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Abstract

A photoelectric conversion efficiency of over 10% has been achieved in thin-film microcrystalline silicon solar cells

which consist of a 2lm thick layer of polycrystalline silicon. It was found that an adequate current can be extracted

even from a thin film due to the very effective light trapping effect of silicon with a low absorption coefficient. As a

result, this technology may eventually lead to the development of low-cost solar cells. Also, an initial aperture efficiency

as high as 13.5% has been achieved with a large area (91cm · 45cm) tandem solar cell module of microcrystalline silicon

and amorphous silicon (thin film Si hybrid solar cell). An even greater initial efficiency of 14.7% has been achieved in

devices with a small size (area of 1cm2), and further increases of efficiency can be expected.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Solar cell; Amorphous silicon; Microcrystalline silicon; Light trapping; Plasma chemical vapor; Deposition
1. Thin-film crystalline (microcrystalline) silicon solar

cells

The use of thin-film silicon for solar cells is one of the

most promising approaches to realize both high perfor-

mance and low cost due to its low material cost and ease

of manufacturing. Part of the motivation behind these

studies comes from the theoretical finding that if these

devices can be constructed so that they trap sufficient
0038-092X/$ - see front matter � 2004 Elsevier Ltd. All rights reserv

doi:10.1016/j.solener.2004.08.028
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light, it should ideally be possible to achieve photoelec-

tric conversion efficiencies in excess of 20%, even with

solar cells in which the photoelectric layer is just a few

lm thick (Spitzer et al., 1980).

Attention has recently been focused on thin-film so-

lar cells made with crystalline silicon having a small

grain size formed by plasma CVD using inexpensive

substrate materials such as glass (Meier et al., 1994,

1996; Yamamoto et al., 1994, 1998, 1999; Yamamoto,

1999) and by using low temperatures regardless of the

type of substrate instead of these high-temperature

processes.

Fig. 1 shows the relationship between grain size and

Voc (open circuit voltage) as summarized by Werner of
ed.
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Fig. 1. The relationship between grain size and open circuit

voltage (Voc) in solar cells. Voc is correlated to the carrier

lifetime (diffusion length). In the figure, S indicates the

recombination velocity at the grain boundaries. In this paper,

microcrystalline silicon cells correspond to a grain size of 0.1lm
or less. In the figure, Ti, BP, ASE and ISE are abbreviations of

the research facilities from which the associated data came.

Fig. 2. Current–voltage characteristics of an n–i–p type micro-

crystalline silicon cell (film thickness 2lm, area 1cm2, measured

by JQA). In this figure, EffAP is the characteristic for the area

including the grid electrode, and EffIN is the characteristic of

the effective area not including the grid.

940 K. Yamamoto et al. / Solar Energy 77 (2004) 939–949
Stuttgart University (Werner and Bergmann, 1999).

Here, Voc can be regarded as a parameter reflecting

the cell characteristics and crystalline properties. As

the figure shows, superior characteristics are obtained

with a grain size of 100lm, but the characteristics are

worse with a grain size of a few tens of lm. Conversely,

favorable characteristics have been obtained experimen-

tally both at Neuchâtel University (Meier et al., 1994,

1996) and at Kaneka Corporation (Yamamoto et al.,

1994, 1998, 1999; Yamamoto, 1999) by using thin-film

crystalline silicon formed at low temperatures by plasma

CVD with a submicron grain size (this is generally re-

ferred to as microcrystalline silicon due to the small

grain size). This is an interesting discovery which has

caused recent research to shift toward both extremes

(one is small grain size, the other is mono-crystalline

such as layer transfer method.

1.1. Microcrystalline silicon thin-film solar cells formed

at low temperature

Microcrystalline silicon solar cells formed by plasma

CVD at low temperature are assumed to have a shorter

carrier lifetime than single-crystal cells, and it is com-

mon to employ a p–i–n structure including an internal

electric field in the same way as an amorphous solar cell.

A p–i–n type microcrystalline silicon solar cell is formed

by a process fairly similar to that of an amorphous solar

cell. Strictly speaking, these cells can be divided into p–i–

n and n–i–p types according to the film deposition order,

although the window layer of the solar cell is the p-type

layer in both cases.
The characteristics of a cell having a p–i–n structure

were first reported by Neuchâtel University (Meier et al.,

1994, 1996). Unlike an amorphous solar cell, this cell

does not deteriorate when exposed to light. The very first

reports on the characteristics of an nip cell were made by

our group using the light trapping structure described

below. These cells had an intrinsic conversion efficiency

of 10.7% and an apparent efficiency of 10.1% for a film

thickness of 2lm (surface area 1cm2, measured by the

JQA (Japan Quality Assurance Organization) (Fig. 2)

(Yamamoto et al., 1998, 1999; Yamamoto, 1999). Also,

by subjecting the silicon film in the photoelectric layer of

this cell to XRD (X-ray diffraction) measurements, it

was found to have a preferential (110) orientation.

The p–i–n and n–i–p cells have different characteristics

due to their different fabrication sequences. A large dif-

ference is that the underlying layer of a p–i–n cell is the

transparent p-type electrode, whereas the underlying

layer of a n–i–p cell is the n-type back electrode.

As a general rule, transparent electrodes are made of

oxides, and since there is a risk of these oxides being re-

duced by the hydrogen atoms that are needed to form

microcrystalline cells, there is a smaller process window

in the cell formation conditions for the p–i–n type. From

the viewpoint of the ease with which integrated struc-

tures can be formed, which is a characteristic of thin-film

solar cells, an advantage of p–i–n cells is that they can be

formed as super straight modules using integration tech-

niques similar to those used for amorphous silicon as de-

scribed below. On the other hand, it should be possible

to make integrated structures of n–i–p cells by methods

equivalent to those used for Cu(InGa)Se2-based solar
Jinko Ex. 1018 - 3/12
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cells (Wieting et al., 1995). At the present time it is dif-

ficult to determine which is better, but it should become

possible to arrive at a conclusion in terms of cost, per-

formance and applications through the production of

sub-modules in the future.

1.2. The light trapping effect of microcrystalline silicon

cells

Light-trapping techniques are a way of increasing the

performance of microcrystalline solar cells. This is a core

technique for cells made from microcrystalline silicon

because—unlike amorphous silicon—it is essentially an

indirect absorber with a low absorption coefficient. That

is, the thickness of the Si film that forms the active layer

in a microcrystalline silicon solar cell is just a few lm, so

it is not able to absorb enough incident light compared

with solar cells using ordinary crystalline substrates.

As a result, it is difficult to obtain a high photoelectric

current. Light-trapping technology provides a means

of extending the optical path of the incident light inside

the solar cell by causing multiple reflections, thereby

improving the light absorption in the active layer.

Light trapping can be achieved in two ways: (1) by

introducing a highly reflective layer at the back surface

to reflect the incident light without absorption loss,

and (2) by introducing a textured structure at the back

surface of the thin-film Si solar cell. Of course, the car-

rier lifetime is also important, and it goes without saying

that the diffusion length must be at least as long as the

film thickness. Moreover, internal light trapping for

amorphous Si and microcrystalline Si tandem cell

(stacked sell) by transparent interlayer will be intro-

duced as a new light trapping of tandem cell described

below.
Fig. 3. Cross-sections through light-trapping microcrystalline silicon

second generation (textured back reflector, thinner polycrystalline sili
As a effective example of light trapping, Fig. 3(a)

shows a cell that uses a flat highly reflective layer at

the back surface, and Fig. 3(b) shows a cell that uses a

textured type of highly reflective layer. This highly

reflective back layer also acts as the solar cell�s back elec-

trode. Thin-film microcrystalline silicon forms naturally

with a textured structure on its surface, and the size of

this texture is strongly dependent on the film thickness.

When the film is relatively thick (4lm or more), the sur-

face texture is suitable for light trapping, but when the

film is relatively thin (1.5lm or less), an adequate sur-

face texture does not form (Yamamoto et al., 1999;

Yamamoto, 1999). It is this necessary to use a textured

reflective layer at the back surface. Of course, to be pre-

cise the texture characteristics depend on the fabrication

conditions as well as the film thickness.

The light trapping effect of a thin film microcrystal-

line silicon layer with a thickness of 1.5lm is investi-

gated. Fig. 4(a) shows the reflection spectra of samples

corresponding to two types of 1.5lm thick cell (one with

a flat back reflector and one with a textured back reflec-

tor), and Fig. 4(b) shows the corresponding collection

efficiency spectra.

In Fig. 4(a), the minimum that appears in the spectra

at around 550nm arises because the ITO film was depos-

ited under anti-reflective conditions. The oscillation seen

at wavelengths above 600nm is caused by interference

with the silicon film in the active layer. The reflectivity

of the sample with the textured back surface is signifi-

cantly lower in the infrared region. Fig. 4(b) shows the

spectral sensitivity spectra corresponding to the flat

and textured samples. In the case of the textured sample,

it can be seen that the sensitivity is higher at wavelengths

above 600nm, which corresponds to the reduction of the

reflectivity spectrum at longer wavelengths.
solar cell devices: (a) first generation (flat back reflector); (b)

con layer).
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Fig. 4. The characteristics of microcrystalline solar cells on

glass substrates having flat and textured back reflectors: (a)

reflectivity, and (b) collection efficiency characteristics (quan-

tum efficiency).

942 K. Yamamoto et al. / Solar Energy 77 (2004) 939–949
This result provides experimental verification of the

contribution made by minute textured structures to light

trapping. In the future, it will be necessary to aim at

increasing the efficiency by obtaining larger currents in

the thin film through the formation of better light trap-

ping structures by controlling the profile of the micro-

crystalline silicon surface and the underlying reflective

layer.
2. Amorphous Si/microcrystalline Si stacked solar cells

Although the microcrystalline silicon cells formed at

low temperature as described above have a potential for

high efficiently, their efficiency in single-cell structures is

currently only about 10%, which is much lower than that

of bulk polycrystalline cells. To achieve a substantial

improvement of efficiency there needs to be some kind

of breakthrough, such as a substantial reduction in the

abovementioned grain boundary recombination or the

establishment of more advanced light trapping tech-

niques. In an attempt to achieve this, we have investi-
gated the use of two-and three-stacked (hybrid)

structures in which multiple cells with different light

absorption characteristics are stacked together. This ap-

proach allows better characteristics to be obtained with

existing materials and processes. The advantages of

using a layered structure include the following: (1) it is

possible to receive light by partitioning it over a wider

spectral region, thereby using the light more effectively;

(2) it is possible to obtain a higher open-circuit voltage;

and (3) it is possible to suppress to some extent the rate

of reduction in cell performances caused by photo-deg-

radation phenomena that are observed when using

amorphous silicon based materials.

Based upon above reasons, we have engaged in thin

film amorphous and microcrystalline (a-Si/•lc-Si)
stacked solar cell. In this kind of stacked cell of a-Si/

•lc-Si, pioneer work had been done by Professor

Hamakawa in 1983 (Okuda et al., 1983; Hamakawa,

1984). The last few years have witnessed significant

development in this area. One of them is that Dr. Meier

of University of Neuchatel reported 13% initial effi-

ciency of a-Si/•lc-Si stacked cell in 1996 (Meier et al.,

1996). In the FY of 1998, a-Si/crystalline stacked solar

cell reached the stabilized efficiency of 11.5% by our Ka-

neka Corporation (Yamamoto et al., 1998).

The advantage of a high Jsc for our lc-Si solar cell

shown in previous chapter was applied to the stacked

cell with the combination of a-Si cell. In applying the

a-Si cell to the stacked cell we must pay attention to

the stabilized efficiency as mentioned, since a-Si has a

photo-degradation, while a lc-Si cell is stable. We have

also prepared three stacked cell of a-Si:H/lc-Si/c-Si (tri-
ple), which will be less sensitive to degradation by using

the thinner a-Si. We have investigated the stability of a-

Si:H/lc-Si/lc-Si (triple) cell. These devices were then

subjected to indoor light soaking under AM 1.5,

100mW/cm2, 48 �C, and open-circuit conditions. The tri-

ple cell showed a stabilized efficiency of 12% as shown in

Fig. 5(a). Note that a high stabilized FF of 76.2% was

also obtained. Fig. 5(b) shows the change in the device

efficiency during light soaking under the above condi-

tions, where very little photo-degradation is observed

for our 3-stacked cell.

As a next generation of further high efficiency of

solar cell, we have developed the new stacked thin film

Si solar cell, where the transparent inter-layer was in-

serted between a-Si and lc-Si layer to enhance a partial

reflection of light back into the a-Si top cell. We call

this structure as internal light trapping. This structure

enables the increase of current of top cell without

increasing the thickness of top cell, which leads less

photo-degradation of stacked cell.

Fig. 6 shows the schematic view of a-Si/•lc-Si
stacked pin cell with interlayer, where the transparent

intermediate layer between a-Si top and lc-Si bottom

cells is inserted. By introduction of this interlayer, a par-
Jinko Ex. 1018 - 5/12



Fig. 5. (a) The established performance of the a-Si/poly-Si/

poly-Si 3-stacked hybrid solar cell after 550h indoor light

soaking; (b) Light-induced changes in efficiency for a-Si/poly-Si/

poly-S 3-stacked hybrid solar cell under AM 1.5, 100mW/cm2,

48�C, and open-circuit conditions.

Fig. 6. Schematic view of a-Si/poly-Si (lc-Si) stacked cells with

an interlayer.

K. Yamamoto et al. / Solar Energy 77 (2004) 939–949 943
tial reflection of light back into the a-Si top cell can be

achieved. The reflection effect results from the difference

in index of refraction between the interlayer and the sur-

rounding silicon layers. Table 1 shows the internal light

trapping effect for different refractive index (n) and

thickness (d) of inter-layer. The product of Dn · d deter-
Table 1

Internal light trapping effect refractive index (n) and thickness (d) of

Cell structure Thickness of intermediate lay

Without intermediate layer 0

With intermediate layer (A) 1

2

With intermediate layer (Bl) 4

With intermediate layer (B2) 4

Note that total current (bottom current) is increased by the introduct

inter-layer B1.

Refractive index: interlayer (A) < interlayer (B) different fabrication p

Refractive index (n), thickness (d) Dn · d.
mine the ability of partial reflection. Another important

aspect is that total current, in another word bottom cur-

rent, is affected by the interlayer its-self such as a thick-

ness, kind of material, fabrication method. This effect is

more cleared by the observation of spectral response as

shown in Fig. 7. The photo-response of top cell is en-

hanced in the wavelength region of more than 500nm

due to the partial reflection effect by the introduction

of interlayer, at the same time the total current of the

stacked cell is enhanced the wavelength region of 600–

900nm. This increase in photosensitivity is thought to

be cased by the effective light trapping of red light
inter-layer

er (relative) Normalized photo current

a-Si poly-Si Total

1.00 1.00 1.00

1.02 1.04 1.03

0.94 0.96 0.95

1.04 0.95 1.00

1.05 1.02 1.03

ion of inter layer B2, while the total current is decreased by the

rocess between B1 and B2.
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Fig. 7. Spectral-response of the cell with and without inter-

layer. Bold and normal line shows the spectral-response of the

cell with and without inter-layer.

Fig. 9. I–V characteristics of Si thin film hybrid solar cell with

inter-layer.

944 K. Yamamoto et al. / Solar Energy 77 (2004) 939–949
(600–900) in the bottom cell as shown in Fig. 7. Namely,

the light trapping is occurred between the front and back

electrode without inter-layer, while with inter-layer, it is

also occurred between inter-layer and back electrode.

This could reduce the absorption loss of TCO and a-

Si:H. As another possibility, it is noted that the quality

of p and p-n interface is improved by the introduction

of interlayer, which leads the reduction of absorption

loss. This concept of internal light trapping is shown

in Fig. 8.

By optimizing the deposition conditions including a

interlayer, initial efficiency of 14.7% have been achieved

for 1cm2 a-Si/interlayer/poly-Si stacked cell as shown in

Fig. 9 (Yamamoto et al., 2002, 2003). The highest Jsc of
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Fig. 8. Schematically drawn
15.0mA/m2 with interlayer is obtained, which will lead

the higher efficiency in near feature.

2.1. Large area thin film silicon HYBRID (amorphous

silicon and microcrystalline silicon stacked) module

We have been developing techniques for depositing

microcrystalline silicon films on large area substrates,

and for the production of silicon hybrid modules based

on tandem cells of amorphous silicon and microcrystal-

line silicon (Yamamoto et al., 2002; Yoshimi et al.,

2003). These hybrid modules employ a super-straight

structure in which light is incident through a glass sub-

strate on which a transparent electrode is formed, and

are integrated by laser scribe processing as shown in
22

concept of inter-layer.
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Fig. 10. We have also been developing mass production

techniques, which were put into commercial operation in

2001.

Since the required thickness of lc-Si active layer is

around several times thicker than that of a-Si, increasing

the deposition rate of lc-Si is one of the key issues for a

mass production of the HYBRID modules. We have

developed large area plasma CVD apparatus for high

throughput deposition of lc-Si bottom cell. The techni-

cal points are summarized as; (1) improving an ability of

gas supply or an exhausting system, (2) increasing RF

power into the electrode as well as reducing the power-

loss, (3) effective film deposition on substrate by plasma

confinement. The item (2) and (3) directly contribute to

improving the deposition rate. Fig. 11 shows a relation

between normalized RF power and deposition rate of

lc-Si. In the entire RF power region shown in this fig-

ure, each maximum initial efficiency of the HYBRID

modules were kept more than 11%, representing the

quality of lc-Si layer deposited at high power is not so

inferior. Reasonably high deposition rate of 11A/s for

lc-Si at the area of 910 · 910mm has been achieved with

its good uniformity of the thickness.

Based on the large amount of experimental data

gained by our group, the guidelines for forming high-

quality microcrystalline silicon by plasma CVD are very
Fig. 10. Cross-sectional structure of the silicon hybrid module

(amorphous microcrystalline silicon tandem solar cell module;

series-connected).
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Fig. 11. Deposition rate of poly-Si as a function of relative RF

power in 1m2 class plasma CVD. Closed circles indicate the

points of maximum initial efficiency obtained for each RF

power.
simple as long as it is possible to supply a sufficient

quantity of hydrogen atoms to the substrate during crys-

tallization without causing any damage (most of it is ion

damage), then the film fabrication speed can be im-

proved without deteriorating the cell characteristics.

The result of long-run production of more than 4000

HYBRID modules (sized 910 · 455mm) in our plant

exhibits the initial average efficiency of around 11% by

using high deposition rate lc-Si as the bottom cell, as

shown in Fig. 12. It was confirmed that the HYBRID

modules could be fabricated with high throughput and

stable production. For further R&D, it will be necessary

to establish much higher throughput processes of lc-Si
deposition including the reduction of downtime for plas-

ma CVD apparatus. The highest module initial aperture

efficiency of 12.5% confirmed by independent laborato-

ries (AIST) is shown in Fig. 13.

Internal light trapping technology transfer from

small size device as shown in Fig. 6 to large area module

has been performed. A fabrication technology of trans-

parent interlayer onto 910 · 455mm sized large area

has been prepared. We call this new HYBRID module

(a-Si and lc-Si) with transparent interlayer as a HY-

BRID PLUS.

The design of multi-junction device structure as well

as the optimization of fabrication process have been

promoted under the concept of realizing high annual

output power at outdoor as the ‘‘high performance mod-

ule’’. We have applied a large area dual light source so-

lar simulator not only to obtain an approximate AM 1.5

spectrum but also to demonstrate quasi-summer or win-

ter spectra by changing the ratio of halogen/xenon light

intensity. The measurement of dual light source simula-

tor under various irradiation spectra have been per-

formed to optimize the kind of transparent interlayer.

Fig. 14 shows the results for three modules with different

kind of interlayer A, B and C while keeping the thick-

ness of each top a-Si and bottom lc-Si layer the same.
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Fig. 12. Distribution of initial efficiency for 910 · 455mm a-Si/

poly-Si HYBRID modules fabricated with high throughput

production line. The total amount of modules in this long test

run is 4152.
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Fig. 13. The performance of HYBRID module confirmed by AIST (National Institute of Advanced Industrial Science and

Technology). The scribed area�s efficiency are shown in this figure.
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Fig. 14. Short circuit current Isc comparison for three

HYBRID modules (three modules with different kind of

interlayer A, B and C while keeping the thickness of each top

a-Si and bottom poly-Si layer the same) measured by under

various irradiation light spectrum. The spectrum was controlled

by changing the light intensity ratio of halogen/xenon dual light

source simulator. Total irradiation intensity was approximately

equivalent in the entire spectrum region. A dashed vertical line

indicates nearly AM 1.5 spectrum condition in this

measurement.

Table 2

I–V characteristics of two types of HYBRID module without

and with ‘‘improved’’ transparent interlayer

Voc Jsc FF Efficiency

Module D (w/o interlayer) 1.00 1.00 1.00 1.00

Module E (with interlayer) 1.00 1.19 0.963 1.15

The parameters were normalized by those of Module D

(without interlayer).
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The spectrum was controlled by changing the light

intensity ratio of halogen/xenon dual light source simu-

lator. Total irradiation intensity was approximately

equivalent in the entire spectrum region. A dashed verti-

cal line indicates nearly AM 1.5 spectrum condition in

this measurement. With increasing the transmittance of

interlayer (from A to B to C), the Isc of Blue-rich region

of these module increases. Namely, C is the highest Isc at

Blue-rich conditions among these modules, which is
introduced as a inter-layer of most transparent among

these inter-layers. This implies that bottom cell cur-

rent is very much affected by the transmittance of

inter-layer.

By applying these measurement�s technology to opti-

mize the each thickness of top a-Si, interlayer, bottom

lc-Si layer. We have succeeded in fabricating the large

area series integrated monolithic a-Si/transparent inter-

layer/lc-Si module. It is confirmed that the Jsc as well

as efficiency of module increase by inserting a transpar-

ent interlayer as shown in Table 2. Here module D & E

have same thickness of top a-Si layer without interlayer

(D) and with improved interlayer (E). The remarkable

19% increase of short circuit current (Isc) of this module

was obtained by the introduction of transparent inter-

layer, namely internal light trapping. A serious shunting

problem for the integration structure in the module hav-

ing conductive interlayer has been suppressed. However,

a little problem still remains because the FF of module

D is relatively lower.
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Fig. 15. Initial I–V performance of 910 · 455mm HYBRID

solar module measured under AM 1.5, 1kW/cm2 conditions.
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Fig. 17. Performance change of the HYBRID module opti-

mized at noon output in the field. In summer, Pout was 10%

greater than the Pstc measured at STC in May 2002.
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Up to now, an initial aperture efficiency of 13.5%

(Voc: 137V, Isc: 0.536A (Jsc: 14.0mA/m2), FF: 0.706)

has been achieved for 910 · 455mm size HYBRID solar

cell module as shown in Fig. 15. Remarkably high

intrinsic Jsc reaches to 14.5mA/cm2 in taking into ac-

count the inter-connection loses of this module

(Yamamoto et al., 2004).

2.2. Outdoor performance of thin film Si Hybrid module

Outdoor performance of our thin film Si hybrid mod-

ules have been systematically investigated, which are

published elsewhere (Nakajima et al., 2003, in press).

We have achieved the actual output current correspond-

ing to the Jsc of 13mA/cm2 at the irradiance of 1.0kW/

m2 in natural sunlight as shown in Fig. 16. The irradi-

ance was measured with the pyranometer (Eko

MS801) located on the co-planar plane with modules.
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Fig. 16. Actual short circuit current of HYBRID module

exposed after a month measured under clear sky condition. The

Isc was 0.506A by the initial measurement at STC.
The above module exhibited the Jsc of 13.2mA/cm2

and the efficiency of 13% at STC initially.

Performance change of the HYBRID module opti-

mized at noon output in the field had been investigated

through 2000 to 2002 in Japan as shown in Fig. 17. The

Pout was the output power corrected to the standard

conditions (25 �C and 1kW/m2). All observed points in

the figure were normalized by Pstc, which was the Pmax

measured at STC in May 2002. Pout was 10% greater

than Pstc when the spectral irradiance was close to AM

1.0 in summer. Note that Pout was 10% greater than

the Pstc measured at STC in May 2002.

Fig. 18 shows the performance normalized by the irra-

diance of sunlight and the nominal power as the function

of the irradiance. Tmod shows the module temperature at

each observed point. Solid line was evaluated from the

empirical model of c-Si module (Nakajima et al., in

press). The performance of c-Si module decreased as

the irradiance of sunlight is close to 1.0kW/m2. On the

other hand, the HYBRID module kept its performance

at the irradiance close to 1.0kW/m2, and which behavior

was well explained by both the low temperature coeffi-

cient of Si hybrid module and spectral effect.

2.3. Application to the roofing materials and grid

connected systems for thin film Si module

One of the advantage of thin film Si solar module is

characterized to the low temperature coefficient. This

advantage was applied for the low angle (5 degree off

from horizontal) and simple installation of module as

shown in Figs. 19–21. Figs. 19 and 20 show the 40KW

system of North Daito Island and 20KW system at the

top of the building Osaka, respectively. Fig. 21 shows

another application of the roof top of the building with

combination of plant for reduction of heating the roof.
Jinko Ex. 1018 - 10/12



Fig. 20. KW system at the top of the building Osaka

(HYBRID modules). Note that modules are installed at low

angle (5 degree off from horizontal).

Fig. 21. A private house with these PV roofing.
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Fig. 18. Performance of HYBRID module as a function of the

irradiance a day. Pout is actual output normalized by the

irradiance. Tmod is module temperature. Solid line indicates the

typical c-Si module model.
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The other advantages of the thin film PV modules are

the design flexibility with a variety of voltage and the

cost potential. As the modules are prepared to be cut

from the maximum module with 980mm · 950mm in

our manufacturing plant, any size of modules can be ap-

plied to the roofing tiles. 910mm · 910mm, 910mm ·
455mm, 910mm · 227mm and 455mm · 227mm are

the typical sizes now. Figs. 21 shows the private house

with these PV roofing tiles. In case the PV roofing tiles

act as ordinary roofing tiles, so that the construction

cost for PV system can be saved. Through the detailed

designing, the actual installation and the performance

evaluation, we confirmed the availability of proposed
Fig. 19. KW system of North Daito Island (a-Si modules).

Note that modules are installed at low angle (5 degree off from

horizontal).
modules as roofing materials. It is said that the thin film

Si solar cells can be practically used for the PV systems

on the roof of private houses.
3. Conclusion

An initial aperture efficiency of 13.5% (Jsc = 14mA/

cm2) has been achieved for 910 · 455mm2 a-Si:H/trans-

parent inter-layer/microcrystalline Si thin film integrated

large area solar cell module. We conclude that further

investigation and optimization should be required for

the new type of HYBRID PLUS module towards higher

efficiency.
Acknowledgments

This work was supported by the Incorporated

Administrative Agency New Energy and Industrial
Jinko Ex. 1018 - 11/12



K. Yamamoto et al. / Solar Energy 77 (2004) 939–949 949
Technology Development Organization (NEDO) under

Ministry of Economy, Trade and Industry (METI).
References

Hamakawa, Y., 1984. Heterojunction stacked solar cells. In:

Hamakawa, Y. (Ed.), Amorphous Semiconductor Technol-

ogies & Devices, JARECT, 16. Ohmu-sha Ltd. and North-

Holland Publishing Co., p. 200.

Meier, J., Flueckiger, R., Keppner, H., Shah, A., 1994. Appl.

Phys. Lett. 65, 860–862.

Meier J., Torres, P., Platz, R.,Dubail, S.,Kroll, U., Anna Selvan,

J.A., Pellaton Vaucher, Ch., Hof, N., Fischer, D., Keppner,

H., Shah, A., Ufert, K.-D., Giannoules, P., Koehler, J., 1996.

On the way towards high-efficiency thin film silicon solar cells

by the �micromorph� concept. In: MRS Spring Meeting, in

San Francisco, USA, vol. 420, pp. 3–14.

Nakajima, A., Ichikawa, M., Sawada, T., Yoshimi, M.,

Fukuda, S., Tawada, Y., Meguro, T., Takata, H., Suezaki,

T., Goto, M., Hayashi, K., Yamamoto, K., 2003. Improve-

ment on actual output power of thin film silicon hybrid

module. In: Proceedings of 3rd World Conference on

Photovoltaic Solar Energy Conversion, Osaka, Japan, to

be published.

Nakajima, A., Ichikawa,M., Sawada, T., Yoshimi,M., Yamam-

oto, K., in press. Improvement on actual output power of

thin film silicon hybrid module. Jpn. J. Appl. Phys.

Okuda, J., Okamoto, H., Hamakawa, Y., 1983. Amorphous Si/

polycrystalline Si stacked solar cell having more than 12%

conversion efficiency. Jpn. J. Appl. Phys. 22, L605.

Spitzer, M., Schewchun, J., Vera, E.S., Lofersky, J.J., 1980. In:

Proceedings of 14th IEEE PV Specialists Conference, San

Diego, USA, p. 375.

Werner J., Bergmann, R., 1999. Perspectives of crystalline

silicon thin film solar cells. In: Technical Digest of 12th

International Photovoltaic Science and Engineering Con-

ference, Sapporo, Japan, pp. 923–925.

Wieting, R., Delaney, D., Dietrich, M., Fredric, C., Jensen, C.,

Willett, D., 1995. Progress in CIS-based photovoltaic

through statistical process control. In: Proceedings of the

13th EC Photovoltaic Solar Energy Conference, Nice,

France, pp. 1627–1630.
View publication stats
Yamamoto, K., 1999. Very thin film crystalline silicon solar

cells on glass substrate fabricated at low temperature. IEEE

Trans. Electron Dev. 46, 2041–2047.

Yamamoto, K., Nakajima, A., Suzuki, T., Yoshimi, M.,

Nishio, H., Izumina, M., 1994. Thin-film polycrystalline Si

solar cell on glass substrate fabricated by a nobel low

temperature process. In: Proceedings of the 1st Photovoltaic

Energy Conversion, Hawai, USA, pp. 1575–1578.

Yamamoto, K., Yoshimi, M., Suzuki, T., Tawada, Y., Okam-

oto, Y., Nakajima, A., Igari, S., 1998. Below 5m thin film

poly-Si solar cell on glass substrate fabricated at low

temperature. In: Proceedings of 2nd World Conference on

Photovoltaic Solar Energy Conversion, Vienna, Austria, pp.

1284–1289.

Yamamoto, K., Yoshimi, M., Tawada, Y., Okamoto, Y.,

Nakajima, A., Igari, S., 1999. Thin-film poly-Si solar cells

on glass substrate fabricated at low temperature. Appl.

Phys. A 69, 179–185.

Yamamoto, K., Nakajima, A., Yoshimi, M., Sawada, T.,

Fukuda, S., Hayashi, K., Suezaki, T., Ichikawa, M., Koi,

Y., Goto, M., Takata, H., Tawada, Y., 2002. High efficiency

thin film silicon solar cell and module. In: Proceedings of

29th IEEE Photovoltaic Specialists Conference, New

Orleans, p. 1113.

Yamamoto, K., Nakajima, A., Yoshimi, M., Sawada, T.,

Fukuda, S., Suezaki, T., Ichikawa, M., Koi, Y., Goto, M.,

Tanaka, H., Sasaki, T., Tawada, Y., 2003. Novel hybrid

thin film silicon solar cell and module. In: Proceedings of

3rd World Conference on Photovoltaic Solar Energy

Conversion, Osaka, Japan, to be published.

Yamamoto, K., Nakajima, A., Yoshimi, M., Sawada, T.,

Fukuda, S., Suezaki, T., Ichikawa, M., Koi, Y., Goto, M.,

Meguro, T., Matsuda, T., Kondo, M., Sasaki, T., Tawada,

Y., 2004. Large area thin film silicon hybrid solar cell and

module with inter-layer. In: Technical Digest of 14th

International Photovoltaic Science and Engineering Con-

ference, Bangkok, Thailand.

Yoshimi, M., Sasaki, T., Sawada, T., Suezaki, T., Meguro,

T., Matsuda, T., Santo, K., Wadano, K., Nakajima, A.,

Yamamoto, K., 2003. High efficiency thin film silicon

hybrid solar cell module on 1M2-class large area sub-

strate. In: Proceedings of 3rd World Conference on

Photovoltaic Solar Energy Conversion, Osaka, Japan, to

be published.
Jinko Ex. 1018 - 12/12

https://www.researchgate.net/publication/223505911

	A high efficiency thin film silicon solar cell and module
	Thin-film crystalline (microcrystalline) silicon solar cells
	Microcrystalline silicon thin-film solar cells formed�at low temperature
	The light trapping effect of microcrystalline silicon cells

	Amorphous Si/microcrystalline Si stacked solar cells
	Large area thin film silicon HYBRID (amorphous silicon and microcrystalline silicon stacked) module
	Outdoor performance of thin film Si Hybrid module
	Application to the roofing materials and grid connected systems for thin film Si module

	Conclusion
	Acknowledgments
	References




