Stronger glass as a requirement for flexible thin glass substrates for durable and cost effective thin film solar cells
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I. INTRODUCTION

After hearing about this contest, I started thinking about good ideas for applications of such a strong glass. Some ideas came to my mind, but they were all focussed on a very special application. This was not satisfying, because I wanted a more general idea which could serve as a milestone for further development, and has the ability to influence several aspects of daily live. Finally I got the idea that with the availability of a much stronger glass the requirements for flexible thin film glass substrates for durable and cost effective thin film solar cells could be met. This idea has the potential to influence the whole world, it could deliver cheap electrical energy in third world regions without infrastructure, it could supply the industrial nations with cheap and environment-friendly energy which helps to preserve the environment and it could power portable devices with rollable solar cells. In the first moment it may not look like much stronger glass is the key to all this. But in the next sections I will explain why glass is needed for this application, and why the glass must be so strong. In the end I will give two examples for possible flexible glass substrates based on high strength glass, one optimized for high strength and one optimized for energy efficiency and ecological value. Both will be compared to a standard glass substrate of normal strength.

II. CHARACTERISTICS OF A THIN FILM SOLAR CELL
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Fig. 1. Cross section of a thin film solar cell

A flexible thin film solar cell consists of a flexible substrate with a diffusion barrier. Next layer is the backside contact which is matched to the photoabsorbing semiconductor layer via an intermediate layer. On top of this comes a buffer layer to match the photoabsorbing layer to the frontside contact. The whole system is covered with a flexible frontplate. Fig. 1 shows the cross section of a thin film solar cells, based on CuInSe2 (CIS) as photoabsorber. CIS based thin film solar cells reach an efficiency of up to 20 %. The standard process temperature needed is 820 K, which limits the number of substrate materials. The only existing flexible substrate is based on polyimide, and this is the only polymer to withstand temperatures of up to 720 K. But with these limited process temperatures the efficiency is limited to up to 13 %. CIS thin film solar cells are very resitant against radiation damage, and have a very good long term performance, which also allows them to be used in space applications. Fig. 2 shows a solar power plant in Goettelborn, Germany. It is based on traditional silicon based solar cells. With the availability of high strength glass, flexible substrates could be made to cover larger areas much more easily. The possibility to roll them up could used to protect them against bad weather and to store them space saving, only being unrolled when needed. This allows the areas to be used for multiple purposes.
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Fig. 2. Solar power plant Goettelborn, Germany (traditional silicon based solar cells)

III. WHY GLASS FOR THIN FILM SOLAR CELLS

For this application glass would be a very good material, because it offers many advantageous properties. It offers a very good chemical resistance which is needed both for the processing of the solar cells as well as for its long term application to be resistant to atmospheric attack and ultraviolett radiation. Its temperature stability is needed for the processing. Good transmission properties are also needed, which are offered by glass as well as a smooth surface.

IV. THE NEED FOR STRONGER GLASS

Why is a much stronger glass essential for this application? The benefits of stronger glass for the application in thin film solar cells can be summarized in three important points.

A. Energy, Cost and material saving
First point is the possibility of reducing the glass substrate thickness, which will save material and while saving material it will also reduce the expenses for the solar cells. Cost saving is a very important factor, but there is also one aspect which is especially important in producing solar cells, because of their

low power density. This is the relation between the energy needed to produce the solar cell to the energy it delivers during its use. This relation determines the ecological value of solar cells. Traditional solar cells need 4 - 7 years to produce the energy that was spent during fabrication, traditional thin film solar cells need 2 - 4 years.With the material saving, additional energy can be saved in the production process. This improves the ecological value and so broadens the field of applications.

B. Increased tolerance to failure
With increasing the strength, the failure strain will also be increased because the elastic modulus of the glass does not change. With an increased strength and failure strain the energy needed to cause a failure is greatly increased, because much more energy can be stored in the material without damaging it. Increased failure strain also means increased flexibility, which means that greater deformations are possible without causing failure. For calculations see V-A and V-B.

C. Flexible glass substrates
With further development of these ideas of thickness reduction and increased failure strain you get to a point where it is possible to make flexible glass substrates. If the thickness is reduced far enough, the bending strain will be reduced far enough so that with increased failure strain the minimum bending

 radius will be reduced dramatically. So that you finally get a flexible even rollable glass substrate, see Fig. 4. But this is only possible due to improved strength and therefore improved failure strain of the high strength glass. For calculations see V-C.

V. IMPROVEMENT OF GLASS PROPERTIES

A. Improved fracture strain
While improving the strength of the glass other properties will also improve. Because the elastic modulus remains the same, the material can withstand higher strains. With the assumption of linear elastic behavior the fracture strain for normal glass is about 0.1 % and for the high strength glass about 5.0 % which is also a factor 50 like the strength. The fracture strain is calculated with Hooke’s law, where _ is the strain, _ is the stress and E is the elastic modulus. The subscript n is used for normal glass, and the subskript hs is used for high strength glass throughout the article.
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B. Improved elastic energy capacity
This combination of higher strength and higher fracture strains leads to other important effects and possibilties. Because the elastic energy that can be stored in the material is a function of stress and strain, the energy that can be stored in the material will increase dramatically. The energy density  ! that can be stored elastically is the elastic energy W per volume V . The elastic energy is the Force F integrated over the deformation s, and the volume can be expressed as the face area A multiplied with the thickness d. d is the change in thickness due to the deformation.


[image: image6.wmf]E

E

d

A

d

d

E

A

V

ds

s

F

V

W

2

2

2

2

2

2

2

s

se

e

w

=

=

=

×

D

×

×

=

×

=

=

ò


In this case were the strength is improved by a factor of 50 the maximum stored energy will increase by a factor of 2500.
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C. Flexibility
It also becomes possible to produce flexible substrates due to the higher strength and higher fracture strains. Which means that you can achieve the same minimum bending radius as a normal glass with a 50x thicker glass or the other way round you can reduce the minimum bending radius 50x for the same thickness. A 1 mm thick sheet of glass when made of normal glass will have a minimum bending radius of 500 mm compared to 10 mm when made of the high strength glass.  r is the radius of curvature and d is the thickness of the glass, see Fig. 3.
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Fig. 3. Strains induced by bending
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Fig. 4. Rollable flexible glass

VI. EXAMPLE FOR A NEW HIGH STRENGTH GLASS SUBSTRATE OPTIMIZED FOR HIGH STRENGTH

A. Mechanical Properties
To really get an idea of all these effects I want to give an example and compare an 3.0 mm thick sheet of normal glass with an 0.6 mm sheet of high strength glass, which is a factor of 5 thinner. The strength of the normal glass is 0.21 MN/m compared to 2.1 MN/m for the high strength glass, which is 10 x better. The fracture strain is 0.1 % for the normal glass and 5.0 % for the high strength glass, which is a factor of 50 x better. For the case of an impact the normal glass can store 105 J/m2 of elastic energy compared to 52500 J/m2 for the high strength glass, which is 500 x better. The minimum bending radius for the 3.0 mm normal glass sheet is 1500 mm compared to 6 mm for the 0.6 mm high strength glass sheet, which is a factor of 250 x thighter. For comparison see also table I.

B. Energy, Cost and material saving
Compared to the 3.0 mm normal glass sheet the 0.6 mm high strength glass sheet needs just 0.2 x the amount of material. Which means also an weight reduction of 80 % when using the high strength glass. When assuming the same production costs for both sorts of glass this would also mean 80 % cost

saving. Even if the production costs for the high strength glass should be higher the material saving will overbalance so that the overall costs will still be lower. Same thing with the energy saving. Assuming the same amount of energy needed to produce both sorts of glass, the high strength glass will

need just 20 % of the energy of normal glass. For comparison see also table I.

	
	normal glass
	high strength glass
	improvement factor

	thickness
	3.0
	mm
	0.6
	mm
	0.2

	strength
	0.21
	MN/m
	2.1
	MN/m
	10

	fracture strain
	0.1
	%
	5.0
	%
	50

	impact energy
	105
	J/m2
	52500
	J/m2
	500

	bending radius
	1500
	mm
	6
	mm
	250

	material need
	7.5
	kg/m2
	1.5
	kg/m2
	0.2

	energy need
	1
	
	up to 0.2
	
	up to 0.2

	production costs
	1
	
	up to 0.2
	
	up to 0.2


VII. EXAMPLE FOR A NEW HIGH STRENGTH GLASS SUBSTRATE OPTIMIZED FOR ECOLOCICAL VALUE

A. Mechanical Properties
Now I want to give an example with lower strength but further improved energy and material savings and so improved ecological value and compare an 3.0 mm thick sheet of normal glass with an 0.3 mm sheet of high strength glass, which is a factor of 5 thinner. The strength of the normal glass is 0.21 MN/m compared to 1.05 MN/m for the high strength glass, which is 5 x better. The fracture strain is 0.1 % for the normal glass and 5.0 % for the high strength glass, which is a factor of 50 x better. For the case of an impact the normal glass can store 105 J/m2 of elastic energy compared to 26250 J/m2 for the high strength glass, which is 250 x better. The minimum bending radius for the 3.0 mm normal glass sheet is 1500 mm compared to 3 mm for the 0.3 mm high strength glass sheet, which is a factor of 500 x thighter. For comparison see also table II.

B. Energy, Cost and material saving
Compared to the 3.0 mm normal glass sheet the 0.3 mm high strength glass sheet needs just 0.1 x the amount of material. Which means also an weight reduction of 90 % when using the high strength glass. When assuming the same production costs for both sorts of glass this would also mean 90 % cost saving. Even if the production costs for the high strength glass should be higher the material saving will overbalance so that the overall costs will still be lower. Same thing with the energy saving. Assuming the same amount of energy needed to produce both sorts of glass, the high strength glass will need just 10 % of the energy of normal glass. For comparison see also table II.

	
	normal glass
	high strength glass
	improvement factor

	thickness
	3.0
	mm
	0.3
	mm
	0.1

	strength
	0.21
	MN/m
	1.05
	MN/m
	5

	fracture strain
	0.1
	%
	5.0
	%
	50

	impact energy
	105
	J/m2
	26250
	J/m2
	250

	bending radius
	1500
	mm
	3
	mm
	500

	material need
	7.5
	kg/m2
	0.75
	kg/m2
	0.1

	energy need
	1
	
	up to 0.1
	
	up to 0.1

	production costs
	1
	
	up to 0.1
	
	up to 0.1


VIII. SUMMARY

The availability of high strength glass will be the key to flexible thin glass substrates for thin film solar cells. The chemical and physical properties of glass are ideal for thin film solar cells. The high strength improves flexibility and allows a reduction in glass thickness which results in flexible, even rollable substrates. The possibility to roll the solar cells will extend their field of use, and allows them to be stored and covered space saving. They only have to be unrolled when in use, which allows multi-purpose use of such areas. This also allows to protect them from bad weather and other atmospheric influence. And even if the thickness is reduced, the much higher strength will still greatly improve properties like breaking load and impact energy. The thickness is still in a range that can be produced with the float glass process, so no new production process is needed. Which means no additional design and development costs. The reduced thickness is not just good for flexibility, it is also the key to huge material savings and thus energy savings. And the energy savings will greatly improve the ecological value of solar cells which will make them much more important as a regenerative energy source. And with all these savings the costs will also be reduced in an great extent. This determines their economical value, which will be greatly improved. And the increased economical value together with the flexibility in use will push the markets for solar cells and even open new markets which rely on the unique properties of thin film solar cells on high strength glass substrates.
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