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ABSTRACT

A review is given on the current state of the art in amorphous silicon (a-
Si:H) and thin film solar cell R & D efforts and their photovoltaic system
applications. Firstly, progress in a-5i alloy production technologies are
overviewed with their significancies as the champion material for a low
cost solar cells. Secondly, some new approaches and key technologies to
improve solar cell efficiency with stabilized performance by new amorphous
materials such as a-SiC:H, ¢-5iC:H, a-SiGe:H are demonstrated. Recent
aspect of some other new material devices such as CIS and CdS/CdTe are also
introduced. Progress of the conversion efficiency in wvarious types of
amorphous silicon solar cells are surveyed and summarized. In the final
part of paper, aspect of the PV system developments and application fields
are introduced. Near term and long term forecast on the market size
expansion will be discussed together with cell cost reduction prospect as a
promised candidate of the renewable energy technology for future.

KEYWORDS

Solar photovoltaics; Amorphous silicon; Thin film solar cells;
Heterojunction solar cells; Stacked solar cells, Photovoltaic system.

INTRODUCTION

Developing clean energy resources as alternative to oil has become one of
the most important tasks assigned to modern science and technology. The
reason for this strong motivation is to stop air pollution resulting from
the mass consumption of fossil fuels and to keep the ecological cycles of
the Dbiosystems on the earth. Views of future energy envision that the
emerty structure in the 2lst century will be characterized as a "Best Mix

Age' of different energy forms. Among a wide variety of renewable energy
projects in progress, photevoltaics is the most promising one as a future
energy technology. It is pollution~free and abundantly available

everywhere in the world, even in space, and also can operate by diffused
lighe.
A big barrier impeding the expansion of the large-scale power source
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application in the photovoltaic system was the high price of solar cell

module, which was more than $50/W (peak warts) by 1974, Therefore, the
cost reduction of the splar cell is of prime importance. To achieve this
objective, tremendous R&D efforts have been made in a wide wvariety of
technical fields, from solar cell material, cell structure, and mass
production processes to photovoltaic systems over the past ten years. As

the result, more than an order of magnitude <c¢ost reduction has been
achieved, and now the module cost has come down less than $5/W in a firm
bid for the large scale market. Figure | shows the cost transition of the
solar cell module im the last ten years. As can be seen from this figure,

it might be expected two steps of technological innovations. The first
innovarion 1in progress is based on low-cost poly crystalline technologies
applicable to well-developed single crystalline silicon sclar cell

fabrication processes. Another remarkable innovation we have seen is a-Si
technology.

In this paper, present status of the a-Si solar cell R & D with some new
knowledges in the device physics are briefly overviewed in the first part.
Then, some new approaches and key technologies to improve cell performances
in progress are introduced. Finally, recent topics in the application and
industrialization field are reviewed and discussed.

PROGRESS IN a-5i ALLOY THCHNOLOGIES

Since the recent success of valency electron control in the glow discharge-
produced amorphous silicon carbon alloy {(a-5iC:H) (Hamakawa et al., 1982},
a new age in amorphous silicen alloys has opened up, and a group of new

materials such as amorphous silicon-germanium {a-S5iGe:H), amorphous
silicon-nitride {a-SiX:H} and amorphous silicon-tin (a-5iSn:B) have been
successively developed in the past few years. The significance of this

mac=2rial innovation 1is that one can control electrical, optical and ailso
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opto-electronic properties by controlling atomic compositions in the mixed

alloys. Therefore, a wide variety of application fields has alsoc been

developed with these new electronic materials. In fact, a-SiC:H/a-S1i:H

heterojunction solar cells (Tawada et al., 1982), a-Si:H/a-SiGe:H stacked

solar cells (Ovshinsky et al., 1985), superlattice devices (Tsuda et al.,

1986), a-Si:H/a-SiN:H thin film transistors (for example, JARECT, 1983},
photo-receptors (Shimizu, 1985), X-ray sensor (Wei et al., 1983), color

sensors (Nakano et al., 1983), etc. have been developed, and some of them
are already being in market.

Figure 2 shows the aark-and—photo conductivities versus the optical energy
gap in non-doped a-5i alloy films deposited under high hydrogen dilution
conditions of the plasma CVD (Nakata et al., 1990). As can be seen from

the figure, a-Si;_,C, alloy has a,considerably high photoconductivities
with the Ophfgd ratio more than 10 .

Figure 3 summarized the relation bgtween the dark conductivity and the
optical energy gap of p- and n-type a-5iC prepared by conventional RF
plasma CVD and p- and n-type <¢~SiC prepared by ECR plasma CVD (Hamakawa
and Okamote, 1989}. As the optical energy gap 1increases, the dark
conductivity of the films prepared by the RF plasma CVD rapidly decreases,
while that of the films prepared by the ECR plasma CVD remains higher than
10"7 S.zm ° even when the optical energy gap exceeds 2.5 eV. This fact
implies that ECR plasma CVD produced pc-5iC is useful new material for not
only the function of wide gap window but also transparent nlectrode.

Another topics in the material preparation technology field is the IBD (fon
Beam Deposition) method (Hamakawa et al., 1990). A high stability film
against  the light induced degradation with high deposition rate is still
important key issue in the field. To overcome these problems, tremendous
R&D efforts have been in progress by the wide wvarieties of approaches,
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e.g.; the Chemical Annealing Treatment (CAT) (Shirai et al., 1990), Intense
Xenon Light Pulse Assisted Plasma CVD (Tawada et al., 1990), IBD and so on.
Among these, IBD method is a uniqte challenge in views of a wide range

centrollability on both hydrogen content and decomposed species ion energy.

Figure 4 shows a schematic illustration of the IBD system. A typical a-Si
film growth condition 1in this system is: the ion acceleration voltage
Vacc=100—300 V, ionic current Te, with voltage Ve are 0.8 A at 400 V, and
substrate temperature T = 100-300 °C, while chamber base pressure is 10~

5
Torr or less.

As the preliminary experiment, a systematic investigations on the undeped
a=51 f{film deposition has been made by a series of deposition parameters.
The result shows a considerably good [ilm quality having 104-10% photo- to
dark-conductivity ratio ¢ h/04 with optical energy gaps of 1.7-1.8 eV. A
noticeable feature of IBD produced film is a better stability against light
exposure. Figure 5 shows a comparison of changes in the photoconductivirty



Jph with AMl lighe illumination for IBD produced film and conventional
plasma CVD produced film (Hamakawa et al., 1990).

RLD EFFORTS ON PV PERFORMANCE IMPROVEMENTS

An improvement in cell efficiency is the prime importance, which is
directly connected to cost-reduction in photoveoltaic systems. Figure 6
shows a result of recent calculation for the theoretical limit of
conversion efficiencies under AML.5 global radiation for the several
candidate solar cell materials (Hamakawa, 1988), where the theoretical
limit means that the calculation has been made on the basis of 100 7%
quantum efficiency in the photo-carrier generation above the fundamental
absorption edge and neglected all carrier recombination and ohmic loss
factors. In the figure, the circle on each material line shows
experimentally obtained maximum efficiency at room temperature. As can be
seen in this figure, there are still big room Lo improve the experimentally
obtained efficiency except for the crystalline 5i and GaAs. The difference
between the dots and circles indicate each level of the technological
maturity for the respective semiconductor material.

A wide variety of R&D efforcs hgave been in progress on each process of the
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PV conversion with the practical technologies. Among these, a remarkable
advances has been seen in the technology of the wide gap windows
heterojunction, graded band profiling, doping, guperlattice, BSF
rreatment and also the stacked junctions with new materials such as a-5icC,
Uuc-SiC alloys. As the results, amorphous silicon solar cell efficiency 1is
improving day by day. According to a recent histogram of several
thousands modules massproduction data (Fujikake et al., 1991), the In-Line
efficiency 1is being reached to ¢ %, and several institutes reported more
than 10 7 efficiency for the 100 cm?2 or more area as the top data in a

recenc few years. While, the laboratory phase efficiencies are more than
12 7 with a-SiC/a-Si heterojunction.

As it has been reported elsewhere {for example, Tsuda et al., 1983) that
the amount of percentage degradation increase with increasing i-layer
thickness. The reason is that the volume recombination of the photo-
generated carriers become relatively large with decreasing the lowest
electric field in the i-layer. For the purpose of suppressing this effect,
the tandem type solar cell has been recommended as a more reliable a-5i
Solar Cell (Hamakawa, 1986). Figure 7 shows light induced change in the
conversion efficiencies of a-Si single, a-Si/a-Si tandem and a~8iC/a~Si/a-
SiGe trple tandem solar cells (Nakata et al., 19%90). Figure 8 shows an
example of large area (1200 em?) a-Si/a-Si stacked solar cell V-I
characteristics having the efficiency of 10 Z by Fuji Electric Co. Ltd.
(Fujikake et al., 1991). The combination of a-Si with CIS (CulnSej) also
looks a promised candidate of stacked solar cell, recent top record in this

combinaitons is 15.6 % efficiency with four-terminal tandem cell (Mitchel,
1990) .

Recently, a concept of the band profiling design has been initiated as an
optimum design of the ambipolar carrier transport in i-layer of the multi-

band gap junctior. As an example of result, band profile of the a-5iC/a-
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Si/a-SiGe triple band gap tandem solar cell is illustrated in Fig. 9 with
its photovoltaic performance (Nakata et al., 1990), At the present stage
of investigation, a conversion efficiency of 15.04 %2 with Voc=1.478 Vv,
Jgpo=16.17 mA/cm? and FF=63 % has been obtained on sensitive area of 5x6 mmZ
under AM! illumination. Quite recently, by the same combination on four-
terminal cell 19.1 7 efficiency has been obtained by Ma Wen et al. as shown
in Fig. 10, Tc show the present status of the solar cell efficiency
improvement R&D efforts, some recent top efficiency year by year data in

these ten years are plotted together with their forecast by 2000 in Fig.
1l

EXPANDING NEW APPLICATICN SYSTEMS AND PROMISED FUTURE PROSPECT

As it has been discussed elsewhere, the cost reduction of the solar cells

is the key issue in the PV project. Figure 12 represents cell cost versus
massproduction scale in the past 15 years. As can be seen from this
figure, a-Si solar cell has a largest scale merit of the 25 Z. The

extrapolation of each cell materials cost shows the module cost of 1-2
dollars/Wp will be achieved with 100 MW/year Figure 13 shows photovoltaic
market forecast by three companies. While GSC (Gland Solar Challenge)
committee propesal on the Japanese domestic annual production forecast has

alsc been plorted in the figure. Examining with this figvere, The annual
precduction of 600 MWp/year for the world wide would be corresponding the
time of the 100 MW/year production in Fig. 12, The result shows a

levelized <cost against the conventional urility power electricity cost
could be accomplished by the year of 2000.

Table | shows the cell and module efficiency records achieved as of May
1990 on three kinds of silicon basis substrate sclar cells. While,
laboratory phase small area top data are also shown in the parenthesis. On
the basis of these module efficiency, the levelized electricity cost has
been calculated by the similar method to that listed in DOE the Five Year
Research Plan, the US DOE has established the goal of levelized current
dollar cost of $0.12/kWh with the module cost of $1/Wp {(US-DOE Five Year
Research Plan, 1987). Japanese a-Si solar cell Technical Committee

T1960 1970 1980 1990 CZ-Si technology
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As has been discussed in the previous section, cost reduction with mass
production scale merit is an Important factor. Full use of large scale
merit in the a-Si solar cell production, a wide variety of new applications

such as solar-poweredconsumer electronics, water pumping, traffic and rail
way signals have been developed in the past 10 years. Semi-power
applications like air ventilation ir house and sun-roof of the automobile
have recently made progress quickly . A roof top photovoltalc power
generation hooked up to utility grids would be one of the most promising
systems in the near future. For the purpose of system operation
experiments and demonstrations, NEDO/Kansai electric power Co. funded tgi

199.

construction of 3 kWpx200 roof top solar house model plans by the
(Yamaguchi, 1990). These projects have provided the feasibility of

intermediate photovbltaic systems.

Table 1 Conversion efficiency data and technical milestones of PV.
Efficiency & Target Year Present Near Term Long Term
PV Electricity Cost 1990 (1995%) (20005)

Xstal-Si 19/17.1 (23.2) 221/118° 24/ 21
Solar Cell / Module Poly-Si 15.7/13.5 20/18 21/18

Effictency (%)
100cm?Area Level a-Si 10/78.7 t2/710° 14/12°
{Top Data in B&D) (12.0)

Stacked a-Si 106792 14/11° 187157

[4T /2T [16.8 1/ 15] [20418] [22/18]
Produc tion Scale(MW,/ year) 16.8 40 250
Module Cost 650 ** 500° 100-200°
(¥/ W) 155.0) ($3.8) ($1.5)
BOS Cost 500 350 200
(¥/ W) (33 9) {$2.7) ($1.5)
System Lile {Year) 20 22 25
Levelized Eleclricity Cosl 52.3 [115] 35.1{72] 14.5 {26]
(¥/ KWh) (240/kWh) | (e27/kWh) (¢11.1/kWh)

* Sunshine Project Mitestone

-+ Annual sunshine period 1100hrs/ year are assumed

- 9 -

** NEDO Procurement Price

[ ]: Included 6% interest for 20 years system life.



Semi-transparent a-5iC solar cells, and SEE-through type solar cells have a
new application system such as sun-roof in motor car and decorated window

etc. Solar powered air conditioning has a great deal of potential market
more than 10 GW/year. a prototype a-Si poweraed solar air condition machine
has been produced some photovoltaic industries (Kuwano, 1991). New

challenges with full use of light-~weight eletricity generatoer have also
been applied in the sky, on sea and also on land. That 1is "TANPCPO-GO"
amorphous silicon solar cell powered engine plane succeeded across North-
American continent, San-Dieocgo, Califcrnia to Kitty Hawk, North Carolina,

in 1990.
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Table 5. Summary of the Recent Achicvement of a-Si basis Solar Cell performance in Japan

{As of Apnil,1993)

{a) a-S1 Single Junction Selar Cells, R & D Phasc

Voc Isc n A
(V) (mAfcm?) F.F, (%) {cm 2) Institute Remarks
0.967 17.7 0.703 12.0 0.033 Osaka U p-pe-51C(ECR) 1'87]
0.857 18.7 0.749 i2.0 1.0 Mitsu:-T multi-p layer ['90]
0.895 18.4 0.728 12.0 1.0 Hilachi multi-p tayer ('91]
0.89 18.3 0.74 (2.0 i.0 Sumitomo ['90]
0.891 19.13 0.70 12.0 I.0 Solarex ['89}
0.927 18.4 0.705 12.0 1.0 Fuji-Elect | BF3 Pulse CVD (91}
0.90 18.9 0.72 123 009 TIT &-doped p layer {'90]
0.923 184 0.725 123 1.0 Fuji-Elect | Pulse CVD;p-a-SiC:H
0.899 18.8 0.74 12.5 1.0 Fuji-Elect | p-a-SiQ:H ('91)
0.885 i9.13 0.747 12.65 1.0 SEL Reverse Bias;Annealing  ['91)
0.887 19.4 0.741 i2.7 1.0 Sanyo Supcrchamber ['92]
0.909 19.8 0.733 132 1.0 Mitsul-T (p-a-Si:H / p-a-C:H)n ['92]
(b) a-S1 Solar Cells, Single Junction Submodule
Vec Isc .| FF N A , '
(V) (mA/cm=Y| ~ (%) (cm?) Institule Remarks
12.53 130.1 (1.735 12.0 10 x 10 | Sanyo TCO improvement
12.55 1163 0.699 1. 10.2 10 x 10 | Sanyo Superchmaber TMB
2.409 611.6 0.686 10.1 10 x 10 | Mitsubishi | a-Si/a-Si/a-SiGe
53.9 328 0.714 10.05 30 x40 | Fuji-Elect | a-Si/a-Si, a-SiO p layer
30.4] 426 0.67 93 30 x40 | Fuji-Elect | IVE
10.0 10x 10 | Sanyo Through Hole Contact Cell
1.1 10 x 10 | Sanyo n/iinterface H Treatment
{c) a-Si basis Stacked Junction Solar Cells
Voc Jsc F.F. A
Jumction Structure (V) {(mAkm?) | (%) (%) Institule
a-SiC/a-Si 1.75 8.16 71.2 10.2 Solarex
a-Si/a-5i 1.80 9.03 74.1 12.0 Fuji
a-SiC/a-S8iGe/a-SiGe | 2.20 | ™ 7.90 68.0 11.8 Sharp
2 Terminal | a-Si/a-Si/a-5iCc 2.32 7.30 73.0 124 Sumilpomo
a-Sit/a-5i/a-SiGe 2.55 7.66 70.1 13.7 ECD
a-St / poly-Si 1.33 15.6 64.0 13.3 Osaka Univ.
a-Si/c-Si 1.48 16.2 63.0 15.0 Osaka Univ,
0.871 164 72.0 10.3
a-Si /f CulnScz2 0.432 17.4 680 |+ _ 5.3 ARCO
4 Terminal P56
0917 0.4 76.0 7.25
a-Si // poly-Si 0.573 302 792 |+ 1375 Osaka Univ.
21.0
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