 10 nm HW-bu�er shifts to fully amorphous growth. The decrease of red light
JSC (JSC_og590) can be partly ascribed to the increased amorphous volume fraction. Note
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Figure 5.18: Structure development during the i-layer growth in the solar cells with HW-
bu�er layers deposited at di�erent SC. Numbers indicated in the �gure are SC used for
the bu�er layer deposition. SC for the PECVD bulk layer deposition is �xed at 7 %. The
crystallinity of the ∼20 nm thick µc-Si:H p-layer is indicated at the position of x = 0.
Lines are guides to the eye.

that the structural development which incorporates more amorphous volume fraction in
the bulk than the IRS

C488 measured just beneath the top-most region shall not be excluded as
a possible reason for the decreasing JSC_og590. To our experience, a reduction of 1 mA/cm2

in JSC_bg7 leads to an approximate loss of 3.2 mA/cm2 in the total JSC of a 1 µm thick µc-
Si:H solar cell under AM1.5 illumination, while the 0.6 mA/cm2 loss in JSC_red decreases
the AM1.5 JSC by about 0.6 mA/cm2. Thus, one can conclude that the decreased JSC in
the solar cells with amorphous HW-bu�er layers mainly comes from the loss in the short
wavelength light response.

With the use of an amorphous bu�er layer, structural evolution along the growth axis
is expected in the solar cells. Raman depth pro�le measurements were performed on
three selected cells with di�erent HW-bu�er SC of 4 %, 8.5 % and 10 %. The results are
shown in Fig. 5.18. The crystallinity of the p-layer deposited on the chromium substrate
is also indicated in the �gure at x = 0. The solar cell with highly crystalline bu�er layer
deposited at 4 % SC shows a very homogeneous growth with IRS

C488 of about 45 % in the i -
layer. Coincident with the worsened blue light response, remarkable increase of crystalline
volume fraction from 11 % at the bottom of i -layer to 39 % at the top is observed in
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the solar cell with the HW-bu�er deposited at the SC of 10 %. Also showing poor blue
light response, the solar cell with the 8.5 % SC HW-bu�er exhibits a moderate structure
development as compared to the other two samples. But due to the absence of the data
points with smaller distance to the p-layer, no information about p/i interface is available.

In summary, the structural development in the growth axis in the PECVD and HWCVD
solar cells were investigated by Raman structural depth pro�le, TEM measurement and
selective area electron di�raction. The PECVD and HWCVD cells were found to be very
similar in the microstructure, and crystallites are homogeneously distributed in the whole
i -layer. For comparison, a PECVD cell with 10 nm thick amorphous HW-bu�er was
prepared to study the e�ect of nucleation. A fully amorphous HW bu�er layer leads to
a severe structure evolution in the i -layer and worsens the blue light response. However,
enhanced VOC and FF are still found in the resulting solar cells. Although previously
found critical to the p/i interface quality, a homogeneous i -layer growth seems not to
be the prerequisite of the high VOC and FF in the HWCVD and HW-bu�er cells. This
hypothesis is also consistent with the observations in the PECVD lplP and hphP cells in
the former chapter. With remarkable structure evolution in the growth direction, hphP
cells do not show reduced VOC and FF, with respect to the lplP cells deposited at low RD

(Fig. 4.19).

5.3.2 ion-bombardment-free deposition
The absence of high-energy ion bombardment in the HWCVD process was regarded

to be bene�cial to the material quality and device performance [Matsumura 1989a, Stan-
nowski 2003, Schropp 2004 ]. The ion bombardment inherent in the PECVD process may
damage the p-layer and cause defect formation at the p/i interface. However, it is cur-
rently di�cult in the author's lab to directly investigate the e�ect of ion bombardment on
the p/i interface. If one can assume that defect formation is the major e�ect of the ion
bombardment, inserting a defective HWCVD p/i bu�er into PECVD cells is an alternative
way to understand the function of HWCVD bu�er layers.

'Bad' quality material used for HW-bu�ers

To study the quality of the HWCVD material deposited at high pdepo and high TS,
such material were prepared up to ∼500 nm thick on glass and c-Si substrates. Table
5.2 shows the deposition parameters of these samples. Sample A was deposited under the
standard low TS conditions with low pdepo of 3.5 Pa and low Tf of 1650 ◦C. SC of 4 %
leads to an intermediate crystallinity of 47 %. It is used as the reference for comparison.
The deposition conditions for the rest samples were previously found to yield low quality
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µc-Si:H �lms [Klein 2005 ].

sample Tf pdepo SC D IRS
C488 σdark σphoto σphoto/

(◦C) (Pa) (%) (nm) (%) (Scm−1) (Scm−1) σdark

A 1650 3.5 4 434 47 1.72E-7 1.05E-6 6.1

B 1800 3.5 4 569 68 2.90E-8 6.50E-6 224.2

C 1800 10 4 552 6.9 3.80E-8 4.71E-5 1241.1

D 1800 10 3 524 58 6.74E-7 2.06E-5 30.6

E 1650 10 2.5 443 46 5.93E-7 3.93E-5 66.2

F 1650 20 1.5 488 49 1.45E-6 1.80E-5 12.4

Table 5.2: Deposition parameters, structural and electrical properties of HWCVD material
used for HW-bu�er layers.

Figure 5.19: Optical absorption measured by PDS of the samples in Table 5.2 . Inset:
Absorption coe�cient at 0.7 eV.
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σphoto, σdark and photosensitivity (σphoto/σdark) together with the structural composition
can be regarded as indications for material quality [Vetterl 2002, Lossen 2004 ]. However,
the standard sample A shows a very poor photosensitivity at a medium crystallinity. The
reason is not very clear yet. A possible explanation is that it was the �rst sample deposited
in the HWCVD chamber just after a long period of deposition of p-type SiC. Secondary
ion mass spectroscopy measurement, however, found almost no enhanced B, C and O
content in the �lm. Sample B deposited at high Tf but low pdepo still maintain a good
photosensitivity at a high crystallinity of 68 %, indicating high material quality. The rest
several samples show inferior photosensitivity at the corresponding IRS

C488, as compared
to the standard HWCVD and PECVD material presented in Fig. 5.3. A strong post-
deposition atmospheric in-di�usion was observed by FTIR measurement in samples C - F,
suggesting a porous structure in these �lms. No noticeable change could be seen in the
FTIR spectra of sample A and B after 60 days storage in air.

Optical absorption of these samples are shown in Fig. 5.19. The di�erence in the
above-gap absorption between these samples can be attributed to their di�erent structure
compositions. In contrast with the remarkable porous microstructure in sample C, D, E
and F, these samples do not indicate higher sub-gap absorption, as compared to the stable
sample A and B. The absorption coe�cient at 0.7 eV (α(0.7 eV)) is plotted in the inset.
If the measurement error is taken into account, di�erence can hardly be discerned from
these six samples. Therefore, although sample C-F were found to have high porosity and
low photosensitivity, no direct evidence show that they are highly defective.

PECVD cells with 'bad' quality HW-bu�ers

In this subsection, the 'bad' quality HWCVD material will be employed in the PECVD
solar cells as p/i bu�er layers. All solar cells in this experiment have the same doped layers.
The bulk i -layers are also deposited with the same parameters with PECVD under hphP
condition. The discharge power (PV HF ) is 20 W, and total �ow rate (Fltotal) was 100 sccm.
SC were kept at 5.5 % for all solar cells. The HWCVD bu�er (same as samples B-F in
Table 5.2) with di�erent thickness between 5 and 100 nm were used in the solar cells. The
deposition time of the bulk layer was correspondingly varied to keep total i -layer thickness
of ∼1 µm. For comparison, two solar cells, one with no bu�er layer at all and another
with 20 nm normal HW-bu�er (material same as sample A), were deposited at the same
period of time. Fig. 5.20 shows the J -V parameters (η, FF, VOC and JSC) of these cells
as a function of bu�er layer thickness. The solar cell without bu�er layer is presented by a
close square (¥) at x = 0. It shows a VOC of 553 mV and a FF of 72 %, which are marked
by dashed lines in the �gure. Labels in Fig. 5.20 (b) indicate the HW-bu�er material used
in corresponding cells. As can be seen, similar e�ciency of about 8 % are obtained for all
solar cells, independent of bu�er material and bu�er thickness. Most cells with HW-bu�ers
show higher VOC than the reference cell, except the two cells with 50 and 100 nm thick
"material C" as bu�ers. Even in these two cells, VOC is only marginally 4-5 mV lower. In
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Figure 5.20: J-V parameters, (a), η, (b), VOC, (c), FF and (d), JSC, of solar cells with dif-
ferent HW-bu�er material, plotted as a function of bu�er layer thickness. For comparison,
a solar cells without bu�er layer is indicated by a full square at x=0. Labels in diagram
(b) show the HW-bu�er material used in corresponding cells. Deposition parameters of the
bu�er layers can found in Table 5.2.

addition, all cells with bu�ers show higher or equivalent FF, as compared to the reference
cell. From diagram (b) and (c), lower VOC and FF are typically observed in the cells with
thick bu�er layers. However, the e�ect of i -layer crystallinity is necessary to be taken into
account to analyze the in�uences of bu�er layer quality and thickness.

J -V parameters of these cells (Fig. 5.20) are re-plotted in Fig. 5.21 as a function of
IRS
C488. Raman scattering measurements were carried out after the removal of the amorphous
n-layer by KOH etching. One solar cells series with i -layers deposited entirely by PECVD
with hphP 20W is also shown in the �gure. Di�erent structural composition was achieved
for this series by the variation of SC. For other deposition parameters of this series, see Table
3.1. The solar cells with HW-bu�er layers (Fig. 5.20) are distributed in the IRS

C488 range
between 38 % and 57 %. Note that there is no correlation between the i -layer crystallinity
and bu�er thickness. A nearly linear increase of VOC with the decreasing IRS

C488 is observed
for the cells with HW-bu�ers. At constant IRS

C488, HW-bu�er layers even with 'bad' quality
still enhance the VOC . But compared with the cells in Fig. 5.7, the e�ect is less noticeable,
and there is no obvious improvement in FF. These results contradict the common views



106 µc-Si:H �lms and solar cells deposited by HWCVD and PECVD

Figure 5.21: J-V parameters, (a), η, (b), VOC, (c), FF and (d), JSC, of solar cells with
di�erent HW-bu�er material, plotted as a function of i-layer IRS

C488. For comparison, a
solar cell series with i-layers deposited entirely with PECVD hphP 20W are also presented.
Deposition parameters of the bu�er layers can found in Table 5.2.

about the importance of high quality p/i interface. However, interpretation of these results
shall be very cautious, since there is no clear evidence proving the high defect density in
the 'bad' interface layers, although their deposition conditions were previously found not
suitable for high quality i -layer.

5.4 Thickness dependence and high e�ciency solar cells
As can be seen above, a thin µc-Si:H HWCVD p/i bu�er improves the VOC and FF

of the PECVD cells deposited with lplP at low RD of about 0.2 nm/s. It is also very
interesting to apply this HW-bu�er concept to the solar cells prepared by high deposition
rate process. For this purpose, optimum phase mixture material of the hphP 20 W and
hphP 400 sccm series with di�erent thickness between 0.5 and 4 µm were used for the
bulk i -layer. For the deposition parameters of the hphP 20 W and hphP 400 sccm series,
see Table 3.1. The HW-bu�er layers are 10 nm thick and were deposited at a SC of 4
%. The illuminated J -V parameters of these two solar cells series are shown in Fig. 5.22.
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Figure 5.22: J-V parameters, (a), η, (b), VOC, (c), FF and (d), JSC, of solar cells with
di�erent i-layer thickness. The bulk i-layers were deposited with PECVD hphP process at
high RD. Two solar cell series with HW-bu�ers are indicated by open symbols. Lines are
guide to the eye.

Two series with i -layers deposited entirely by PECVD with the optimum material are also
presented for comparison. Highly re�ective ZnO/Ag back contacts are used in all solar cells
in this �gure. Short circuit current densities JSC , depending critically on light absorption,
increase with the i -layer thickness and start to saturate at about 2.5 µm in all series. Solar
cells with the same thickness are very similar in JSC , which seem to be independent of the
deposition conditions and the use of bu�er layers. Consistent with previous results (Fig.
4.29, Vetterl 2001, Klein 2002 ), FF decrease almost linearly with the increasing thickness.
Unlike the signi�cantly enhanced FF by the use of HW-bu�er as indicated in Fig. 5.7, FF
are only slightly higher in the two series with bu�ers in this �gure. Inserting a µc-Si:H
HW-bu�er increase the VOC noticeably, thus leads to higher conversion e�ciencies. With
lower initial VOC , the hphP 400 sccm series gain more evident VOC enhancement with the
use of bu�er layers. Very high e�ciency close or even above 10 % are obtained for the
HW-bu�er solar cells with bulk layer thickness between 1 and 2.5 µm.

Fig. 5.23 shows the J -V curve of the cell with maximum e�ciency in Fig. 5.22, which
consists of a HW-bu�er and an hphP 400 sccm bulk. A similar cell also with an hphP 400
sccm bulk but without the HW-bu�er layer is also shown in this �gure. Thanks to the
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Figure 5.23: A HW p/ i bu�er layer improves the VOC and FF of a µc-Si:H single junction
solar cell and achieves high e�ciency of 10.3 % with the bulk i-layer deposited at a RD of
1.1 nm/s.

Figure 5.24: J-V curve (a) and quantum e�ciency (b) of a single junction µc-Si:H module
with HW-bu�er layer. Aperture area: 8×8 cm2. The bulk i-layer was deposited by PECVD
with hphP at a PV HF of 20 W, resulting in a RD of about 0.6 nm/s.
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improved VOC and FF (568 mV and 71.3 %, respectively), the high e�ciency of 10.3 % was
achieved for the cell with HW-bu�er. To our knowledge, this is the record e�ciency for
the µc-Si:H single junction solar cells in p-i -n con�guration. Note that extended annealing
at 160 ◦C up to two hours increases the solar cell e�ciency by 0.2 % (abs.), compared to
the results in Fig. 5.23, which were measured after 0.5 hour annealing.

A single junction µc-Si:H mini-module with HW-bu�er was also fabricated. The aper-
ture area is 8×8 cm2. The module consist of a 10 nm thick HW-bu�er layer and 1.6 µm
bulk layer deposited by hphP 20 W. The RD for the bulk is 0.6 nm/s. The J -V curve
and quantum e�ciency of module is shown in Fig. 5.24 (a) and (b), respectively. High
e�ciency of 8.91 % was obtained. To our knowledge, this is the highest reported e�ciency
for the single junction µc-Si:H module. Compared to the module without the HW-bu�er
(in Fig. 4.33), the module with HW-bu�er shows higher VOC , higher FF but lower JSC .

5.5 Discussion
5.5.1 µc-Si:H �lms deposited by PECVD and HWCVD

In section 5.1, the structural and electrical properties of the µc-Si:H material de-
posited by PECVD and HWCVD were compared. σphoto, σdark and photo-sensitivity are
found similar for the material at constant IRS

C488, independent of deposition techniques and
conditions.

Analysis of the Raman spectra yields con�icting results in determining the grain size
from FWHM or peak frequency of the TO peak. FWHM is independent of the ma-
terial crystallinity but is governed by the deposition techniques (namely, PECVD and
HWCVD), while the peak frequency just shows a dependence on IRS

C488. Although links
between FWHM, peak frequency and grain size have been proposed by several researchers
[Iqbal 1981, Campbell and Fauchet 1986, Fauchet and Campbell 1990 ], but a straightfor-
ward and clear-cut correlation between them has not been established. Furthermore, it
was argued that Raman spectroscopy alone can not provide unambiguous results regarding
crystallite size [Ossadnik 1999 ]. Therefore, although some trends were observed, di�erence
in the grain size can not be reliably deduced from the Raman scattering measurement.
More work, such as XRD or TEM analysis, is necessary to compare the microstructure of
µc-Si:H deposited by PECVD and HWCVD.

Infrared spectroscopy shows that HWCVD material has very similar microstructure
factor R with the PECVD samples. However, the HWCVD �lms indicate a much lower
bonded H content at the same IRS

C488. Terminating the point defects, H atoms are very
important for the high quality thin �lm silicon material. The HWCVD material deposited
at low substrate temperature, however, maintain high quality with similar low spin density
of 1×1016 cm−3 as in the PECVD µc-Si:H material. Solar cells with such material as
absorber layer have high e�ciency over 9 % [Klein 2001 ]. It is not di�cult to understand
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since the number of bonded H atoms in the thin �lm silicon material (usually about 1021

cm−3) is typically two orders of magnitude higher than the number of dangling bonds (1019

cm−3) in the pure amorphous silicon without H atom [Luft and Tsuo 1993 ]. However, there
still can be peculiarity in the Si-Si network of amorphous tissue in HWCVD µc-Si:H which
results in a more e�ective dangling bond passivation with such a low CH . Since most of the
H atoms are located in the amorphous phase and at the grain boundaries, the remarkable
di�erence in CH suggests that the material deposited by HWCVD and PECVD may show
distinctions in the amorphous tissue and grain boundaries. Device quality a-Si:H material
deposited by PECVD typically contains 10 at.% H atoms [Stutzmann 1989, Mahan 1991 ],
and too high or too low CH leads to larger Urbach characteristic energy and higher defect
density. On the contrary, a-Si:H material deposited by HWCVD maintain high quality
at a much lower CH of about 2 % [Mahan 1991 ]. The PECVD and HWCVD material
in this section show very similar microstructure factor R at �xed IRS

C488 (Fig. 5.2). These
results suggest that the hydrogen bonding con�guration or bonding site should be similar
in the PECVD and HWCVD material. The di�erent CH in PECVD and HWCVD µc-Si:H
�lms may come from the di�erent Si-Si bond network in the amorphous phase. This was
previously proposed by Mahan et al. for amorphous silicon Mahan 1991. They found that
Raman TO peaks at 480 cm−1 is narrower in the HWCVD a-Si:H, which was attributed
to the less bond angle deviations. But in the material in this work with considerable
crystalline volume fractions, it is hard to separate the dominant crystalline TO peaks from
the total Raman signal and analyze the a-Si:H contribution independently. Thus more
precise method is still necessary for the comparison between the amorphous phase in the
µc-Si:H. The H distribution in the device quality a-Si:H material deposited by HWCVD
was found by 1H NMR measurement to be more inhomogeneous than that in the a-Si:H
material deposited by PECVD [Wu 1996 ]. The results suggest that the HWCVD a-Si:H
network could consists of regions with high structural order containing nearly no H atoms
and regions with lower structural order and high H concentration.

Even with the remarkable di�erence in CH , which suggests di�erent amorphous phase
in the material, the PECVD and HWCVD �lms are very similar in the photo- and dark-
conductivities if they are compared at the same IRS

C488. However, this is not di�cult to
explain since the conduction in the crystal grains may mainly determine the conductivity
in µc-Si:H.

5.5.2 The e�ect of p/i interface and its characterization
Many groups have reported to improve VOC and e�ciency by the use of p/i bu�er

layer or the so-called "interface treatment" in a-Si:H or µc-Si:H solar cells [Arya 1986, Hack
1986, Hegedus 1988, Sakai 1990, Xi 1994, Rech 1997, Wada 2002, Grunsky 2004 ]. In most
cases, an improved p/i interface quality was observed in the experiment or predicted in the
computational models. However, none of them gave clear answers how the p/i interface is
improved by the bu�er layers. This work made some attempt to answer this question and
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some possibilities were excluded by experiments, like the nucleation facilitating e�ect etc.
Some possibilities, like ion bombardment, have be investigated but could not be con�rmed.
There are still some other possibilities which haven't been taken into account in this work,
for example, built-in potential and band banding at the p/i interface.

It was found that VOC of thin �lm silicon solar cells increase with the increasing built-
in potential (Vbi), if Vbi is smaller than a threshold value (∼1 eV for a-Si:H solar cells,
depending on the i -layer quality) [Hegedus 1987, Hack and Shur 1985 ]. The reason is that
a smaller Vbi leads to a larger bulk recombination current, and thus reduces the VOC . As
for the solar cells presented in this work, it is assumed that the i -layer deposition does not
change the underlying p-layer. However, it can not be excluded that the ion bombardment
breaks some Si-Si and Si-B bonds in the p-layer and thus increases the defect density and
reduces the doping e�ciency. These two e�ects can decrease the activation energy of the
p-layer and the built-in potential of the solar cells. In addition, the out-di�usion of doping
element in the p-layer can result in a band bending at the interface and reduce the electric
�eld at the interface. Note that these are all speculations and could not easily veri�ed in
the solar cells. In the following some experiments are proposed to checked the uncon�rmed
possibilities.

Here goes the �rst one. If the HWCVD p/i interface layer in PECVD cells reduces

Figure 5.25: Schematic diagrams of (a), a PECVD cell with HWCVD p/i interface layer,
(b), a HWCVD cell with PECVD p/i interface layer.
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Figure 5.26: The p-i bu�er-n structure with p- and n-layer deposited by PECVD and i
bu�er by (a) PECVD or (b) HWCVD.

the ion bombardment on the p/i interface, a PECVD interface layer in HWCVD cells will
deteriorate the interface quality. A comparison of the solar cells with these two structure
(as shown in Fig. 5.25) can help to understand the e�ect of the ion bombardment. Actually,
such experiment has already been started, but hasn't yielded systematic results yet.

The i -layer thickness of the PECVD and HWCVD cells are usually around 1 µm or even
bigger. The thick i -layer has strong e�ect on the J -V characteristics of a solar cell, and
some what shadow that of the p/i interface. Therefore, a p-n structure is more suitable
for the interface properties investigation than the p-i -n structure of normal solar cells. To
investigate the e�ect of the interface layers, a thin intrinsic layer deposited by PECVD or
HWCVD can be inserted between the p-layer and the n-layer, as indicated in Fig. 5.26
(a) and (b), respectively. Without the in�uences of the i -layer, the dark J -V curves of
these two structure may clearly represent the di�erences at the interface. However, this
structure has its own disadvantage that no photo J -V parameters, like VOC and FF, can
not be extracted from it.

5.6 Summary of this chapter
• Microcrystalline silicon �lms deposited by PECVD and HWCVD were com-
pared at the same crystallinity. Similar in many aspects, such as conductivity
and microstructure factor R etc., they also show distinction in H content.
• HWCVD cells maintain high e�ciency at a VOC up to 600 mV, while the
e�ciency of PECVD cells start to drop when VOC exceed 550 mV.
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• HWCVD cells show higher VOC and FF than the PECVD cells with the same
IRS
C488 in a wide range of crystallinity between 10 and 60 %.
• The above di�erences were attributed to the better p/i interface quality in
the HWCVD cells, which was concluded from the better blue light responses
in these cells.
• Improving the p/i interface quality of PECVD cells, an intrinsic µc-Si:H HW-
bu�er in PECVD cells nearly eliminated the di�erences between the two types
of solar cells.
• Raman structure depth pro�le method and transmission electron microscopy
revealed that all PECVD, HWCVD and HW-bu�er cells are very homogeneous
in the crystallinity along the growth axis. Thus, the positive e�ect of HW-bu�er
for facilitating nucleation was not observed. Further investigation HW-bu�er
with di�erent crystallinity led to conclusion that incubation layer and structure
development are not the origination for the performance di�erences between the
PECVD and HWCVD cells.
• The HW-bu�er deposited at high Tf and/or high pdepo still improve the solar
performance. Further investigation is still necessary to draw the conclusion
that ion bombardment is not responsible for the p/i interface deterioration in
PECVD cells.
• By the use of HW-bu�er layers, record e�ciency of 10.3 % and 8.9 % were
achieved for a single junction µc-Si:H solar cell and module, respectively.
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Chapter 6

Summary and outlook

This thesis works on two subject of hydrogenated microcrystalline silicon (µc-Si:H) and
solar cells. In chapter 4, high quality µc-Si:H �lms and high performance µc-Si:H solar cells
were obtained by VHF-PECVD working at high pressure, high power(hphP). At the same
time, the in�uences of deposition parameters on the material and solar cell properties were
also investigated. µc-Si:H �lms and solar cells deposited by PECVD and HWCVD were
compared in Chapter 5. It was found that the intrinsic �lms deposited by the two methods
were quite similar to each other, and that the di�erences in the solar cell performance could
be attributed to the di�erent p/i interfaces. By using a HWCVD p/i interface layer in
the PECVD cells eliminated these di�erences and achieved a high e�ciency of 10.3 % in
a cell with the i -layer deposited at 1.1 nm/s by PECVD. For comparison, the conversion
e�ciencies of the high performance cells in this thesis are plotted as a function of RD in
Fig. 6.1 together with the results collected from the literature.

However, there are still many related questions left unanswered.
High deposition rate up to 1.5 nm/s has been achieved in the solar cells without sig-

ni�cant deterioration in the e�ciency. Further increase in RD needs higher power for gas
molecule dissociation. However, PV HF exceeding 60 W leads to bad homogeneity over the
10×10 cm2 substrates. In the system with small area reactor, voltage distribution due
to standing wave shall not be the reason for the inhomogeneity. The back-di�usion of
silane molecules from out of the reactor can be a possible explanation [van den Donker
2005b]. Under high PV HF conditions, the high dissociation rate decomposes most of the
back-di�used silane molecules in the region close to the border, and prevents them entering
the center of the electrode. Therefore, the region in the middle has lower deposition rate
and higher crystallinity due to the deeper silane depletion. This is consistent with the
observations in Chapter 4. A gas showerhead, which delivers more uniform gas supply,
may help to solve this problem.

High quality µc-Si:H was obtained by PECVD at high deposition rate. However, the
complicated growth process and plasma physics were hardly studied in this work. This
de�ciency left some important questions unclari�ed. For example, to which extent is the
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Figure 6.1: Solar cell e�ciencies as a function of deposition rate. Data are taken from
this thesis and literature [Rath 2003 and references therein, Gordijn 2005, Niikura 2004,
Kilper 2005, Yan 2002, Schropp 2004, Klein 2002, van den Donker 2005b, Roschek 2003,
Repmann 2004].

silane depleted during the growth of µc-Si:H? Are the values of H/Six (x=0,1,2,3) radical
ratio the same for the OPM material deposition at di�erent PV HF , Fltotal and pdepo? What
other factors beside ion energy do high pressure and high power have, a�ecting the material
quality? The unveiling of these question can help to improve the material quality and
increase RD further.

Microcrystalline silicon deposited by PECVD and HWCVD was compared in the work,
and interesting results was found. Although similar in some aspects, they also show distinct
di�erences, especially in the hydrogen content. These results suggest that the PECVD and
HWCVD �lms may di�er from each other in the grain boundaries and amorphous phase.
Certainly, some di�erences in other aspects shall not be excluded. More work needs to be
done to �nd out the di�erences and their e�ect on the solar cell performance.



Appendix A

Abbreviation and symbols

Table A.1: List of abbreviations

a-Si:H hydrogenated amorphous silicon
µc-Si:H hydrogenated microcrystalline silicon
c-Si crystalline silicon
ESR electron spin resonance
hphP high pressure, high power
HWCVD hot-wire chemical vapor deposition
J-V current density vs voltage
lplP low pressure, low power
OPM optimum phase mixture
PDS photothermal de�ection spectroscopy
PECVD plasma-enhanced chemical vapor deposition
QE quantum e�ciency
RF radio frequency
SAED selective area electron di�raction
SIMS secondary ion mass spectroscopy
TCO transparent conductive oxide
TEM transmission electron microscopy
TMB trimethyl boron
VHF very high frequency
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Table A.2: List of Symbols

CH bonded hydrogen content
CO bonded oxygen content
η conversion e�ciency
Fltotal total �ow rate
FF �ll factor
IRS
C integrated Raman intensity ratio

IRS
C415 integrated Raman intensity ratio at the excitation wavelength of 415nm

IRS
C488 integrated Raman intensity ratio at the excitation wavelength of 488nm

IRS
C647 integrated Raman intensity ratio at the excitation wavelength of 647nm

j0 saturated dark current density
JSC short circuit current density
n diode ideality factor
Nd defect density
ni intrinsic carrier density
pdepo working pressure
PV HF discharge power
R microstructure factor
RD deposition rate
SC silane concentration
σdark dark conductivity
σphoto photo-conductivity
σphoto/σdark photosensitivity
Tf �lament temperature
TS substrate temperature
VOC open circuit voltage
Xc crystallinity



Appendix B

The determination of IRS
C by a-Si:H

reference spectrum substraction

As described in Chapter 3, a three Gaussian peak �tting procedure to the Raman
spectra was used in this work to determine the integrated Raman intensity ratio (IRS

C ).
However, it is just a semi-quantitative method, and the IRS

C values depend on the choice of
�tting restrictions. Therefore, a comparison with the values obtained with other methods
is important. In recent years, a new method was proposed to determine the IRS

C [Smit 2003,
Carius 2005 ]. This method assumes that the shape of the Raman signal of the amorphous
phase in a µc-Si:H sample is the same as that of the amorphous �lms deposited under
similar conditions. Thus, one can obtain the crystalline phase contribution to the Raman
signal by subtracting a scaled a-Si:H reference spectrum from that of a µc-Si:H sample, as
can be seen in Fig B.1. The residue signal consists of a TO vibration peak at around 520
cm−1 and another peak at 500 cm−1, which can be associated with the stacking faults or
hexagonal silicon (Kobliska and Solin 1973, Houben 1998 ).

The integrated Raman intensity ratio (IRS
C ) can be simply obtained by calculating the

ratio of the peak intensity associated with crystalline phase (IC) over the total signal
intensity (Itot).

IRS
C =

IC

Itot

. (B.1)

Fig. B.2 shows the IRS
C488 values of all samples in this work determined from the a-Si:H

reference subtraction method, plotted as a function of the corresponding values obtained
from the three Gaussian peak �tting. It can be seen that the values determined from the
a-Si:H reference subtraction method are about 5 % higher than the value obtained from
the latter method in the whole IRS

C range. This suggests that IRS
C values obtained by these

two methods are comparable and reproducible.
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Figure B.1: The contribution of the crystalline phase in a Raman spectrum of a µc-Si
sample can be obtained by subtracting a scaled a-Si:H Raman spectrum.

Figure B.2: IRS
C488 values of all samples in this work determined from the a-Si:H reference

subtraction method, plotted as a function of the corresponding values obtained from the
three Gaussian peak �tting.
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The full width at half maximum (FWHM) and the peak position of the crystalline
phase TO peak can be explicitly extracted from the residue signal in Fig. B.1. Fig. B.3
(a) and (b) display the crystalline TO peak FWHM and peak position as a function of
IRS
C488. No clear trend was found in these �gures for the samples deposited under di�erent
conditions.

Figure B.3: (a), FWHM and (b) peak position of the crystalline phase TO peak extracted
from all Raman spectra in this work.
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