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ABSTRACT

This thesis describes photovoltaic characteristics and reliability
of hydrogenated amorphous silicon (a-Si) solar cells. The main purpose
of the present study is to improve performance and reliability through
the approacheslof fabrication process, materials, and cell structures.

Concerning the fabrication process, a separated ultra-high vacuum
(UHV) reaction chamber system, called the super chamber, has been newly
developed to reduce impurities in a-Si films. A background pressure of
10-9 Torr was obtained, and an oxygen concentration of 2 x 1018 cm-3 was
achieved, which 1is one to' two orders of magnitude lower than in
conventional chambers. It was found that film properties of a-Si, such
as space charge density, ESR spin density, carrier diffusion length, and
so on, can be improved by impurity reduction with the super chamber
method. A conversion efficiency of 11.7 % was achieved for a pin type
a-Si solar cell whose i-layer was prepared by the super chamber method.

As for materials, super structure a-SiC/a-Si films were fabricated
by the photo-CVD method for the first time, as a high-quality wide-
bandgap material which improves the short-wavelength collection
efficiency. The quantization effect was observed in the dependence of
the optical properties on the thickness of the well layer. The
superiority of the photo-CVD method as a fabrication method for a-Si
super structure films was shown. About a 30 % increase in the collection
efficiency in the short-wavelength region was achieved for a pin a-Si
solar cell whose p-layer was of the a-SiC/a-Si super structure.

Also concerning materials, hydrogenated-and-fluorinated amorphous
silicon germanium (a-SiGe:H:F) was systematically investigated as a high-

quality narrow-bandgap material which improves the collection efficiency
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in the long-wavelength region. Microcrystalline (g c) Ge and Si were
obtained with a certain reaction condition. Improvements were achieved
in a-5iGe Schottky diode characteristics and in long-wavelength
collection efficiency of a pin a-Si solar cell by optimizing the reaction
conditions of a—SiGe:ﬁ:F.

Asv for cell structures, theoretical considerations were made on
amorphous solar cells for the purposes of improving efficiency and
evaluating the theoretical efficiency. 1In the case of conventional
single-bandgap amorphous cells, the theoretical efficiency was estimated
to be less than 15 7. 1In the case of multi~bandgap cells, which combine
a wide-bandgap material and a narrow-bandgap material, however, it was
estimated to be 21 % to 24 Z%. 1In order to realize high-efficiency
multi-bandgap cells, material considerations were also made, including
the new materials mentioned before.

With regard to reliability, light-induced degradation of a-Si solar
cells was systematically investigated. Carrier recombination and
impurities were found to be key factors of the degradation. In order to
minimize the carrier recombination, a stacked type cell structure, such
as a multi-bandgap structure, is effective because its thin i-layer
causes a strong inner electric field. To minimize impurities, the super
chamber method 1is clearly suitable.

Therefore, as a future solar cell, a high-efficiency and stable
amorphous solar cell will be achieved with the multi-bandgap structure

and the super chamber method.
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I. INTRODUCTION

1-1. Historical Background of Amorphous Silicon Solar Cells

A photovoltaic effect was first observed in 1839 by a French
physicist, Becquerel. He noted that voltage appeared when one of two
identical elegtrodes in a weak conducting solution was illuminated. The
photovoltaic effect in solids was first studied in 1877 by Adams and Day
with a selenium cell. But selenium photovoltaic cells exhibited only 1 7
efficiency in converting light to electricity, and they did not become
practical as an energy converter.

In 1954, the first solar cell using crystalline silicon (c-Si) was
developed by Chapin, Fuller, and Pearson of Bell Telephone

1)

Laboratories, and a conversion efficiency of 6 % was soon obtained. In
1958, the U.S. Vanguard space satellite used c-Si solar cells to power
its radio. The cells worked so well that solar cells were soon realized
as an effective power source in space. As for terrestrial applications
of solar cells, numerous schemes have been tried for 30 years to use them
commercially. This is because solar energy for .photovoltaic conversion
into electricity is abundant, clean, and distributed relatively
homogeneously compared with oil resources. Solar cells themselves
require no fuel, and therefore, there is no pollution from exhaust gases.
In addition, as solar cells do not have moving parts, they are silent in
operation, and their lifetime is long.

The c¢-Si solar cell is the most popular cell at present, but the
cost is so high that it cannot compete with conventional energy sources
such as thermal-power generation. The main reason for the expensiveness

of c¢-Si solar cells comes from their fabrication process. High

temperature is required in the process of crystal growth and junction
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formation. The necessity. of slicing and polishing causes loss of
materials. Therefore, expensive c-Si solar cells were utilized in
restricted applications, such as satellites, lighthouses, and so on.

On the other hand, an impact in the field of semiconductor materials
was made by Spear and LeComber of Dundee University in 1975. They
succeeded in valency control of hydrogenated amorphous silicon (a-51)
deposited by a glow discharge method with silane (SiH4).2) As amorphous
materials have no long-range ordering in their atomic arrangement, they
possess redundancy in physical properties. This redundancy allows us to
fabricate amorphous materials having tailor-made optical and electrical
properties. But amorphous materials have a weak point of difficulty in
the valency control because of a large density of gap states. This weak
point was eliminated by the work of Spear and LeComber. They showed that
the gap state density in their a-Si was reduced to the order of 1017
eV"lcm'_3 at the midgap, which was two to three orders of magnitude lower
than the previous a-Si deposited by evaporation methods. The reason for
the decrease in the gap states was soon discovered that hydrogen atoms
eliminated dangling bonds in a-Si deposited by the glow discharge method.

In 1976, the first a-Si solar cell was developed by Carlson and
Wronski of RCA.3) Compared with the c-Si solar cell, the a-Si solar cell
has several characteristic features. Namely, the fabrication process is
simple; the deposition temperature is low; the amount of required
material is few because of a high optical absorption coefficient of a-Si,
low-cost substrates can be utilized; and enlargement of the cell area is
easy. The future cost of the a-Si solar cell is, therefore, thought to
be considerably low, and the a-Si solar cell becomes the most hopeful
candidate as low-cost solar cells for power generating systems.

After the development of a-Si solar cells, there have been several
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important investigations on fabrication process, materials, and cell

structures.

As for the depisition process, DC glow dischargea)

5)

and RF glow
discharge were investigated at the initial stage, and the RF glow
discharge method became the major preparation method. In 1970's, all
deposition apparatus were based on single-chamber configuration, which
had a problem of intermixing of impurities, resulting in deterioration of
film quality. Then, a consecutive separated reaction chamber, which can
reduce intermixing of impurities, was developed by Kuwano, Tsuda, et al,
in 1982,6) and photochemical vapour deposition (photo-CVD) was utilized

7)

as a fabrication process for a-Si solar cells by Saitoh et al. and

8)

Inoue et al. in 1983.

In addition to a-Si, various kinds of hydrogenated a-Si alloy
materials, such as hydrogenated amorphous silicon carbide (a-SiC),g)
hydrogenated amorphous silicon nitride (a-SiN),lO) hydrogenated amorphous

1)

silicon germanium (a—SiGe),l and hydrogenated amorphous silicon tin

(a-SiSn),lZ) were studied. In 1980, a-SiGe was applied as an i-layer of
a pin a-5i solar cell by Nakamura et al.,ll) and. a-SiC was applied as a
p-layer by Tawada et al. in 1982.13)

Concerning the cell structures, various configurations, such as

3) 14) MISlS) 16)

Schottky,3) Pin, inverted pin, and stacked types, have
been investigated. Now, the pin type cell structure is most widely
utilized. 1In addition, integrated type cell structures, which connect
with each cell in series on one substrate to generate high output
voltage, have been developed by Kuwano, Tsuda, et a1.17)

With various innovations including the above mentioned studies, the
conversion efficienéy of a-Si solar cells was rapidly increased, and in

application to consumer electronics, the a-Si solar cell is widly used
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compared with the c¢-Si solar ce11.18)

As for applying a-8i solar cells to power generating systems, the
conversion efficiency is, however, almost half of that of c¢-Si solar
cells, so c¢-Si solar cells have begn mainly wutilized. Therefore,
improvements in the conversion efficiency of the a-Si solar cell are
strongly required for its\wide—spread use in power applications.

Staebler and Wronski also reported on light-induced degradation of

electrical conductivity of a-Si films,lg)

caused by changes in the
mobility-lifetime ( g z.) product and the position of the Fermi level
after light exposure. Thus, reliability of a-Si solar cell
characteristics, which is influenced by the f# 7 product and the position
of the Fermi level, became a large problem for a~Si solar cells in
outdoor use, Numerous research efforts have been conducted to
investigate the origin of this light-induced degradation,20—23) but it is
not yet clear, and effective countermeasures are not established at
present. Development of the effective countermeasures with revelation of

the origin of the light-induced effect is also a key factor for the

application of the a-Si solar cells to power generating systems.

1-2. Purpose and Significance of Present Work

In order to apply a-Si solar cells as power sources, the
improvement of the conversion efficiency is very much required. For this
purpose, systematic investigations must be carried out with regard to
three approaches: fabrication process, materials, and cell structure. In
the fabrication process, deposi;ion methods for high-quality a-Si films
have to be impfoved, because a-Si films deposited by conventional methods
have large defect density resulting in large carrier recombination and

poof photovoltaic characteristics. Concerning materials, both wide-
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bandgap and narrow-bandgap materials superior in the film quality to
conventional materials must be developed, because the photosensitive
wavelength-region of conventional a-Si solar cells 1is considerably
narrow, compared with c¢-5i solar cells, resulting in low conversion
efficiency. As for cell structure, theoretical consideration is required
to establish the optimum cell structure with synthesizing the above
mentioned improvements in fabrication process and materials.

The second problem in utilizing a-Si solar cells as power sources is
to increase their reliability by preventing the light-induced degradation
of their properties, as mentioned in the previous section. For this
purpose, first, the behavior of the degradation has to be studied, and
the origin of the degradation has to be analyzed. Second, based on these
investigations, practical countermeasures which are not contradictory to
the above mentioned efforts for high efficiency cells must be developed.

The purpose of this work is to carry out systematic investigations
for improvements in the conversion efficiency and reliability of a-Si
solar cells,

In Chapter II, a new deposition method for high-quality a-Si films,
a separated ultra-high vacuum (UHV) reaction chamber called a super
chamber, is described. The characteristics of the a-Si films deposited
in the super chamber are investigated in detail, and the effect of
impurity reduction is discussed.

Chapter III introduces a new material, a super structure a-Si film,
in order to obtain superior characteristics to a-SiC alloy films as a
window p-layer. The super structure a-Si film was deposited with the
photo-CVD method for the first time, and the features of this film are
made clear. An increase in the collection efficiency at the short-

wavelength region is discussed for the new cell structure, an a-Si solar
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cell with a super structure p-layer.

In Chaptef IV, a narrow-bandgap material is systematically studied.
Thié material, which widens the spectral sensitivity of a-Si solar cells,
is fluorinated-and-hydrogenated amorphous silicon germanium (a-SiGe:H:F).
The first observation of microcrystalline structure in a-SiGe:H:F films
is described, and a high collection efficiency in the long-wavelength
region is reported with an a-SiGe:H:F solar cell.

In Chapter V, a theoretical consideration for future a-Si solar
cells is also carried out with multi-bandgap structures. Considering
various characteristic properties of a-Si and related materials, the
optimization of the bandgap is described.

In Chapter VI, some considerations on the origin of and
countermeasures for light-induced degradation are discussed. The
correlation Dbetween cell parameters and degradation behavior 1is
discussed, and some effective methods to reduce the degradation are

mentioned.

Finally, conclusions of the present study are made in Chapter VII.
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IT. PREPARATION AND PROPERTIES OF A~SI FILMS DEPOSITED WITH A SUPER

CHAMBER (SEPARATED ULTRA-HIGH VACUUM REACTION CHAMBER)

2-1. Introduction

Hydrogenated amorphous silicon (a-Si) is gathering much attention
as a new material for electronic devices such as solar cells,
photosensors, photoreceptors, thin film transistors, and so on. In
order to improve the berformance of these devices, the quality of a-Si
films must be improved. In a-Si films deposited by the conventional
method, there is a large amount of impurities. For example, the oxygen

concentration of the conventional a-Si films ranges from 1019 cm-3 to

1020 cm—3.1) Recently, impurities such as oxygen and nitrogen were
found to cause an increase in the space charge density and the
degradation ratio of the photoconductivity by the 1light-induced

effect.z)

Therefore,_the reduction of impurities is necessary from the
viewpoint of both the fundamental studies of the light-induced effect
and the improvement of device performance.

To reduce the impurities in a-Si films, we have developed the

3)

consecutive, separated reaction chamber system, and have found that
residual impurities can be reduced by using this system. But the
impurity concentration in a-Si films deposited in the separated chamber
was in the order of 1019 cm—3. Tsai et al. reported some limited
results, such as impurity concentration and ESR spin density in a-Si,
obtained with a single UHV (ultra-high vacuum) reaction chamber.A) But
there has been no report on detailed results for a-Si films with low
impurity concentration deposited in a separated UHV reaction chamber.

These films are necessary for high quality a-Si devices. Thus a super

chamber, based on the separated UHV reaction chamber system, was
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developed, and the quality of a-Si film was investigated in detail with
the super chamber for the first time.

In this chapter, the features of the super chamber, in which a-Si
films of very low impurity concentration can be prepared, are described,
and the properties of the a-Si films are reported in detail. The effect
of impurity reduction on the 1light-induced effect 1is discussed in

Chapter VI.

2-2. Preparation Method and Impurity Concentrations
In this section, the details of the super chamber (separated UHV

reaction chamber) are described.

2=2-1. Preparation method

in order to achieve ultra-high vacuum, gas-supplying systems,
chambers, and pumping systems of the super chamber were designed to
reduce gas leakage from outside and out gas from walls as shown in Fig.
2-1. Its pumping systems, chambers, and gas-supplying systems are
bakable, and they are entirely separated from each chamber, thus
completely avoiding undesirable mixing of residual gases and reaction
gases, In conventional chambers, out gas from the internal surface of
chamber walls and gas-supplying systems is very large, which mainly
causes high impurity concentrations in a-Si films. This is because the
internal surface is not smooth and many voids exist in the material of
the chambers and the gas-supplying systems, and impurity gas remains on
the rough surface and in the voids. In the super chamber,
mirror-polished stainless steel was used as the material of the chamber
walls and the gas-supplying systems, and the voids in the material were

examined by X-ray photographs.to reduce them. Furthermore, high-purity
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N 1
Low-leakage and| UHV reaction UHV pumping
high-purity gas chamber system
system

Fig. 2-1 Block diagram of the super chamber (separated UHV

reaction chamber).
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silane (SiH4), whose impurity concentration was less than 1 ppm except
for hydrogen, was used. Other parts of the super chamber are similar to
those of the consecutive separated reaction chamber system.3) In
depositing a-Si films, capacitively-coupled radio frequency (13.56 MHz)
glow discharge is used; other reaction conditions shown in Table 2-1 are
the same as those in conventional chambers.

Table 2-2 shows background pressure, leakage and out gas in both the
super chamber and the conventional separated chamber. The background
pressure, and the leakage and out gas in the super chamber were improved
from 10'.6 - 10-'7 Torr to 10“8 - 1.0-9 Torr and from 10_5 - 10-6 Torrx
1/sec to 10—7 Torr 1/sec, respectively, as compared with the
conventional séparated chamber. It 1is clear that the super chamber is
effective in achieving UHV.

In order to analyze the amount of the residual gases in each
chamber, the components of the exhaust gases were measured by a
quadrapole GMA (gas mass analyzer, AGA-100, ANELVA). The mass spectra
measured by the GMA in each chamber are shown in Fig. 2-2, which are in
the case of background pressure (a) and in the case of flowing SiH4 in

the chamber (b). Many peaks appear on the mass spectrum for the

conventional chamber in the both cases, for example, HZ’ H,O0, CO or N

2 2°
02 and CO2 which have mass numbers of 2, 18, 28, 32 and 44,
respectively, and the H20 peak is especially large. These peaks do not
appear in the case of the super chamber. These results suggest that
a-Si films deposited in the super chamber may be expected to contain a

less amount of impurities, especially oxygen, compared with the a-Si

films deposited in a conventional chamber.
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Table 2-1 Typical reaction conditions in the super chamber.

Parallel type

Electrode capacitively coupled
RF power 35 mW/cm?

RF frequency 13.56 MHz
Material gas SiH,

Flow rate 5 sccm
Substrate °
temperature 200C
Pressure 0.05 Torr

Table 2-2 Comparison of chamber.

Conventional
cl?:n’i‘f,ir separated
chamber
Back ground 10~ ~ 107 g
pressure (Torr)
Out gas +leakage 07 1010

(Torr-1/s)
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Fig. 2-2 GMA mass spectra of exhaust gases

(a) background (b) flowing SiH4.

- 14 -



2-2-2, Impurity concentrations

Impurities contained in a-Si films deposited in the super chamber
were investigated by IMA (ion microanalyzer) and were compared with
those in films deposi;ed in a conventional single chamber and a
separated chamber, as shown in Fig. 2-3. The impurity concentrations of
oxygen, nitrogen and carbon decreased in the order with the single
chamber, conventional separated chamber, and super chamber. The
concentrations of oxygen, nitrogen, and carbon were reduced to be 2 x

1088 o3, 1 x 107 cm 3, and 2 x 108

cm_3, respectively, in the a-Si
films deposited in the super chamber. Especially the oxygen
concentration in the a-Si films deposited in the super chamber decreased
one order of magnitude as compared with the conventional separated
chamber.

It 1is suggested that the decrease in the leakage and out gas
contributes to the decrease in the impurity concentrations in a-Si
films. Especially, the residual H20 is thought to be related to the

oxygen concentration in a-Si films from the comparison of Fig. 2-2 and

Fig. 2-3.

2-3. Properties of a-Si Films Deposited in the Super Chamber

In this section, the properties of a-Si films deposited in the

super chamber method are described.

2-3-1. Defect density near the midgap
Figure 2-4 shows the ESR (electron spin resonance) signals measured
for a-Si films deposited in.the super chamber and in the conventional
separated chamber. The a-Si films were deposited on quartz substrates
and the thickness was about 1 g m. The volume of the a-Si films was
3

about 1 x 10~ cm3. The ESR measurements were carried out at room
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Fig. 2-4 ESR signals of a-Si films deposited in various chambers.
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temperature and the miérowave frequency was 9 GHz. 1In Fig. 2-4, the two
sharp signals on the both sides of the ESR spectrum were obtained from a
standard manganese sample to estimate the ESR spin density and g-value,
as a reference. The arrows in Fig. 2-4 show the middle point of the ESR
spectrum corresponds to neutral dangling bonds. The ESR spin densities

Ns were estimated as 2 x 1015 cm—3, in the case of the super chamber,

and 4 x 1015 cm-3, in the case of the conventional separated chamber.
The NS of the a-Si films deposited in the super chamber is the smallest
value at present among all previously reported a-Si films.

Figure 2-5 shows the plot of the reciprocal values of the square of
capacitance versus bias voltage for Au/i-a-Si/n-c-Si Schottky diodes,
where c-Si means crystalline silicon, and the resistivity of c¢-Si is
less than 0.01 §Q cm. The sample structure, measurement conditions, and
the measurement circuit are shown in the left part of Fig, 2-5. The
thickness of the a-Si film was about 1 g4 m, and the modulation frequency

was 0.01 Hz. From the slopes of these lines, we can obtain the space

charge density NI which can be expressed by the following equation.

acL/c?y 2
- (2-1)
dv q & 0 Er NI

In eq. (2-1), q, €pe and Er are electronic charge, permittivity

of vacuum, and relative permittivity of a-Si, respectively. & is

r
assumed to 11.5) In Fig. 2-5, capacitance C can be obtained as follows.

Variation ratio k for voltage can be written as follows,

dv

k = = 2fV (2-2)

where f and Vpp are frequency and peak-to-peak voltage for bias voltage,
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respectively. Then C can be obtained as follows,

dQ 1 dQ 1 A1 A1
C = —m———— = e} e = e b — = (2...3)
av k dt  2fVpp 2 4fVpp

where A I means the change in output current.
Reduction of NI is also effective for improving conversion
14

efficiency. N_ was calculated as 5.1 x 10 cm—3 in the case of the

I
super chamber, and 1.74 x 1015 cm-3 in the case of the conventional
separated chamber. The value for the super chamber is the smallest for
all previously reported undoped a-Si films at present.

As both the NS and the NI are related with the density of states

near the midgap, these results show that the density of states near the

midgap have a relation to impurity concentrations.

2~3-2, Defect densiti near the tail states

Photoluminescence of a-Si films deposited in the super chamber and
the conventional separated chamber was measured at 77 K. The
photoluminescence was obtained by excitation with an argon laser
operating at a wavelength of 514.5 nm for samples held in liquid
nitrogen. The a-Si films were deposited on roughened glass substrates
with a thickness of 1 g m to avoid the interference effect. In the case
of the super chamber, the peak energy position of the photoluminescence
spectrum, close to l.4 eV, was higher than that in the case of the
conventional separated chamber, as shown in Fig. 2-6. As the optical
bandgap was the same (1.7 eV) for the both films, the shift of the peak
to high energy was thought to indicate a reduction of the density of
states near the band tail.

Optical absorption coefficients were measured, including the

absorption coefficients for below the bandgap ( -1.7 eV) region. They
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were determined by the.constant photocurrent method6), assuming that all
absorbed photons are contributes to the observed photocurrent.
Co-planar type electrodes were used, and the thickness of the samples
was 1 gm. 1In the case of the super chamber, the optical absorption
coefficient below 1.5 eV is smaller than that of the conventional
separated chamber, as shown in Fig. 2-7.

These results suggest that the density of tail states also has a
possitive correlation with impurity concentrations, and that it can be

reduced in the case of a~Si films deposited in the super chamber.

2-3-3. Electrical properties

Electrical properties were also investigated as follows. Figure
2-8 shows dark conductivity (0d) and photoconductivity ( O ph) of a-Si
films deposited in the super chamber as a function of pressure during
the deposition. It seemed that the dark and photoconductivities of a-Si
films deposited in the super chamber were similar to those of a-Si films
deposited in the conventional separated chamber.

Hole diffusion length L of the both a-Si films was estimated by the
surface photovoltage method7), by measuring the correlation between the
photovoltage and the optical absorption ‘coefficient a'. White bias
light of AM-1 100 m.W/cm2 was irradiated during the measurement in order
to realize the operating condition as a material for a solar cell. The
hole diffusion length of a-Si films deposited in the super chamber was

about 1 gm, which was 60 % larger than that of a-Si films deposited in

the conventional separated chamber, as shown in Fig. 2-9.

- 21 -



10
—e—Super chamber 48
--0-- Conventional 2
separated 59‘&
chamber Jd
1 ',7
5 $
‘g'/
d
0 3
g 10T {
§ b
° J
. C J
a [
=, g
a 107} S
Q 9 [
< gao.
&
/
[ ]
10’ : :
1.0 1.5 2.0 2.5

Photon energy (eV)

Fig. 2-7 Optical absorption coefficients of a-Si films deposited

in various chambers.

T 5‘"“‘9--—8-7r-
—s—

‘e R

R

'c _|

~ 10

>

= I

0

3 -

5 10| , .

O | Te = !. _____ ® e~ i
1} 0d
10

0.05 0.1 0.2 0.30.4

Pressure (Torr)

Fig. 2-8 Photoconductivity ( aph) and dark conductivity ((Td) of
a-S5i films deposited in the super chamber as a function

of pressure.

- 22 -



T L~0.6(xzm)

Conventional
separated
chamber

L~1 (um)
Super chamber

Intensity (arb.unit)

I =const(l/a+ 1)

Fig. 2-9 Light intensity versus a"l ( a : optical absorption

coefficient) plots for estimation of the hole diffusion

length L by the surface photovoltage method.

- 23 -



2-3-4. Discussion on film properties
There are several reports on the corelation between the properties

2,4,8,9)

of a-Si films and the impurity concentrations in the film. The

author reported that the space charge density NI increased in

proportional to the square root of the nitrogen or oxygen concentration

2)

in the a-Si films and the detail is discussed in Section 6-4. The
reduction of NI in the a-8i films deposited in the super chamber is also
thought to show the same tendency. Namely, the charged states were
decreased by the reduction of impurities.

The reason for the reduction of the ESR spin density NS with
decrease in the dimpurity concentration is not clear. But the
incorporation of the impurities 1is thought to cause the increase in
microscopic distortion of the atomic network, which creates a part of
dangling bonds. As described in 2-3-2, reduction of the density of tail
states, which corresponds to the extent of microscopic disorder, also
shows the change in the microscopic distortion with impurities.

As a result, high-quality a-Si films with low density of states and

large hole diffusion length were obtained by the super chamber method.

2-4. Application to Solar Cells

As mentioned above, high-quality a-Si films can be deposited in the
super chamber, which is an important factor in the improvement of
characteristics of a-Si devices. With this in mind, a-Si solar cells
were fabricated by the super chamber method.

The illuminated I-V characteristics and the cell structure are
shbwn-in Fig. 2-10. A textured TCO (Transparent Conductive Oxide) film
was dep§sited on a glass substrate, Then the p-type a-SiC:H was

deposited in the reaction chamber of a conventional type (not UHV) with
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the photo-CVD method Qith SiZH6 + C2H2 + B2H6 in order to prevent the
contamination of oxygen from the TCO caused by ion attack during the
following deposition of i-layer with a glow discharge method. The
i-layer and the’ n-layer are a-Si:H deposited in the glow discharge
method with SiH4 and SiH4 + PH3, respectively. And finally, a silver
back electrode was deposited. The quality of the i-layer was improved
by the super. chamber method, as mentioned above. The open circuit
voltage (Voc), short circuit current density (ISC), and fill factor
(F.F.) were 0.915 vV, 18.1 mA/cmz, and 0,705, respectively. A conversion
efficiency of 11.7 % was obtained with a cell size of 1 cmz, under
illumination of AM-1, 100 mW/cmz. For comparison, an a-Si solar cell
with the same structure was fabricated in the conventional separated
reaction chamber, and a conversion efficiency of 10.8 %4 was obtained,
where the Voc’ Isc, and F.F. were 0.902 vV, 17.9 mA/cm2 and 0.671,
respectively. The difference of the both cell is the difference in the
impurity concentration of the i-layer, which mainly affect the F.F.

Therefore, it is concluded that high performance a-Si solar cells

can be fabricated with the super chamber method.

2-5. Summary

The separated UHV (ultra-high vacuum) reaction chamber system,
called the super chamber, was developed for the first time. A
background pPressure of 10—9 Torr, which is two to three orders 1lower
than that obtained with a conventional separated reaction chamber, was
achieved, and a gas leakage level of 10-'7 Torr 1/sec was also achieved.
The exhausted gas was investigated by GMA, and there were no signs of
N2, H20 and so on, which did appear in the GMA spectra of the

conventional chamber.
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The a-Si films deposited in the super chamber were systematically

studied. Impurity concentrations of oxygen, nitrogen, and carbon,

7

measured by an ion microanalyzer, were 2 x 1018 cm_3, 1 x 101 cm-3, and

2 x 1018 cm_3 » respectively. These values were three to ten times
lower than the impurity concentrations of a-Si films deposited in the
conventional separated reaction chamber. The ESR spin density and hole
diffusion length of a-Si films deposited in the super chamber were 2 x
1015 cm-3 and 1 £ m, respectively, which were about two times superior
to those of a-Si films deposited in the conventional separated reaction
chamber,

A conversion efficiency of 11.7 % was obtained for a glass/textured

TCO/pin/Ag a-Si solar, cell, whose i-layer was deposited in the super

chamber.
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ITII. SUPER STRUCTURE A-SI FILMS AS WIDE-

BANDGAP MATERIALS FOR SOLAR CELLS

3-1. Introduction

Amorphous silicon (a-Si) solar cells have been rapidly coming into
practical use. The conversion efficiency of the a-Si solar cell was
improved to 11.7 % with a high quality i-layer deposited with the super
chamber method and a highly conductive p-layer deposited with the
photo-CVD method 1). To apply the a-Si solar cell as an electric power
source, further improvement in the conversion efficiency is required.

One of the key points for improving conversion efficiencies is the
effective utilization of incident light. However, there is one problem
with the film properties of p-type a-SiC:H films which are used in pin
a-51 solar cells. Namely, the photoconductivity of the p-type a-SiC:H

2)

film decreases as the optical bandgap increases in excess of 2.0 eV
and both high photoconductivity and large optical bandgap are required
for the p-layer of the high-efficiency a-Si solar cell.

The a-Si super structure film was expected to show several

interesting new properties 3’4).

In the previous work, the super
structure films were deposited with the glow discharge (GD) method. In
- the GD method, deterioration of interface properties by plasma damage was
suggested 5’6). Therefore, a super structure a-Si film was deposited
with the photo-CVD method for the first time in order to prevent the
plasma damage td interfaces of super structure films. It was found that
films of high photoconductivity can be obtained with a wide optical

bandgap. Then a new type of solar cell was developed with using the

super structure as the p-layer of an a-Si solar cell, also for the first

time.
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In this chapter,-the structural, optical and electrical properties
of a-Si super structure films are described, and the difference between
the photo-CVD method and the glow discharge method as a preparation
process for a-Si super structure films 1is discussed. Furthermore, the
first application of a-Si super structure films to the window layers of

a-8i solar cells is reported.

3-2. Preparation and Structural Analysis
3-2-1. Preparation method and reaction condition

a-Si super structure films were deposited with the photo-CVD method
for the first time. TFor comparison, similar films were also deposited
with the GD method. Typical reaction conditions are shown in Table 3-1.
The structure of samples was periodically alternated with a-Si:H (well
layers) and a-SiC:H (barrier layers). In the photo-CVD method, direct

photolysis6)

of source gases was used. The light sources were emission
light of 184.9 nm and 253.7 nm from low-pressure mercury lamps with light
intensities of 5 m.W/cm2 and 30 mW/cmz, respectively. The reaction gas
was SiZHG + CZHZ for a-SiC layers, and SizH6 for a-Si layers. 1In the
case of the GD method, conventional reaction conditions were used, as
shown in Table 3~1. 1In the super structure films mentioned below, both

the well layers and the barrier layers were basically undoped films if

not mentioned.

3-2-2, Structural analysis

In order to analyze the structure of a super structure film, a-Si:H
layers of 25 X and a-SiC:H layers of 25 A were alternately deposited by
the photo-CVD method. The depth profiles of composition atoms (Si, C)

were measured by AES (Auger electron spectroscopy). The atomic
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Table 3-1 Typical reaction conditions.

Photo-CVD method  Glow discharge method

Barrier layer Well layer Barrier layer Well layer

Gas flow
rate(SCCM)
Substrate
temp. ("C)
Pressure (Pa)
Depo. rate
(A/min)
Decomposition

a-SiC a-Si SiC a-Si
Si,Hy30  Si,H,30  SiH,10  SiH, 30
C,H, 10 CH, 10
300 300 200 200
100 100 30 30
25 25 20 50
light source RF power: 30 mW/cm?
184.9 nm:5 mW/cm?® (13.56 MHz)

253.7 nm:30 mW/cm? capacitively coupled
(low pressure mercury
lamp)
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concentration of Si and C varies periodically, in accordance with our
design, as shown in Fig. 3-1. The sharpness of the AES signal is
deterﬁined by the limit of the depth resolution of the AES measurement
system,

Figure 3-2 shows the X-ray diffraction of an a-Si super structure
film in which a-Si:H film of 50 X and a-SiC:H film of 30 K were stacked
alternately by the photo~CVD method. The Bragg reflection peak 1s 1,10
degrees, which corresponds to the periodical structure of 80 Z as given
by eq.(3-1).

A

sin@ = oL’ (3-1)

where : @ is the diffraction angle, A is the wavelength of the X-ray
(1.54 Z), and L is the repeat distance of each layer. The thickness
fluctuation of the interfaces between a-Si:H and a-SiC:H was estimated to
be less than 7 A from the fact that the full width at half maximum of the
peak was less than 9 % of the diffraction angle of the peak.

Therefore, the periodicity of the amorphous super structure film
prepared by the photo-CVD method was thought to be sufficient, which

quantum effect can be expected.

3-3. Optical Properties of Super Structure Films
3-3-1. Optical bandgap

Figure 3-3 shows the optical bandgap (Eopt) and the B-value as a
function of the well layer (a-Si:H) thickness. The Eopt and the B-value

were determined by the Tauc plot (h v -/@hyplot), as expressed by
eq. (3-2).

vahv=B(hv—Eopt). (3-2)

- 32 =



a-SiC a-SiC a-SiC

——- 7 ———-
TWRN
/25A 25A / /
[/
i 7 )
a-Si a-Si a-Si  a-Sij
~ 10000
'g Si
Ko
£ 8000@/\/\/\
=
@  6000f
9L
£
g 4000 ‘.‘ .[\_\ Kot !.\.C
2 vl / \\ II \\ /
o 2000y fo5 LN SN
o \/ “J Y5 N\
3
< 0 1 1 1
0 50 100 150
Depth (A)
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The barrier layer (a-SiC:H) thickness was fixed at 25 Z, and the
well layer thickness was varied from 8 X to 500 Z. Eopt of the barrier
layer and the well layer were 2.35 eV and 1.95 eV, respectively. Eopt of
the well layer is large compared with that of the conventional a-Si film
prepared by the glow discharge method. The large Eopt is always observed
for the a-Si film prepared by the direct photo~CVD method.7) As the well
layer thickness decreased below 50 X, the Eopt increased from 2.0 eV to
2.2 eV and the B-value increased from 900 to 1100 (eV1/2 cm-llz). The
blue shift in Eopt of the a-Si super structure films prepared by the

photo-CVD method was thought to be caused by the separation of the lowest

quantum effect level in the Kronig-Penny model as given by eq.(3-3)

E = 52 ( n
' 2m] d

) ’ (3-3)

where, E, me* and d are energy level, effective mass of electron, and
well layer thickness, respectively. The me* was assumed to be 0.8 m
where m, is electron mass. In this model, the effect of hole quantun
level on the increase in the Eopt is not included for simplification, and
the assumed value of the me* is relatively large compared with the value
of a previous report (me* = 0.6 me) which included the effect of hole

8)

quantum level. This model showed good agreement with the experimental

values shown in Fig. 3-3, and the quantization effect was confirmed.

3-3-2. Photoluminescence

Photoluminescence (PL) spectra of the super structure films were
measured with the irradiation of Ar+ laser (5145 R) at 77 K. The peak
energy of the PL as a function of the well layer thickness is shown in

Fig. 3-4. The peak energy increases with the decrease in the well layer
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thickness, which is the blue shift of the PL. The blue shift was
observed for the super structure a-Si films prepared with the GD
method.4) The origin of the blue shift is thought to come from the

formation of mini-band in the conduction band by the quantization effect.

3-4, Comparison of Preparation Method
a-Si films prepared with the GD method are affected by high-energy
particles in the plasma. It is possible to obtain a-Si films with less

damage by using the photo-CVD method.S)

In order to investigate the
effect of plasma damage on interfaces in a-Si super structure films, the
absorption spectra and the PL spectra were measured for an a-SiC alloy
and a super structure film, both deposited by the glow discharge method,
and a super structure film deposited by the photo-CVD method. In order
to clarify the difference in the PL intensity, boron was doped to the
barrier layers, because it increases non-radiative recombination and the
intensity of the PL from the barrier layer will become negligibly small.
The gas flow rate ratio of B2H6/(812H6 + C2H2) (photo-CVD) or B2H6/ (SiH4
+ CH4) (GD) was 1 %. 1In the a-SiC alloy, the gas flow rate was the
average of the gas flow rates which were used for the deposition of the
well layer and the barrier layer in the super structure film prepared
with the GD method.

Figure 3-5 shows the Tauc plots of these samples. In the case of
the super structure films, Eopt increases to a small extent and the
B-value increases extensively.

In the PL spectra, differences among these samples are very great,
as shown in Fig. 3—6.. The PL intensity of the super structure film is

about 100 times larger than that of the alloy. 1In addition, the PL

intensity of the super structure film prepared with the photo-~CVD method
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is about 4 times larger than that of film prepared by the GD method.
These results may suggest that the photo-CVD method causes less damage to
the interface than the GD method because of the decrease in non-radiative
recombination. Good super structure film with many interfaces was thus

obtained by using the photo-CVD method.

3-5. Electrical Properties Vertical to the Interfaces

The transport properties vertical to the interfaces of the
super structure films were also investigated. The current-voltage
characteristics vertical to the interfaces of the super structure films
are shown in Fig. 3-7. The experimental values, indicated by black dots,
correspond well to the calculated values from curve fitting, shown by the
solid line, which are based on the tunneling transport as given by

eqs.(3-4) and (3-5).

I aVxp(—b/V) (3-4)

and
4v/2mi(q qSB)%

where ¢}3is the barrier height of a-SiC:H to a-Si:H, and me* was assumed
to be 0.8 m,, as mentioned in 3-3-1. The barrier height ¢ B estimated
from the slope of the I/V2 vs. 1/V plot was 0.3 eV.

The activation energies of dark conductivity for both the a-Si (well
layer) and a-SiC (barrier layer), were larger than 0.7 eV, but the
activation energy of the super structure films was smaller thaﬁ 0.4 eV.
Therefore, the carrier transport mechanism of the super structure films
is not the sum of that of each layer, and it is thought to be tunneling

effect because of the low activation energy compared with the activation
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energy of each layer in the super structure films.

These results indicate that the carrier transport mechanism in dark
is mainly the tunneling effect in the super structure films.

The photoconductivity ( oph) and dark conductivity ( ad) vertical to
the interfaces of the a-Si/a-SiC super structure films were measured.

The results are shown in Fig. 3-8 as a function of Eo . If boron is

pt
doped to the barrier layer, narrowing of Eopt occures, and the difference
in E between the barrier layer and the well layer will become small.

opt
Then, for the application to the window layers of a-Si solar cells

described later, 1 % boron was doped into a-Si films (well layer) in the
doped super structure films. In the region of Eopt:> 2eV, the
photoconductivity of the super structure films was much higher than that
of a-SiC films prepared by the glow discharge method, even in doped super
strucutre films.

The a-Si/a-SiC superlattice structure film was found to show good

properties as a wide bandgap material.

3-6. Application to Solar Cells

A new type of solar cell using the superlattice structure has been
developed. In a pin a-Si solar cell, high conductivity and a
wide-bandgap are required for the p-layer in order to obtain a high
conversioﬁ efficiency. As mentioned earlier, the a-Si/a-SiC super
structure p-layer prepared by the photo~-CVD method shows excellent
conductivity in the region of wide-bandgap compared with the conventional
p-a~-SiC alloy. For this reason, a super structure film was used as the
p-layer for an a-Si solar cell for the first time. The cell structure
was glass/TCO(Transparent Conductive Oxide)/super structure p-i-n/Metal,

as shown in Fig. 3-~9, and the cell size was 1 cm2. The super structure
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p-layer was prepared by the photo-CVD method, and it was composed of
three a-Si layers (25 Z) and three a-SiC layers (25 K) stacked
alternately. The a-Si i-layer (5000 X) and n-layer (400 K) were prepared
by the glow discharge method.

An example of the collection efficiency spectrum of the solar cell
is shown in Fig. 3-10 with a typical collection efficiency spectrum of a
conventional a-Si solar cell. As for boron doping, the difference in
Eopt between the barrier layer and the well layer will become small if
boron is doped to the barrier layer. 1In this case, therefore, 1 % boron
was doped only to the a-Si layers in the super structure p-layer.
The collection efficiency at shért wavelengths was remarkably high, and
the short circuit current density (Isc) was 17.9 mA/cmz, which is a
relatively large value compared with Isc of the conventional solar cell (
16 mA/cmz). But the open circuit voltage Voc (0.752 V) and the fill
factor F.F. (0.623) were low, and the conversion efficiency was only 8.39
% under AM-1, 100 mW/cmZ.

In order to increase Voc and F.F., boron was doped to both the a-Si

layers (B2H6/SiZH6=O'1 %Z) and the a-SiC layers (B2H6/512H =0.5 %) to

6
increase hole density by increasing total acceptor density in the
p~layer. The illuminated I-V characteristics of this type of solar cell
are shown in Fig. 3-11. ISc was 17.3 mA/cmz, which is small compared
with the cell mentioned in the previous paragraph because of the increase
in the light absorption in the p-layer, but Voc and F.F. were improved to

0.872 V and 0.694, respectively, and a conversion efficiency of 10.5 %

was obtained.
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3~7. Summary

Amorphous silicon super structure films were prepared by the
photo-CVD method for the first time. The periodicity of the structure of
the a-5i/a-SiC super structure film was confirmed by AES and Bragg
reflection of X-ray. The thickness fluctuation of the interfaces of the
film was estimated to be 7 Z. The quantization effect was observed in
the dependence of the optical band gap and the B-value on the thickness
of well layer. It was found that the photoluminescence intensity of
super structure films prepared by the photo-CVD method was about four
times larger than that of similar films prepared by the glow discharge
method. It shows the superiority of the photo-CVD method for the
preparation of super structure films, compared with the glow discharge
method. The carrier transport mechanism vertical to interfaces of the
super structure film was thought to be mainly the tunneling transport in
dark from I-V characteristics.

A new type of solar cell was also developed using the super
structure as the p-layer of an a-Si solar cell for the first time. A
remarkable increase in the collection efficiency in the short-wavelength
region was observed, and a conversion efficiency of 10.5 % was obtained

for a glass/TCO/p-super structure/in/metal a-Si solar cell.
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IV. A-SIGE:H:F FILMS AS NARROW-BANDGAP

MATERIALS FOR SOLAR CELLS

4~1. Introduction
In the field of a-Si solar cells, the conversion efficiency has been

)

improved to 11.7 Z.l But, in order to use a-Si solar cells for
power-generatiﬁg systems, much higher conversion efficiency is desired.
Therefore, multi-bandgap a-Si solar cells, which. can utilize wide
spectrum of sunlight, have been investigated. The most important problem
in the development of a multi-bandgap a-S1 solar cell is the preparation
of high-quality wide-bandgap and narrow-bandgap layers. Concerning wide-
bandgap material, a-Si super structure films were found to have goéd

2)

properties, as described in detail in Chapter III. As for narrow-

3) and a—SiSn:HA)

bandgap materials, a-SiGe:H have been investigated;
however, the film quality of these materials was not sufficiently high.
Recently, Shimizu et al. have proposed a-SiGe:H:F, which can be
prepared by a glow discharge in SiF4 + GeF4 + HZ’ as a high-quality
5)

narrow-bandgap material, and Wagner et al. reported a-SiGe:H:F
prepared by a glow-discharge method.6) However, there are few reports on
a-8iGe:H:F in which the preparation condition was widely studied.

In this chapter, the preparation condition of a-SiGe:H:F was widely
investigated. Here, atomic configuration 1is discussed. The device

properties, including interface characteristics, were also mentioned for

use in solar cells.

4~2. Preparation
a-5iGe:H:F films were deposited with capacitively coupled RF (radio

frequency) glow discharges in S1iF, + GeF, + H

4 4 which 1is the same

2’
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)

reported by Nozawa et al5 . The schematic diagram of the experimental
apparatus and the reaction conditions are shown in Fig. 4-1 and Table
4-1, respectively. A consecutive separated reaction chamber apparatus

N The

was used because the intermixing of impurities could be reduced.
substrate temperature Ts ranged from 150 to 250°C, the RF power from 30
to 100 W, theApressure from 0.1 to 1.0 Torr, the flow rate of SiF4 from
50 to 250 sccm, the flow rate of GeF4 from 0.5 to 2.0 sccm, and the flow
rate of H2 ranged from 10 to 50 sccm.

Under the reaction conditions, the gas flow rate of GeF4 was
remakably small since the incorporation efficiency of Ge atoms from GeF4
was so high. For a-SiGe:H:F prepared under the standard reaction
condition, the substrate temperature was 180°C, the RF power 50 W, the
pressure 0.3 Torr, and the SiF4 flow rate 100 scem. The atomic
concentration of each element in the a-SiGe:H:F films was analyzed by
Auger electron spectroscopy (Fig. 4-2). The germanium and the fluorine

concentrations of this film were estimated to be about 60 % and about 0.6

%, respectively, from the spectrum in Fig. 4-2.

4-3. Film Properties

As for the film property of a-SiGe:H:F, Shimizu et al. reported
carrier transport characteristics of a-SiGe:H:F prepared with restricted
reaction conditions, and observed a non-dispersive hole transports).
There has been no report, however, on the structural properties of
a-5iGe:H:F an film. Furthermore, there has been no report on film
properties of a-SiGe:H:F prepared with a wide range of reaction
conditions. From the viewpoint of dimproving £film quality, both
investigations on the structural properties and on the reaction condition

dependence of film properties are extensively required. These are the
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Table 4-1 Reaction conditions for a-SiGe:H:F.

T, 150~250°C
RF Power 30~100 W
Pressure 0.1~1.0 Torr
SiF, 50~250 sccm
- Flow rate GeF, 0.5~2.0sccm
H, 10~50 sccm
[SiFs+ GeFy+ Hy| [SiHe+BzHg
[SiH4+PH{ [SiH4] [SiH4+CHa+B2Hg|
Shutter
S e h e i_
B, Ve, I, fe— (e
Substrate
T 3 W 1
Vacuum

Fig. 4-1. Consecutive separated reaction chamber apparatus

for the deposition of a-SiGe:H:F films and devices.
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Fig. 4-2 Auger electron spectra of a-SiGe:H and a-SiGe:H:F.
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purpose of this section.

In order to optimize the reaction conditions of a-SiGe:H:F, the flow
rate ratio, RF power and substrate temperature were varied as parameters.
Also, when one of these parameters was varied as described below, the
others were kept at the values of the standard conditions mentioned in
the previous. section. The dark conductivity ( O'd) was measured with
electrodes of co-planar type on a glass substrate; the photoconductivity
( aph) was also measured with the same configuration under illumination
of AM-1, 100 mW/cmz, and the optical bandgap (Eopt) and Raman spectra

were measured for a-SiGe:H:F deposited on a glass substrate.

4-3-1. GeF4 flow rate dependence

The 0&, aph and Eo

function of the flow rate ratio of GeFa/(SiF

pt of a-SiGe:H:F are shown 1in Fig. 4-3 as a

4 + GeF4).

As shown in Fig. 4-3, a boundary appears between GeF4/(SiF4 + GeF4)

= 0.8 % and 0.6 %, that is, at about 0.7 %. In the case of GeF4/(SiF4 +

0.7 %, the 0O and the O, was almost the same, and E was
. ph d opt

around 1.0 eV. The Raman spectrum of the film which corresponds to a

1

GeF4)

GeF4 flow rate ratio = 0.8 7Z has only one peak at 305 cm~1, as shown in
Fig. 4-4(a). This shows that the film is microcrystalline germanium (g
c-Ge) rather than a-SiGe:H:F. Wagner et al. reported that the SiGe:H:F
films deposited with DC (Direct Current) glow discharge were amorphous in
the case of GeF4 (SiF4 + GeF4) = 20 %, and that the difference between RF
and DC deposition in the boundary of flow rate ratio for microcrystalline
mainly comes from the difference in the electrode geometry.s)
In the case of GeF4/(SiF4 + GeF4) = 0.7 %, the Raman spectrum of

this film indicates that it was amorphous (Fig. 4-4(b)) when the flow

rate ratio was 0.6 Z. For comparison, the Raman spectrum of a
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conventional a-SiGe:H deposited with the glow discharge decomposition of

S:‘LH4 + GeH4 + H2 is shown in Fig. 4-4(c), where the Ge concentration was

60 Z and the Eopt was .1.4 eV. The peak positions for TO phonon of Si-Ge
(380 cm_l) and Ge-Ge (265 cm-l) of a-SiGe:H:F were shifted to the higher
values compared with those of a-SiGe:H, but the whole Raman spectrum of
a-SiGe:H:F was almost similar to that of a-SiGe:H. Although the fluorine
atoms may cause some changes in local atomic configuration in a-SiGe
films, the whole atomic bonding structure of a-SiGe:H:F did not show a

large difference from that of a-SiGe:H.

4-3-2, RF power dependence

The cfd, aph’ and Eo of a-5iGe:H:F were shown in Fig. 4-5 as a

function of RF power during glow discharge deposition. Eopt of

pt

a-SiGe:H:F increases with the increase of RF power, which suggested that
the gas decomposition ratio of SiF4 and GeF4 was varied with RF power.
Namely, in the low RF power region, the GeFA gas decomposed well but the
SiF4.gas did not decompose well; an increase in germanium contents in

a-5iGe:H:F caused a decrease in Eopt' In the high RF power region, the

SiF4 gas also decomposed well; a decrease in germanium contents in

a-S5iGe:H:F caused an increase in Eopt' These results suggest that the RF

power dependence of EOpt comes from the difference of the decomposition

and GeF 9)

energy between SiF4 4 e

4-3-3. Substrate temperature dependence

The 0&, aph’ and Eo of a-SiGe:H:F films are shown in Fig. 4-6 as

4

pt

a function of the substrate temperature TS. The ‘Tph was about 1 x 10

§2"1 cm-'l and was not remarkably changed with Ts. The O however,

d’

increased with an increase in Ts'
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The Raman spectra of three a-SiGe:H:F films deposited at different
Ts are shown in Fig. 4-7. All the spectra have three broad peaks which
originate from Si-Si bonds (~—480 cm-l), Si-Ge bonds (—~400 cm_l) and
Ge-Ge bonds (~~250 cm-l) in a-SiGe:H:F. In addition to these broad
peaks, the spectra of T, = 220°C and I, = 240°C show narrow peaks at 500
cm_l, which indicate that the silicon atoms in a-SiGe:H:F films partially

microcrystallize when T, is higher than 220°c.

4=3-4. Discussion on film properties

The above mentioned dependence of a-SiGe:H:F film properties‘ on
deposition conditions were investigated as follows.

The sharp dependence of film properties on the gas flow rate ratio
of GeFa/(SiF4 + GeF4) can be explained by a change in the atomic network.

As mentioned earlier, when the flow rate ratio of GeF4/(SiF + GeF

4 4)
increased from 0.6 to 0.8 %, the sharp peak of fc-Ge was observed and
the peaks of Si~Si bonds, Si-Ge bonds, and Ge-Ge bonds disappeared in the
Raman spectrum. This result shows that a drastic change occurs in the
atomic network when the GeF4 flow rate increases from 0.6 to 0.8 %,
(Figs. 4-3 and 4-4). Both the remarkable increase in the dark

conductivity and the decrease in Eo are thought to be caused by the

pt
formation of f c-Ge.

From the view point of reaction process, the reaction kinetics for
the formation of y c-Ge is not clear. As for [ c-51 prepared with the
glow discharge in SiH4 + HZ’ the key factor for the formation of an
I c-Si structure is the high dilution with hydrogen, and drastic change
in the conductivity with the gas flow rate ratio of HZ/(SiH4 + HZ) was
0)

also reported.l In the case of a-SiGe:H:F, a high dilution with

hydrogen is required (Table 4-1); a drastic change in the conductivity
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was also observed as shown in Fig. 4-3. These tendencies indicate the
similarity between g c-Si and g c-Ge in the reaction kinetics.

The dependence of the film properties on the substrate temperature
(Fig. 4-6) also indicates a change in the atomic network. In this case,
the peak of Yy c-Si appeared in the Raman spectra when the substrate
temperature increased to more than 200 °C; however , the peaks of the
Si-Si, Si-Ge and Ge-Ge bonds did not disappear. This result indicates
that the amorphous Si-Ge network does exist, even if g c-Si appears. As
aph and o‘d are almost constant when the substrate temperature increases
to more than 200 °C, they are thought to be determined by not g c-Si but
Si-Ge network.

After optimizing the reaction condition, aph’ o‘d and Eopt were
10-4§2—1 cmfl, 10-7§2—1cm-1, and 1.4 eV, respectively, for a high-
quality a-SiGe:H:F film, where the substrate temperature was 180 °C. The

germanium concentration of this film was 60 Z.

4~4. Device Characteristics
4-4~1, I~V characteristics of Schottky diodes

In order to examine the electrical characteristic of a-SiGe devices,
Schottky diodes were fabricated. a-SiGe:H:F and a-SiGe:H were deposited
on n+type crystalline silicon (c~Si) substrates, and Au (gold) electrodes
were evaporated as a barrier metal. The current-voltage (I-V)
characteristics of these diodes are shown in Fig. 4-8, where E ¢ of both
films was 1.4 eV,

In the case of a-SiGe:H:F, which is represented by solid lines, the
rectification ratio was more than 107 at a bias voltage of 1 V. This
value was two orders higher than the rectification ratio of the a-SiGe:H

diode. The diode quality factor n and the reverse saturation current
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Fig. 4-8 Dark current-voltage characteristics of a-SiGe

Schottky diodes.

Table 4-2 Diode characteristics of Schottky diodes.

a—SiGe:H a—SiGe:H:F
n 1.88 1.12
1g (A/cm?) 5x1079 4x10710
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density I (A/cmz) are shown in Table 4-2. These two values also

0

indicate the small carrier recombination rate in the a-SiGe:H:F diode.

4-4-2, Collection efficiency spectra of pin diodes

In order to apply a-SiGe:H:F to solar cells, pin diodes with
i-layers of a-SiGe:H:F were fabricated. A p-layer (a-Si:H) of 150 & was
deposited on-a glass/SnO2 substrate, then an i-layer of 5000 X and an
n-layer (a-Si:H) of 400 Z‘were deposited.

During the deposition of a-S5iGe:H:F, a large number of fluorinated
radicals exist in the glow-discharge plasma; they can affect the
previously deposited p-layer. The conventional p-layer for a pin cell
whose i-layer is a narrow bandgap material (such as a-SiGe:H) was a-Si:H,
because the difference of Eopt between p type a-Si:H and a-SiGe:H was not
very large. In the case of the p type a-Si:H, the p~layer may be
deteriorated by fluorinated radicals. Therefore, a~-SiC:H was préposed to
use for p-layer of a pin cell whose i-layer was a-SiGe:H:F.

The collection efficiency spectra are shown in Fig. 4-9; the solid
line is for p(a-SiC:H)-i(a-SiGe:H:F)-n(a-Si:H), and the broken 1line is
for p(a-Si:H)-i(a-SiGe:H:F)-n(a-Si:H). The collection efficiency of the
proposed cell structure was much higher than that of the conventional
cell structure. It was also higher than that of the p(a-SiC:H)-i(a-Si:H)
-n(a-Si:H) cell which is the standard cell structure of a single bandgap
a-Si solar cell in the long-wavelength region. Although the conversion
efficiency of the p(a-SiC:H)-i(a-SiGe:H:F)-n(a-Si:H) cell is low (~5 %),
the collection efficiency at the wavelength of 800 nm was improved to 32
%, where the collection efficiency at the same wavelength was about 20 %

in the case of a pin solar cell whose i-layer was a-SiGe:H,
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4-5, Summary

a-S5iGe:H:F films were widely investigated as a high-quality narrow-
bandgép material. g c-Ge can be obtained when the gas flow rate ratio of
GeF4/(SiF4 + GeFA) is more than 0.7 7Z;fc-Si can be observed in a-SiGe:H:F
when substrate temperature Ts is more than 220 °C. As for the optimum
reaction condition, Ts is 180 °C and the germanium concentration was 60
%. Using the optimum reaction condition, a rectification ratio greater
than 107 was obtained for an a-SiGe:H:F Schottky diode at a bias of 1 V.
A collection efficiency of 32 7 was obtained at a wavelength of 800 nm

with a p(a-SiC:H)-i(a-SiGe:H:F)-n(a-Si:H) diode.
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V. THEORETICAL ANALYSIS OF MULTI-BANDGAP A-SI SOLAR CELLS

5-1. Introduction

Hydrogenated amorphous silicon (a-Si) solar cells have been
gathering much attention as low cost solar cells. One of the most
important problems, however, has been their low conversion efficiency
compared with crystalline silicon (c-Si) solar cells. Recently, the
conversion efficiency of the a-Si solar cells has been improved to

exceed 11 %1’2)

with the progress of research on new window materials,
such as a-SiC. The theoretical efficiency was calculated for the pin
a-Si solar cell with an optical bandgap of 1.7 eV, and estimated to be
12,5 7% under AM-1 sunlight.B) Since the energy loss 1is mainly due to
imcomplete use of incident light, effective use of the incident light is
the most important point in improving.the conversion efficiency of a-Si
solar cells. There have been few reports on systematic studies for the
effective use of the incident light in a-Si solar cells.

In this chapter, a theoretical calculation of output characteristics
of an a-Si solar cell is described. Next, the theoretical conversion
efficiency of amorphous solar cells is discussed, when optical bandgap of
bulk material is varied. Based on the above results, a new structure
called a multi-bandgap solar cell, in which amorphous solar cells with
different optical bandgaps are stacked in series, is described. Its
optimization 1is studied to calculate the theoretical conversion
efficiency of the multi-bandgap solar cell. Finally, materials needed to

realize the optimized multi-bandgap solar cell are investigated.

5-2, Calculation of Theoretical Conversion Efficiency for a-Si

Solar Cell
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In this section, a basic procedure to obtain the theoretical output

characteristics of a pin type a-Si solar cell is described.

5-2-1. Equivalent circuit

An equivalent circuit of a solar cell used here is shown in Fig.
5-1. 1In the figure, Iph’ Id’ Ish’ I and V are photocurrent, dark diode
current, shunt current, output current, and output voltage, respectively,
where Rs and RSh are series and shunt resistances, respectively.

There are two kinds of photocurrents in a solar cell : diffusion
current and drift current. 1In the case of a c¢-Si solar cell, the
diffusion length of minority carriers is much longer than the width of
the depletion layer, and so, Iph is mainly produced outside of the
depletion layer, and the output voltage dependence of Iph is ﬁegligibly
small. On the other hand, in the case of an a-Si solar cell, since the
diffusion length of minority carriers is almost the same as the width of
the depletion layer, Iph is mainly produced in the depletion layer, and
thus Iph strongly depends upon the output voltage. Therefore, in the
analysis of the energy conversion process of the a-Si solar cell, the
output voltage dependence of Iph must be considered,

The output current I(V) under illumination is

L(V)= 1, (V)= 14(V)= I (V) (5-1)
where the dark diode current is represented as follows:

a(V+IR) }

= . —— 5-2
Id(V) Io{exp 1 (5-2)

nkT

In eq. (5-2), IO’ g, n, k, and T are reverse saturation current,
electronic charge, diode quality factor, Boltzmann's constant, and

absolute temperature, respectively. ISh can be written as follows:
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V+ 1R,

[ = —= (5-3)

sh RSh
In the a-Si solar cell, Rsh is varied with light intensity, whereas RSh
is constant in the c¢~-Si solar cell. Therefore, RSh in this study is

assumed to be the value under solar irradiation (AM-1, 100mW/cm2).

5-2-2. Sequence of calculation

As mentioned above, the output voltage dependence of the
photocurrent Iph(V) is required for the calculation of the theoretical
output characteristics of the a-Si solar cell. Iph(V) is determined by
the electric field distribution in the depletion layer, so one must
calculate the charge distribution, which is influenced by the gap state,
to solve Poisson's equation.

Therefore, the sequence of the calculation begins with the
determination of the gap state distribution in a-5i, as shown in Fig.
5-2. 1In the following subsections, each step of the flow chart shown in

Fig. 5-2 is described.

5-2-3. Gap state distribution function

The distributions of potential energy and electric field in an a-Si
solar cell are obtained by solving Poisson's equation, in which the
charge density distribution, indicated byp , is represented by the Fermi

integrals as a function of the electric potential ¢ :

p(é)=P"(¢)—n"(4). (5-4)
P B g le)de
Pha)= T+ expl(eg=d)- £1/KT] (3-5)
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Determination of gap state
distribution function

\4

Calculation of charge distribution in the
pin a-Si solar cell (Fermi integral)

*l

Set of bias voltage

v

Calculation of potential energy
and electric field (Poisson’s eq.)

A\

Determination of depletion layer

v

Calculation of Igh(V)

A4

Calculation of illuminated I-V curve

Output

Fig. 5-2 Flow chart for the calculation of the
theoretical output charcteristics of

a pin a-Si solar cell.
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and
oo gle)de
—o 1+expl{e—(g-4)}/kT] (5-6)

n (d)= S

where p+(¢) and n (@) represent the densities of the ionized donors

and acceptors, respectively, and & the Fermi level. gv( £ ) means

F
distribution of donor-like states which extend from the side of the
valence band Sv into the gap. The donor-like states are thought to be
neutral when they are occupied. Assuming the Fermi-Dirac distribution
function at zero temperature, the donor-like states will give a positive
charge above ¢ £ gc( € ) means distribution of acceptor-like states
which extend from the side of the conduction band & e into the gap, and
the acceptor-like states will give a negative charge below g £ with the
same assumption. The most significant difference between properties of
c-5i and a-S5i is the density of gap states in the forbidden band. As for
the i-layer of c-Si, the density of gap states is negligibly small in the
calculation of the charge distribution. On the other hand, as for the
i-layer of a-Si, the density of gap states is so large that the electric
field is strongly affected by the ionized gap states.

For this reason, the determination of the gap states is important.
Several examples of the distribution of the gap states are shown in Fig.
5-3. In the figure, (a) refers to the experimentally determined
distribution for undoped a-Si reported by Spear et a1.4) As for a
computational model for the distribution of the gap state in the
calculation of theoretical efficiency of a-Si solar cells, Shur et al.
used the V distribution in their model.S) Konagai et al. assumed the 'U'
distribution6) as shown in Fig. 5-3 (b) to compensate for a faulty point

in the V distribution model with regard to the fact that the density of

states near the Fermi level is overestimated in comparison with the
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Fig. 5-3 Gap state distribution in a-Si.

- 71 -



experimental result.

Both the V and U distributions are represented by a 1linear
combination of the exponential functions, which allows us to treat the
Fermi integrals analytically. The position of the Fermi level determined
after integration, however, lies at the center of the forbidden band,
which differs from the experimental result.

Then "Shifted U" distribution function is introduced by ourselves to
solve these préblems. As shown in Fig. 5-3, "Shifted" means the shift of
the Fermi level from the midgap to the observed value. The shifted U

distribution function is defined by the following equations:

E E
g (E)=g . exp( >+g. exp( ) (5~7)
c min 1 EOl min 2 EOZ

gv gmin 1 xPp UEOI gmin Ze xp UE02 (5-8)

In these expressions EOl’ E02’ and U are parameters whose values, as
shown on the right-hand side of Fig. 5-3, are determined to agree with

7)

the experiment. In eq.(5-8), U is introduced to shift the Fermi level,
and the same value is used in the first and second terms as the first
approximation. In these equations, E=0 means the bottom of the density
distribution of the gap states, which corresponds to gV(S ) = gc(EZ) =
& minl ¥ & gin12-

The "Shifted U" model gives again an analytical expression for the

charge density with band bending A £ (See Appendix A):
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exp<¢+As) e xp (_¢+As>
UEy Egp

o(d)=g . kTn -
ml

ol sin(kT'n> sin(hn>
UE,, KT
ex,,(éiA_e) exp<;¢+_A'e>
UEq, Epe
T Ehin 25T (KT \ [ Eg
R R

(5-9)
The computed Fermi level using eq. (5-9) with the values shown in Fig.
5-3 is equal to 0.66 eV from £ . which agrees fairly well with the

experimental value as shown by the arrow in Fig. 5-3.

5-2-4, Poisson's equation
In an a-5i solar cell, the electric potential satisfies the

following Poisson's equation:

2
LRSS DY) (5-10)
d X:Z E &

o r

where E&_, and & rare the permittivity of vacuum and the relative
permittivity of a-Si, respectively. e means a negative charge of

electron. The electric field E(x) is also determined by the following:

E(x)=

ol

dd
— 5-11
4 x (5-11)

In order to obtain a numerical solution of eq.(5-10), a step~-by-step

7)

method has been used. In this method, an initial value of electric
field E(0) is assumed, and then E(0 + Ax) is calculated for small

distance Ax. This calculation procedure is iterated to obtain E(x) for
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the whole region. However, there is a large flexibility to set the
initial value, resulting in some ambiguity (See Appendix B).

Hence, another approach based on a boundary value problem has been
introduced to overcome the problem mentioned above. Integrating both
sides of eq.(5-10) after multiplied by d #/dx , we obtain the following

equation:

%=—e/£:8r5: 0(§)d§+02 (5-12)
Then, the thickness of a-Si layer W is expressed as follows:
=i S p ddé
® "% /828 5;‘ p(L)de+ct =19
o r

In this equation, ¢I’ and ¢r1 are the boundary potentials that are
determined from the activation energies of dark conductivity for p~ and
n-type specimens, respectively. Regarding the integral constant C as an
unknown variable, eq.(5-13) may be solved for a fixed value of W, and
hence C can be determined. Then, substituting C into eq.(5-12), the
equation can be solved as the first order nonlinear differential equation
for the potential.

The wusual method for this type of equation, the Runge-Kutta
equation, may give a numerical solution of the potential ¢ as a function
of x. Examples of the result of this calculation are shown in Fig. 5-4
for the cases where the bias voltage Vb=0 (short circuit) and Vb=0.8 V.

Once the potential is thus computed, the electric field E(x) can be
determined by eq.(5-11). Varying the potentials dr)and ¢r1according to
an applied bias voltage, this procedure i1s continued until whole profiles

of & (x) and E(x) become apparent.

- 74 -



0.8

0.6 gmin=3 x 10" {cm™3eV!)

0.4
3,k
< 02
o
& —_
g 0 ===
]
E 02
3
Q.
-0.4
—0.6 | ! ! ]
o 01 0.2 0.3 0.4 05

Thickness of i—layer {(um)

Fig. 5-4 Calculated potential energy distribution

in a pin a-Si solar cell.
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5-2-5. Continuity equation for minority carriers

The photocurrent generated in the a-Si solar cell is obtained by
solving the continuity equation for the minority carriers with the
calculated electric field, which is relatively high in the whole region
of the i-layer. The electric field is determined as a function of both
bias voltage and x.

As mentioned before, in the case of the c-Si solar cell, the
generated photocurrent can be determined mainly by the diffusion current.
On the other hand, in the case of the a-Si solar cell, the generated
photocurrent can be determined mainly by the drift current, but to
neglect the diffusion current causes underestimation of the
photocurrent. For this reason the effect of the diffusion
current should be included for the calculation of the photocurrent in the
low-electric field region, as shown in Fig. 5-5. In practical

calculation, a threshold level Et of the electric field is introduced.

h
In the WS and Wb regions in Fig. 5-5, where the electric field exceeds
Eth’ the drift current is assumed to be dominant, where the transit time
of the minority carrier is shorter than its lifetime. Therefore, Eth is
determined as Eth = W/t T, where gy and T are mobility and lifetime of
the minority carriers, respectively. In the other region, Wn in Fig.
5-5, where the electric field is lower than EO, the diffusion current is
assumed to be dominant, because the lifetime of the minority carrier is
shorter than its transit time.
The photocurrent Iph(V) is determined by the sum of IS(V), In(V),
and Ib(V), which are generated in the Ws’ Wn, and Wb, respectively:
(V)= T(V)+ I (V)+ (V). (5-14)
IS(V), In(V), and Ib(V) are obtained by solving the continuity
6)

equation for minority carriers. This is solved analytically, and the
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results are as follows (See Appendix C):

I(V)=e¢e S N (A1 +e xp{-a(A)W,+2W + 2W)H (5-15)
X[1-ex p{—a(r\)ws}]di\.

NiglAVaA) g (aym

I1 (V)=—¢elL
n pSI—LgaZ(A)

~2a (A )My, ~a (AN 20 (A)(H W)

n—{1+e } cosh(W,_ / Lp)
sinh(W, /L) (5-16)

{1+e
<[

“2(A MW +W )
+a(A)L {1-e b “}}d/\.

—a(,\)(wsﬂln) -a(/\)wb][

—a (AW
I (V)=e | Ny (A)e [1+e b)

1—e

da (5-17)

where A, a , Nin’ and Lp are the wavelength of the applied illumination,
absorption coefficient, incident photon density, and hole diffusion
length, respectively. 1In eq. (5-15), (WS + 2Wn + 2Wb) comes from the
assumptions of Rr (reflection coefficient of rear surface) = 1 and single

reflection at rear surface.

5-2-6. Results of calculation

Thus, photocurrent is obtained as a functioﬁ of applied bias
voltage, and the substitution of Iph into eq. (5-1), which represents the
theoretical output characteristics of the a-Si solar cell, 1is also
calculable.

Examples of the calculation are shown in Fig. 5-6. The diffusion
length Lp and the minimum density of states 8nin 2T assumed to be 0.15

16

MUmand 3 x 10 cmf3eV_1, respectively. The voltage dependence of the

photocurrent is influenced by the i-layer thickness, because the electric
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potential is determined by the i-layer thickness. In the case of an
i-layer thickness of 0.3 pgm, the photocurrent doesn't depend on the
voltage, because the depletion layer spreads over the i-layer. In other
cases, it depends on the voltage. The illuminated I-V characteristics
are strongly influenced by the voltage dependence of the photocurrent, as

shown in Fig. 5-6.

5-3. Calculation of Theoretical Conversion Efficiency for Single-

Bandgap Amorphous Solar Cells

From the viewpoint of improving the conversion efficiency by means
of the effective use of the incident 1light, EOpt should be changed. In
this section, the theoretical efficiency as a function of Eopt is
discussed.

When Eopt is changed, the absorption characteristics and the diode
characteristics of the solar cells are changed. From the absorption

characteristics, the theoretical efficiency 7} can be calculated with the

following equation.

Ay
T=EgeX { I, (A)n(a)dase, (5-18)
Ay
where
1,(A)=aN; (A){1-R(A)}. (5-19)

In these equations, ,\0, A Nin(,{), P R(A), and 7 (A) are the

in®
shortest wavelength of the incident 1light, the absoption edge of the
material, incident photon density (AM-1, 100 mW/cmZ), ineident 1light

power, reflection coefficient, and quantum efficiency. Assuming ﬂ(,l)
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=1 at AO< l(r\l, the maximum efficiency of 46 % was obtained at Eopt=
1.05 eV as shown in Fig. 5-7 (a).

Then the diode characteristics are considered. The diode saturation
current Io depends on the material properties, and it is difficult to
calculate I0 strictly as a simple function of Eopt' In the case of a-5i

and related material, the experimential expression,

' Eopt
IO= 75. 9eXp R ’ (5-20)

2kT
was reported.g) The form and values in eq. (5-20) were determined
experimentally for various amorphous alloys. For simplification, this
equation is used in the following discussion. Including the energy loss
caused by the diode characteristics calculated, the I-V characteristics

are expressed as follows:

Al
Hv)=§ 0 Tal7(R) (20~ T femlavakn = 1} -21

where n is assumed to be 1.6. From eq. (5-21) with eqs. (5-19) and
(5-20), the maximum efficiency can be calculated as a function of Eopt’
and curve (a) in Fig. 5-7 changes into curve (b) in the same figure. 1In
this case the maximum efficiency of 27 % was obtained at Eopt=1.4 eV.

In the case of the calculated efficiency shown in curves (a) and (b)
in Fig. 5-7, all incident photons having a larger energy than Eopt are
assumed to be absorved. Next the practical 1ight absorption is
considered.

In the case of amorphous solar cells, the absorption characteristics

can be experimentally written as follows:
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JYahy=B(hv-E_.), (5-22)

where hV is the incident photon energy. Although the B value has some
correlation with material property, the agtual value for typical a-Si

alloy materials ranges from 600 to 800 (eV—l/zcm-I/Z).

So the B value of
-1/2 -1/2 .

700 (ev cm ) was chosen for the calculation. Then the absorved

light can be calculated with the thickness W of the amorphous layer and

the absorbtion coefficient @ determined by eq. (5-22). Then, Ia (A) in

eq. (5-21) becomes as follows:

Ia(A)=aqNijp(A){1-R(A)} {1- cxp(—-2aW)} (5-23)
where the value of 2 in the exponential term comes from the assumptions
of Rr (reflection coefficient of rear surface) = 1 and single reflection.
From eqs. (5-21) and (5-23), the maximum efficiency can be calculated as
a function of E . In the case of W = 0.5 Mm, the calculated

opt
efficiency is shown in Fig. 5-7 (c). The maximum efficiency of 20 % was
obtained at E = 1,3 eV.
opt

Finally, a calculated efficiency which includes effects of RS
(assumed to be 0.5 g?/cmz), RSh (assumed to be 1000 §2/cm2), and Iph V)
is obtained from eq. (5-1) with egs. (5-2), (5-3) and (5-4), where Iph
(V) is

Iph(V)=a Nin(A){ 1 -R(A)} { 1 - exp(=2aW)} « Iphol(V) (5-24)

In eq. (5-24), the normalized voltage dependence IphO(V) of photocurrent
is assumed to be the same as the result of 0.5 m in Fig. 5-6. The
calculated efficiency is shown in Fig. 5-7(d). In this case, the maximum
efficiency of 15 % was obtained at Eopt = 1.3 eV.

Through these calculations, the theoretical efficiency of a pin a-Si

solar cell was estimated to be 12.5 % in sunlight of AM-1, 100 mW/cmZ,
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where the optical bandgap (Eopt

6

), W, Lp and Bnin 2T 1.7 eV, 0.5 g m,
0.15 g m, and 3 x 101 cm—3eV—l, respectively.
5-4. Calculation of Theoretical Conversion Efficiency for
Multi-Bandgap Amorphous Solar Cells
5-4-1. Cell structures

The results in the previous section indicate that the theoretical
limit in the efficiency of the single-bandgap amorphous solar cell is
estimated to be 15 7 in sunlight of AM-1. This means that the energy
loss of 85 % cannot be avoided in the conventional cell structure. Most
of the energy loss comes from the incomplete use of the incident light,
and it is important to change the cell structure to improve the use of
light. As for the crystalline solar cell, the multi-bandgap structure
was proposed for the effective use of light,g) but the problems of
~ lattice matching and inverse junction restrict the realization of the
structure.

On the other hand, amorphous materials has a large structural
flexibility and the problem of lattice matching can be easily solved.
In the case of crystalline solar cells, there are inverse junctions which
are, for example, np junction in pn pn pn .....type multi-bandgap solar
cells. The inverse junctions may generate inverse photovoltage in the
crystalline solar cells, resulting in the decrease of conversion
efficiency. 1In the case of the a-Si solar cells, the problem of inverse
junction is also overcome, because the abrupt junction formed by a
heavily-doped thin p-n structure has ohmic characteristics caused by the
effect of recombination caused by large density of gap states in a-Si.

With the above mentioned consideration, multi-bandgap amorphous

solar cells, shown in Fig. 5-8, are discussed. 1In this figure, two (a)
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or three (b) p-i-n amorphous solar cells which have different Eopt are

stacked in series. More than three p-i-n cells can be also stacked.

5-4-2. Calculation method

In this section, the calculation method for optimizing each Eopt in
the multi-bandgap structure is described.

A three-bandgap amorphous solar cell is considered as an example,
where the second i-layer is assumed to have Eopt of 1.7 eV which
ph1® ippa and 14,

produced in each cell of Fig. 5-8 (b), can be written as follows (See

corresponds to practical a-Si. The photocurrents i

Appendix D):

A
1
Iph=g Ia(k){l—e'a‘(’\)w‘}nl(Md/\, (5-25)
1 /\0
Ay
Iph2= SA Ia(r\){l—e_az(l)W’}e—al(A)Wlﬂz(/\)d/\ ' (5-26)
0
A
3
[, = I (A){1—e @s(AIW,,
ph3 SAO a €

(5-27)
Xe‘dx(r\)W; e‘az(A)Wzna(A)dA ,

In these equations, the absorption edges A 1 A 99 and A.3 are

determined by each Eo » and the absortion coefficients a

pt 1 az, and

3
are determined by eq. (5-22), including the effect of low absoprtion
properties as follows.

1na=(hv—Et)/Ech+lna (hu<Et), (5-28)

at hy =Et

where Ech (characteristic energy of tail states) and Et (energy of
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turning point from extended states to tail states in absorption
characteristics) are experimentally estimated to be 0.06(eV) and Eopt +
0.1(eV), respectively. The 7 (A), /10, Nin(l) and R( A) are the
calculated quantum efficiency, the shortest wavelength of the incident
light, the incident photon density (AM-1, 100 mW/cmz), and the reflection

coefficient, respectively. The internal photocurrent (I) is the same in

the multi-gap structure, and it can be written as follows.

Lo . {exp q(V1+IRsl)_1}_V1+IRsl
ph; 01 n kT RShl
L q(V2+IR52)_1 _V2+IR52

1ph2 02 €XP n,kT

(5-29)

L a(Vg+ IR Vgt IRg
= I ph, I03{"—"1’ nakT 1

Where IOl’ 102, and 103 cén be determined by eq. (5-~20). Thié equation
can be solved by the Newton method (See Appendix E) under the assumptions
of n =mn, =n, = 1.6, Rs =5 §2/cm2 and Rshl = Rshz = Rsh3 = 104S2 /cm2.
These values are typical values for a-Si solar cells. In the calculation
the effect of the inverse junction mentioned before is estimated to be
3 %2 of I. The solution of these equations gives us the theoretical
output characteristics of multi-bandgap amorphous solar cells.

The flow chart of the total calculation process for the

multi~bandgap amorphous solar cells is shown in Fig. 5-9.

5-4-3. Optimization of each bandgap

With the above mentioned method, the theoretical efficiency was
calculated as a function of E .
opt

In the case of the two-junction amorphous solar cell, which is
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shown in Fig. 5-8 (a), a contour map of the calculated efficiency as a

function of Eo and Eopt2 is shown in Fig. 5-10. The slope in Fig.

ptl

5-10 indicates E = E » and the calculated efficiency for the case
optl opt2

of Eoptl <: Eopt2 was eliminated. In this case, the maximum efficiency

of 21 % is obtained for Eo = 1.75 eV and Eo = 1,15 eV.

ptl pt2

In the case of the three-junction structure, as shown in Fig. 5-8
(b), a similar contour map is shown in Fig. 5~11. 1In the figure, tﬁe
second cell has an Eopt of 1.7 eV, and the ma#imum efficiency of 24 7% was
= 1.45 eV.

obtained for E° = 2.0 eV and E0

ptl pt3

5-5. Realization of the Multi-Bandgap Amorphous Solar Cell
5-5-1. Material consideration

There are two ways to change Eopt of a-Si film. One way is to vary
preparation conditions, and the other is to mix other atoms into a-Si.
In the former, the most influential preparation condition is substrate
temperature Ts. As shown in Fig. 5-12, Eopt changes by about 0.15 eV
with Ts’ This change in Eopt isn't enough to apply this method of
changing TS to the multi-bandgap structure.

In the latter, a-SiClo) and a—SiNll) are considered to be large E0

pt
materials, and a-5iGe and a-SiSn are considered to be small Eo

pt
materials. Concerning wide-bandgap materials, we can also consider the
super structure, because the thickness of the first i-layer is as thin as
about 1000 A. in typical multi-bandgap cells. As the photoconductivity
of the a-SiC:H/a-Si:H super structure films fabricated by a photo-CVD
method is high, as mentioned in Chapter III, it is one of the hopeful
candidates as the wide-bandgap material for high-efficiency multi-bandgap

cells. Concerning the narrow-bandgap material, a-SiGe:H:F is thought to

be also a hopeful candidate, because a high collection efficiency was
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obtained in the long-wavelength region by this material, as shown in Fig.

4-9 of Chapter 1IV.

5-5~2, Discussion

The realization of the multi-bandgap structure seems to be possible
from the above mentioned results. The structure of the multi-bandgap
solar cell is shown in Fig. 5-13. It is optimized by the results
calculated in sectién 5-4. The maximum conversion efficiency of this
structure 1s estimated to be about 24 %. This conversion efficiency is
the maximum value obtainable when the properties of the wide-bandgap film
and the narrow-bandgap film become the same as those of a-Si film.

The problem of lattice mismatching exists in the case of the
multi-bandgap cell of crystalline silicon. This problem, on the other
hand, can be avoided in the a-Si cell. So, from the above results, the
realization of solar cells whose conversion efficiencies are.higher than
those of crystalline solar cells is considered possible with amorphous

solar cells.

5-6. Summary

Both theoretical and experimental considerations were made
concerning an amorphous solar cell, called the "multi~bandgap structure".

The theoretical efficiencies of single bandgap, two~junction, and
three-junction amorphous solar cells were calculated, and each Eopt of
the multi-bandgap amorphous solar cells were optimized. In the
three-junction cells, the second i-layer 1s assumed to have Eo ¢ of 1.7
eV which correspons to practical a-Si, and it was shown that a
theoretical efficiency of 24 % can be obtained with a multi-bandgap cell

which has Eo of 2,0 eV, 1.7 eV and 1.45 eV, The materials were also

pt
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considered for this structure, and the possibility of multi~bandgap
amorphous solar cells was shown.

These 1investigations showed that amorphous solar cells have
possibilities of not only their low cost but also for high conversion

efficiency compared with the conventional single crystalline solar cell.
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VI. STUDY ON LIGHT-INDUCED EFFECTS OF A-SI SOLAR CELLS

6-1. Introduction

Recently, a-Si began to receive considerable attention as a new
material for use in solar cells, and the best practical conversion
efficiency of a-Si solar cells has been improved to be 11.7%.1) Although
the application of a-Si solar cells to consumer electronics has been

started,z)

there are several unknown factors in the fundamental
éroperties of a-5i films, and the problem of reliability of film
properties still exists. Especially, 1light-induced degradation in
electrical conductivity of a-Si filmsB) becomes a large obstruction for
practical application of a-S5i solar cells to power use.a)

In this chapter, first, the stability of a-Si solar panels is
presented. Then changes in the characteristics of a-Si films and a-Si

solar cells caused by 1light exposure are discussed, Finally, some

effective methods to reduce the degradation are mentioned.

6-2. Reliability of a-Si Solar Panels
First, some results on the reliability of a-Si solar panels are
described, including fabrication method, module structure, and

environmental tests.

6-2-1. Preparation

In general, the conventional glow discharge process for the
fabrication of a-Si films and a-Si solar cells uses a single reaction
chamber method. In this method the residual dopant gases which remain on
the electrodes and walls of the reaction chamber after each deposition

cause an intermixing of dimpurities. This intermixing of impurities



of opposite types results in a deterioration of the film
quality and the film reproducibility. In addition, it causes
complication in discussion of the 1light induced effect of a-Si solar
cells,

To obtain high quality and reproducibility in a-Si solar cells, a
consecutive separated reaction chamber method was developed.s) In this
method, p- apd n-type layers are deposited in different reaction
chambers. 1In the following experiments, a-Si films and solar cells were

fabricated by the consecutive separated reaction chamber method.

6-2-2. a-Si solar cell modules and panels
A new type of a-Si cell module, an integrated type module, has been

developed.6)

In this module, a-Si solar cell units are arranged in a
cascade fashion on an insulated substrate. The cell structure for this
integrated type module with a size of 10 cm X 10 ecm is
glass/TCO/p(SiC)-i-n/metal. To take account of the power loss resulting
from the resistivity of the transparent conductive oxide (TCO) electrode,
each cell is connected at its side boundary, as shown in Fig. 6-1, The
module consists of nine cells connected in series in accordance with an
optimizing theory.6)

The glass substrate can be used as the surface protector, and the
metal of the back electrode can be used as the back protector.

Therefore, the module structure 1is advantageous with respect to

passivation.

6-2-3. Environmental tests
The solar panel has dimensions of 45 cm X 60 cm and consists of 20

integrated type a-Si modules with a size of 10 em X 10 cm. The modules



Metal
Glass

A =g = L a-Si

TCO

Fig. 6-1. Schematic diagram of the integrated type

a-S5i solar cell module.
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are connected in a parallel line on the a-Si solar panel. This solar
panel is composed of glass substrates and epoxy resin. The glass
substrates are used as the surface protector and the epoxy resin in used
as the back protector, so that the module has high reliability for
weather. Figure 6-2 illustrates the results of high temperature and
moisture tests on the a-Si solar panel. The conditions of these tests
were as follows:(a) in the high temperature test the module was exposed
for 2000 hours at 95 °C;(b) in the moisture test the module was exposed
for 2000 hours at 60 °C and 95 % relative humidity.

In these tests, the changes in the conversion efficiency of the a-Si
solar cell modules were negligible. It is concluded that the a-Si solar
cell module has adequate temperature and moisture stability.

Figure 6-3 illustrates the results of an exposure test. In this
test, the change in output performance and the visual change in a-Si
solar panels were checked. The conversion efficiency of the a-Si solar
panels decreased by about 10 % within one month and then became stable.
The degradation is thought to be mainly caused by the 1light induced

effect, which is descussed in the following sections.

6-2-4. Light-induced degradation in a-Si power generating system

Based on the above menfioned enviromental tests, a 2 kW photovoltaic
power generating system using a-Si solar cells was constructed in April,
1981. Figure 6-4 shows a view of the system. In this electric power
generating system, the total number of panels is 513. Nine panels are
connected in series as one unit, and 57 series are connected in parallel
lines. Of all the solar panels, 171 were installed on the main roof of
the experimental model house, 189 on the awnings, and 153 on an adjoining

machine room roof. These panels can generate a peak amount of 2 kW.
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6-4.

Photograph of a 2 kW a-Si power generating system.
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Some panels in the power generating system were checked periodically
by the indoor measurement for the strict analysis of the light-induced
degradation as shown in Fig. 6-5. About a 10 % degradation in the output
performance was observed in the initial period of one month, which

corresponds to T, of the equation in Fig. 6-5, and then the degradation

1
ratio became small. After one month, the conversion efficiency decreased
in proportion to the equation of exp (-t/ tz) as the first approximation.

The value of the time constant 7T . was about 410 months in this case.

2

The fact that this system has functioned stably for a long period
proves that the a-Si solar panel has high reliability except for the
light-induced degradation. Then the light-induced degradation must be

minimized, which is the target of the following study.

6-3. Analysis of the Light-Induced Degradation in a-Si Solar Cells

In this section the light-induced effect in pin a-Si solar cells is
discussed. The illuminated current density-voltage (I-V) characteristics
of the pin cell before and after light exposure are shown in Fig. 6-6.
The pin cell was exposed to sunlight at air mass (AM) 1 (100 mW/cmz) for
25 hours in an open-circuit condition, which 1is standard exposure
condition in following experiments. The thickness of the i layer of the
cell was about 3000 Z and the conversion efficiency was about 5 %. As
shown in Fig. 6-6, the open-circuit voltage Voc and short-circuit current
density ISc did not change. The conversion efficiency 7 decreased by
about 10 Z owing to a decrease in the fill factor F.F. The decrease in
71 can be recovered by thermal annealing of 150 °C, 2 hours. Staebler

4)

et al. have reported that the decrease in 7 was caused by the decrease

in Isc due to light exposure. However, our experiment suggested

different results from those of Staebler et al. In order to confirm this
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difference, we measured the collection efficiency and found no change in
it, as shown in Fig. 6-7. The change in F.F. is thought to be related
with a change in junction properties.

In order to analyse the degradation of the fill factor, the dark I-V
characteristics of the cell were investigated. As shown in Fig. 6-8, the

9 to 10“'5 A/cm2 and the diode

shunt current density increased from 10
quality factor'increased from 1.52 to 2.87 after light exposure. It is
believed that these results depend on a change in the current transport
mechanism and that the recombination current dominates in this process.
The 1I-V characteristics in the high bias region did not change
significantly before and after exposure, and the change in the series
resistance was small. Hence, it is supposed that the decrease in the
fill factor depends on changes in the junction properties, which cause
the increase in the diode quality factor, rather than on the change in
the series resistance. In order to confirm this, the dark
capacitance-voltage (C-V) characteristics were measured. The frequency
dependence of the dark C-V characteristics before and after exposure is
shown in Fig. 6-9. As the frequency decreases, the change in capacitance
by light exposure increases. In the case of low frequency, increases in
capacitance are thought to come from an increase in density of ionized
defects of deep level. It is supposed that the defects caused by 1light
exposure cannot respond at a frequency of 100 kHz, because there is no
difference in the characteristic before and after exposure at 100 kHz.

As mentioned above, it became clear that the changes in the
characteristics of the a-Si pin cell caused by 1light exposure depend
mainly on changes in the junction properties. As the junction properties
are affected by internal electric field, the degradation characteristics

are thought to be influenced by the thickness W of the i layer. As shown
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in Fig. 6-10, the degradation of Voc and FF depends slightly on W. 1In
contrast, as W increases, the degradation of ISc is mainly due to the
decrease in the collection efficiency in the short-wavelength region. It
is believed that this decrease 1s due to an increase in the size of the
low electric field region in the cell, which is caused by shrinkage of
the depletion layer, due to the increase in density of ionized defect
mentioned before.

The degradation of the photovoltaic characteristics as a function of
bias voltage during light exposure was investigated, as shown in Fig.
6-11. The exposure condition was the same as that in the previous
experiment shown in Fig., 6-6. A reverse bias caused a decrease in
degradation, and forward bias caused an increase in degradation. As this
tendency is thought to be related with carrier injection, degradation by
the carrier injection was studied in the dark condition. A degradation
of 20 %Z in conversion efficiency was observed after applying a forward
voltage of 2 V for 2 hours in the dark condition.

These results show that the degradation is influenced by the amount
of carrier recombination. In the reverse bias condition; the internal
electric field was strong and the amount of recombination was small. 1In
the forward bias condition the amount of recombination, including the
recombination of injected carriers, was large. Thus carrier
recombination was thought to create some new carrier traps.

As for the reduction of the light-induced degradation in a-Si solar
cells, increase in the internal electric field is effective, because it
decreases the carrier recombination. From this viewpoint, the multi-
bandgap cell structure is hopeful because the average thickness of the

i-layers is small compared with the single~bandgap cell structure.
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6-4, Effect of Impurities

Changes in the space charge density (.NI) of an A.u/a-Si:H/r{+ c-Si
Schottky diode were measured by the low-frequency (0.0l Hz) C-V method.
The initial values of the space charge density (NI) and the final value
of the increase in NI by light exposure (No) are shown in Fig. 6-12(a),
as a function of oxygen concentration. In the figure, ZS'NI means the
change in NIA by 1light exposure. In this experiment, the nitrogen
concentration in a-Si films was constant. NI increased as the oxygen
concentration in a-Si films increased with a slope of 1/2. Because No
increased in the low oxygen concentration region, it can be seen that the
oxygen atoms accelerate the light-induced effect in a-~Si films. 1In the
high oxygen concentration region, the decrease in No with the increase in
oxygen concentration seems to be due to a change in Si network caused by
excess oxygen.

Nitrogen also had a strong influence on the film properties and
light-induced effect, as shown in Fig. 6-12(b). NI increased in
proportion to the square root of the nitrogen concentration in the a-Si
films. This result can be explained by the law of mass action7), the
same as in the case of phosphorus doping. Namely, in phosphorus doping,

7)

Street proposed a following reaction,

+, -
— -
Py+ T, &= P, +D (6-1)

where P3, T4, PZ} and D- mean 3-fold coordinated phosphour, 4-fold
coordinated silicon, 4-fold coordinated phosphour with a positive charge,
and silicon with a dangling bond of a negative charge, respectively. In
the case of nitrogen, following equation can be derived,
-i- -
N3 + T4 yam— N4 + D

(6-2)
(NN - n)(NSi) (n) (n)
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Where N N and n mean 3-fold coordinated nitrogen, é4-fold

3 N4’ N’ NSi’
coordinated nitrogen with a positive charge, number of nitrogen atoms,
number of silicon atoms, and number of N4 which is equal to number of D ,
respectively. From the lower part of eq. (6-2), which shows a
quantiative relation, following equation is derived,

T§i;£§§_:_2i = const. (6-3)

nxn

Assuming NSi » NN > n, eq. (6-3) becomes

N

= const. (6-4)
nxn

Then it is clear that n is proportional to the square root of N In the

No

case of oxygen, the slope of N, is a little larger than 1/2, but the

0

tendency is similar. In the both cases, the decrease in N, may come from

0

the assumption of No, > Ny (or Nox) » n, where N 4 means number of
oxygen atoms.

Figure 6-12 shows that there is a strong influence of the 1light-
induced effect on impurities in a concentration region of more than 1019
cmf3. Then, the light-induced effect in a-Si films with low impurity
concentration, deposited in the super chamber, is discussed.

As the photoconductivity of a-Si films strongly affects the
performance of a-Si solar cells, it is mainly discussed in the following
study. The degradation fatio of the photoconductivity ( oph/ apho) as a
function of the oxygen concentration is shown in the lo&er part of Fig.
6-13, where crpho and ‘Tph signify the photoconductivity before and after
light exposure, respectively. Samples were exposed to AM-1 light (500

mW/cm_z) for 5 hours. When the oxygen concentration decreased from 1019

cm_3 to 1018' cm_3, the degradation ratio of the photoconductivity
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decréased to about 1/3. This result implies that the light-induced
effect can be reduced through a reduction of the impurities with the
super chamber.

On the other hand, the ESR spin density after light exposure did not
depend on the oxygen concentrations, as shown in the upper part of Fig.
6~13. This behavior is consistent with Tsai's results.8) However, from
the result of photoconductivity, it is considered that the light-induced
effect cannot be estimated only by the spin density. 1Indeed, a change in
the capture cross section of carriers has been reported,g) and a
difference between the light-induced effect on the photoconductivity and
that on the ESR spin density is thought to come from a change in capture
cross section or from the energy level of defects created by 1light
exposure, because the photoconductivity is influenced by the capture
cross section and the energy level of defects.

In the ESR measurement, one can only estimate the density of
dangling bonds of electrically neutral. As for charged states, oxygen is
thoughtvto cause an increase in the space charge density after 1light
exposure. Therefore, there is a possibility that oxygen causes an
increase in the ionized dangling bonds, such as D+ (positively charged)
and D~ (negatively charged), which may influence the value of the
photoconductivity shown in Fig. 6-13,

The increase in the ESR spin density after light exposure is thought
to come from bond breaking of weak Si-Si bonds.ll) As mentioned above,
carrier recombination causes 1light-induced degradation, therefore, it
supplies some energy to break weak Si-Si bonds. The origin of weak Si-Si
bonds is not clear, but impurities, such as oxygen and nitrogen, are
thought to be a candidate for the origin. In fact, as described in

Chapter II, reduction of impurities decreases the density of tail states,
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which suggests change in Si network.

The effect of impurity reduction on the light-induced degradation of
solar cell performance was also investigated. It was found that the
degradation ratio of the conversion efficiency of a-Si solar cells by
light exposure can .be reduced from 23 7% to 12 % by the reduction of
oxygen concentration from 1.8 x 1020 cx:u-3 to 1.8 x 10 19 cm-3.10)

In conclusion, reduction of impurities, which can be achieved by the
super chamber method as described in Chapter II, is one of the effective

methods for the prevention of the 1light-induced degradation in a-Si

films.

6-5. Summary

Reliability of a-S5i solar cells was studied and a 10 % decrease in
conversion efficiency was observed at the initial period of one month.
Then the light-induced degradation of a-Si solar cells was systematically
investigated, and it was. found that the degradation ratio increases with
the increase in the i-layer thickness which corresponds to the decrease
in internal electric field. It was also found that the degradation is
accelerated by the carrier injection with the forward bias voltage in the
dark. As both the decrease in the internal electric field and the
increase in the carrier injection cause the increasé in carrier
recombination, these results show that the carrier recombination causes
the degradation. It was suggested that the multi~bandgap cell structure
is effective for the prevention of the light-induced degradation of a-Si
solar cells. Concerning the a-Si film itself, the effect of impurities
was studied. It was shown that the reduction of impurities by the super
chamber method is effective for the prevention of the light-induced

effect of a-Si films.
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VII. CONCLUSIONS

In this thesis, a series of systematic studies has been made to
improve the performance of amorphous silicon (a-Si) solar cells through
the approaches of fabrication process, materials, and cell structures.

Concerning the fabrication process, a separated UHV (ultra-high
vacuum) reaction chamber, called a super chamber, has been newly
developed to improve the properties of a-Si films by the reduction of
impurities. As for materials, super structure a-SiC/a-Si films were
fabricated by the photo-CVD method for the first time, as a high-quality
wide-bandgap material which improves the short-wavelength collection
efficiency. Also concerning materials, hydrogenated-and-fluorinated
amorphous silicon germanium (a-SiGe:H:F) was systematically investigated
as a high-quality narrow-bandgap material which improves the
long-wavelength collection efficiency. As for cell structures,
theoretical considerations were made on amorphous solar cells, especially
on the multi-bandgap cells, which combine a wide-bandgap material and a
narrow-bandgap material. With regard to reliability, the origin of
light-induced degradation in a-Si films was discussed, and the
multi-bandgap cell structure and impurity reduction by the super chamber
were indicated as effective methods of preventing the degradation.

In Chapter II, properties of a-Si films and solar cells fabricated
by the super chamber were studied. A background pressure of 10"-9 Torr,
which is two to three orders of magnitude lower than that obtained with a
conventional separated reaction chamber, was achieved, and a gas leakage
level of 10_7 Torr 1l/sec was also achieved. Exhausted gases were

2’
H20 and so on, which did appear in the GMA spectra of the conventional

investigated with GMA (gas mass analyzer), and there were no signs of N
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chamber. The a-Si films deposited 1in the super chamﬁer were
systematically studied. Impurity concentrations of oxygen, nitrogen, and
carbon measured by an ion microanalyzer were 2 x 1018 cm_3, 1 x 1017
cm—3, and 2 x 1018 cm—3, respectively. These values were three to ten
times of magnitude lower than these in a-Si films deposited with the
conventional separated reaction chamber. The ESR spin density and the
hole diffusion‘length of a-8i films deposited in the super chamber were 2
X 1015 cm_3 and 1 4 m, respectively, which were about two times as good
as those of a-Si films deposited in the conventional separated reaction
chamber. A conversion efficiency of 11.7 % was obtained for an a-Si
solar cell fabricated with the super chamber method.

In Chapter III, a-Si/a-SiC super structure films prepared with the
photo-CVD method for the first time were investigated as a new wide-
bandgap material. The accuracy of the structure of the a~-Si/a-SiC super
structure film was confirmed by AES and Bragg reflection of X-ray. The
thickness fluctuation of the interfaces of the film was estimated to be 7
X. The quantization effect was observed in the dependence of the optical
bandgap and the B-value on the thickness of the well layer. It was found
that the photoluminescence intensity of super structure films prepared
with the phdto-CVD method was about four times larger than that of
similar films prepared with the glow discharge method. It shows the
superiority of the photo-CVD method for the preparation of super
structure films compared with the glow discharge method. The carrier
transport mechanism vertical to tﬁe interfaces of the super structure
film was thought to be mainly tunneling transport in dark from I-V
characteristics. A new type of solar cells using the super structure as

the p-layer has also been developed for the first time. A remarkable

increase in the collection efficiency in the short wavelength region was
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observed, and a conversion efficiency of 10.5 7Z was obtained
for a glass/TCO/p-super structure/in/metal/a-Si solar cell.

In Chapter 1V, a-SiGe:H:F films were systematically investigated as
a .high-quality narrow-bandgap material. Micrécrystalline-Ge can be
obtained when the‘ratio of the gas flow rate GeFA/(SiF4 + GeFa) is more
than 0.7 %; X c-Si can be observed in a-SiGe when substrate temperature
TS is more thap 220°C. As for the optimum reaction condition, TS is 180
°c and the composition ratio of Si and Ge is 0.4:0.6. Using the optimum
reaction condition, a rectification ratio greater than 107 was obtained
for an a-SiGe:H:F Schottky diode at a bias of 1 V. A collection
efficiency of 32 7 was obtained at a wavelength of 800 nm with a
p(a-SiC:H)-i(a-SiGe:H:F)~- n(a~Si:H) diode.

In Chapter V, theoretical considerations were made concerning the
multi-bandgap a-Si solar cell, which combines a wide-bandgap material and
a mnarrow-bandgap material. The theoretical efficiencies of single-
junction, two-junction, and three-junction amorphous solar cells were

calculated, and each optical bandgap Eo of the multi-bandgap amorphous

pt
solar cells was optimized. It was shown that a theoretical efficiency of

24 7% can be obtained with a multi-bandgap cell which has Eo of 2.0 eV,

pt
1.7 eV and 1.45 eV,

In Chapter VI, changes in the characteristics of a-Si solar cells
caused by light exposure were studied. The degradation of the conversion
efficiency of pin a-Si solar cells caused by light exposure depends on
the thickness of the i layer. As the thickness of the i layer is
increased, the collection efficiency in the short-wavelength region
decreases and the short circuit current density decreases, and the

conversion efficiency decreases with light exposure. A decrease in the

£i11 factor was commonly observed, and in such cases the n value and the
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shunt current density increased, which suggested a change in junction
properties. The light-induced degradation of the photoconductivity of
a-51 films deposited in the super chamber was much smaller than that of
a-Si films deposited in the conventional chamber. This result indicates
that the light-induced effect has a strong correlation with impurities,
such as oxygen and nitrogen, in a-Si films. As effective countermeasures
of the light-induced effect at present, reduction of impurities by the
super chamber and applying the multi-bandgap cell structure were

proposed, which are also effective for improving performance.
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APPENDIX A  FERMI INTEGRAL

In this appendix, derivation of eq.(5-9) in Chapter V is explained.
For the first term of eq.(5-8), the Fermi integral of eq.(5-5) can

be written as follows:

p* S 8 minl exp(— & /UE,,) q
~ co 1+expl(es—o)- )Tt O F

exp(—ag)

+

[

= g mi de
gmlnl S-oo 1+C°exp(-b8)
(A-1)
where 1 1 Ef— ¢
—3 b= = —————————————
2 UEI)I ’ kI » ¢ exp kT
Then
. g mi it dx
' a - 1+ c-x7b/a
gminl (°  dz a/b
= ————/b- ——-—d—- (Z=X'C )
aca -0 1+ 2 (d=1b/a) (A-2)

Equation (A-2) is one of the Mellin transformation integrals, where

the general form of the Mellin transformation integral is as follows:

SO x @1 F(x) dx

In the case of eq.(A-2), A =1 and F(x) = (1 + xd)-l, then the solution

of eq.(A-2) can be written as follows:

P + g min n an
= . cosec
' aca/b d b
d-Ef
exp(—UE“ )
= gminl KI7

sin( Ullgl )

(a-3)
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For the second term of eq.(5-8) and both terms of eq.(5-7), they can
be calculated on the analogy of the calculation from eq.(A-1) to
eq.(A-3). Considering the band bending A &, finally, eq.(5-9) can be

derived.
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APPENDIX B  STEP-BY-STEP METHOD

Here, step-by-—step method for determination of potential energy

distribution 1s explained.

Poisson's equation, as presented in eq.(5-10) of Chapter V, can be
expressed by polynominal expansion as follows,
_ e
E E 0

A ( = o Ax 2+Ax nilpiAxi) (B-1)
2 n n n 1
Where A ) means energy intervals into which potential energy ¥ is
equally divided, and A X and p p Tean nth distance and electric charge,
respectively, as shown in Fig. B-1. 1In the step-by-step method, first,
the initial slope A ¥W/A X, is assumed, and then second distance A xzis
calculated by eq.(B-1). This procedure is continued until whole
potential energy distribution is obtained. The advantage of this method
is that an analytical equation is not required for electric charge. But

there is some ambiguity to set the initial value of AYW/A X4, which may

cause some error in the result.

P
A

AP
A?

oo 1
L4 W B D

— X1—> X233

Fig. B-1 Principle of step~by-step method.
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APPENDIX C  SOLUTION OF CONTINUITY EQUATION

In this appendix, derivations of eqs.(5-15), (5-16) and (5-17) in
Chapter V are explained.

Assuming the absence of rear reflection, absorbed photon density NSl
in the surface depletion region of the width WS in Fig. 5-5 can be
written as follows:

Ns1(A)=Nijn(A)[1 —exp{— a(A)Ws}] (c-1)

where Nin( A) and a (A) are incident photon density and absorption
coefficient of a-Si, respectively. Then assuming that the rear
reflection coefficient is unity and that only one reflection occurs at

the rear surface, absorbed photon density NSZ(N) in WS for reflected

photons at the rear surface can be written as follows:

Ns2(A)=Njn(A) exp{— a(A)(Ws+Wqo+Wp)} exp{— a(A)(Wp+Wp)}
*[1—exp{—a(A)Ws}]
= Nin(A) exp{— a(A)(Ws+ 2 Wp+ 2 Wp)}
M [1 —eXp{— a(A)Ws}] (c-2)

where wn and Wb are widths of neutral region and rear depletion region in

Fig. 5-5, respectively. Then, with the above mentioned assumptions,

total absorbed photon density NS can be written as follows:

Ng= S {Ng1(A)+ Nep(A)} d A= S Nin(A)[ 1 +exp{~ @ (A }(Ws+ 2 Wo+ 2 Wp)}]
X[1—exp{—a(A)Ws}ld A

(c-3)
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On the analogy of the calculation for NS(A~), total absorbed photon

density Nb in Wb can be written as follows.

Np= S Nin(A) exp{— a (A} Wg+Wp)}[1 +exp{— a(A)Wp}]

X[1—exp{—a(A)Wpl1dA
(Cc-4)

As carrier recombination in the regions of WS and Wb can be
neglected, eqs.(5-15) and (5-17) can be derived by multipling e by
eqs.(C-3) and (C-4), respectively, where e is electron charge.

In the region of Wn’ one must consider the carrier recombination.

Steady state continuity equation for minority carriers (holes) can be

written as follows:

d*n n
Dp 1 +g(A.x)=0 (c-5)

where Dp, n, tI’ are diffusion coefficient, carrier density, and 1life
time of holes, respectively. Assuming that generation probability is

unity, the generation term g( A, x) for the region between x to x + dx

can be written as follows:

d
g(A,x)= e {Np1(A.x) + Npa(A,x)} (C-6)

where an( A, X) and an( A, X) are absorbed photon densities at position
x for the absence of rear reflection and for reflected photons at the
rear surface, respectively. On the analogy of the calculations for NS

1
(A) and NSZ(K), an (A, x) and NnZ(A, X) can be written as follows:

Nn1(A.x)=Njp(A) exp{— a (A )Ws} exp{— a (A ) x} (c-7)
Np2(A.x)=Njn(A) exp{—a(A N Ws+Wp+ 2 W)}
X exp{— & (A)(Wy—x)} (€=8)
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From egs.(C-6), (C-7) and (C-8), g(A, x) can be expressed as follows:

g(A.x)=Nin(A) a(A) exp{— a(A)Ws} [exp— a (A )x
+exp{— 2 a (A )(Wp+Wp)} « exp{a(A)x}

(C-9)
Boundary conditions for eq.(C-5) are assumed as follows:
nly=0 =0 (C-10)
Dp o =S-+n
d&x | x=Ws x=Ws (c-11)
where S means surface recombination velocity at x = W_. A genaral
solution for eq.(C-5) with eq.(C-9) can be written as follows:
n = Acosh (=) + Bsinh ( =) - arr [exg{— a(A)x}
Lp Lp a’lp*—1
+ C exp{—a(A)x}] (c-12)

where A and B are integral constants, and Lp(= / Dpt}) is diffusion

length. F and C in eq.(C-12) can be written as follows:

C=exp{— 2 a (A )(W,+ Wp)} (C-13)

F=N;j A)a -~
in (A)a(A) exp{-a(1)Ws) 1y
From eqs.(C-10), (C-11), and (C-12), A and B can be determined, and

eq.(5-16) can be derived from a following equation.

In(V)=S(qu o IX:O)dA (c-15)
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APPENDIX D  EXPLANATION OF PHOTOCURRENTS

In this appendix, meanings of eqs.(5-25), (5-26), and (5-27) in

Chapter V are explained.

Equation (5-25) is re-written as follows:

Ay -
iphl=S;L Ia(a){1-¢€ a'u)w'}'nl(a) da (D-1)

[

In this equation, Ia(A) is expressed by eq.(5-19), and the term
{1-¢ _a'('\)w'} means a ratio of absorbed photon density to incident
phton density in the first cell of a multi-bandgap structure shown in

Fig. 5-8 (b). 7N 1(A) is quatum efficiency of the first cell.

A _ _
iphz=SA Lo(A){1—@ @AW o @:lOWe )y 4

(D-2)
In this equation, each term can be explained on the analogy of eq.(D-1),
except for the term -@ -2 ()W, which means absorbed photon density in

the first cell.

Equation (5-27) can be also explained on the analogy of eq.(D-2).
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APPENDIX E  NEWTON METHOD FOR CALCULATION OF I-V CHARACTERISTICS

In this appendix, the Newton method which is used in the calculation
of I-V characteristics in Chapter V is explained.
The illuminated I-V characteristics of solar cells can be written as

follows (from eqs.(5-1), (5-2) and (5-3)):

q(V+IRs) 1} — VIR

[=Ton= Lo fexp— Rsh (B-1)

Basic equation for the Newton method can be written as follows:

T ¢ 0
S X (E-2)
where
_ q(V+IRs) V+IRg
f(L)=1Iph— I - - —=_ -
vy 4 oV#IRs)  Rs
f (1) T IoRg exp o ot 1 (Bt

In the calculation of I-V characteristics, first, an initial wvalue of
I(= IO; n = 0) is set, then the next value of Il(n = 0+1), which 1is

closer to the solution than I0 can be calculated with eq.(E-2). This

produce is repeated until |[I L < 1/1000 - L

o+l
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