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FUSON FORMABLE ALKAL-FREE 
INTERMEDIATE THERMAL EXPANSION 

COEFFICIENT GLASS 

This application is a continuation Application of U.S. 
patent application Ser. No. 13/569,756 filed on Aug. 8, 2012 
which claims the benefit of priority under 35 U.S.C. S 119 of 
U.S. Provisional Application Ser. No. 61/522,956 filed on 
Aug. 12, 2011 the entire disclosure of each is relied upon and 
incorporated herein by reference in their entirety. 

BACKGROUND 

Field 
Embodiments relate generally to alkali-free glasses and 

more particularly to alkali-free, high Strain point and/or 
intermediate expansion coefficient, fusion formable alumi 
nosilicate, and/or boroaluminosilicate glasses which may be 
useful in photovoltaic applications, for example, thin film 
photovoltaic devices. 

Technical Background 
Substrate glasses for copper indium gallium diselenide 

(CIGS) photovoltaic modules typically contain NaO, as 
diffusion of Na from the glass into the CIGS layer has been 
shown to result in significant improvement in module effi 
ciency. However, due to the difficulty in controlling the 
amount of diffusing Na during the CIGS deposition/crystal 
lization process. Some manufacturers of these devices prefer 
to deposit a layer of a suitable Na compound, e.g. NaF. prior 
to CIGS deposition, in which case any alkali present in the 
Substrate glass needs to be contained through the use of a 
barrier layer. Moreover, in the case of cadmium telluride 
(CdTe) photovoltaic modules, any Na contamination of the 
CdTe layer is deleterious to module efficiency and, therefore, 
typical Na-containing Substrate glasses, e.g. soda-lime glass, 
require the presence of a barrier layer. Consequently, use of 
an alkali-free substrate glass for either CIGS, silicon, 
wafered crystalline silicon, or CdTe modules can obviate the 
need for a barrier layer. 

SUMMARY 

The intermediate thermal expansion coefficient and/or the 
alkali-free glasses disclosed herein are especially compat 
ible with CdTe photovoltaic devices and may increase the 
efficiency of the cell. 
One embodiment is a glass comprising, in mole percent: 
55 to 75 percent SiO, 
5 to 20 percent Al-O; 
0 to 15 percent BO: 
0 to 10 percent MgO: 
0 to 15 percent SrO; 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 

wherein MgO+CaO+BaO+SrO is 13 to 20 percent, wherein 
the glass is substantially free of alkali metal, and wherein the 
glass has a liquidus viscosity of 100,000 poise or greater. 

These glasses are advantageous materials to be used in 
copper indium gallium diselenide (CIGS) photovoltaic mod 
ules where the sodium required to optimize cell efficiency is 
not to be derived from the substrate glass but instead from 
a separate deposited layer consisting of a sodium containing 
material such as NaF. Current CIGS module substrates are 
typically made from Soda-lime glass sheet that has been 
manufactured by the float process. However, use of higher 
strain point glass Substrates can enable higher temperature 
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2 
CIGS processing, which is expected to translate into desir 
able improvements in cell efficiency. 

Accordingly, the alkali-free glasses described herein can 
be characterized by strain points -600° C. and thermal 
expansion coefficients in the range of from 35 to 50x107/ 
C., in order to minimize thermal expansion mismatch 
between the substrate and CIGS layer or to better match the 
thermal expansion of CdTe. 

Finally, the preferred compositions of this disclosure have 
strain point well in excess of 650° C., thereby enabling CIGS 
or CdTe deposition/crystallization to be carried out at the 
highest possible processing temperature, resulting in addi 
tional efficiency gain. 

Additional features and advantages will be set forth in the 
detailed description which follows, and in part will be 
readily apparent to those skilled in the art from the descrip 
tion or recognized by practicing the invention as described 
in the written description and claims hereof. 

It is to be understood that both the foregoing general 
description and the following detailed description are merely 
exemplary of the invention, and are intended to provide an 
overview or framework for understanding the nature and 
character of the invention as it is claimed. 
The accompanying drawing is included to provide a 

further understanding of the invention, and is incorporated 
in and constitutes a part of this specification. The drawing 
illustrates one or more embodiment(s) of the invention and 
together with the description serve to explain the principles 
and operation of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention can be understood from the following 
detailed description either alone or together with the accom 
panying drawing FIGURE. 
The FIGURE is a schematic of features of a photovoltaic 

device according to Some embodiments. 

DETAILED DESCRIPTION 

Reference will now be made in detail to various embodi 
ments of the invention. 
As used herein, the term "substrate' can be used to 

describe either a substrate or a SuperStrate depending on the 
configuration of the photovoltaic cell. For example, the 
Substrate is a Superstrate, if when assembled into a photo 
voltaic cell, it is on the light incident side of a photovoltaic 
cell. The superstrate can provide protection for the photo 
Voltaic materials from impact and environmental degrada 
tion while allowing transmission of the appropriate wave 
lengths of the solar spectrum. Further, multiple photovoltaic 
cells can be arranged into a photovoltaic module. Photovol 
taic device can describe either a cell, a module, or both. 
As used herein, the term “adjacent can be defined as 

being in close proximity. Adjacent structures may or may not 
be in physical contact with each other. Adjacent structures 
can have other layers and/or structures disposed between 
them. 

Moreover, where a range of numerical values is recited 
herein, comprising upper and lower values, unless otherwise 
stated in specific circumstances, the range is intended to 
include the endpoints thereof, and all integers and fractions 
within the range. It is not intended that the scope of the 
invention be limited to the specific values recited when 
defining a range. Further, when an amount, concentration, or 
other value or parameter is given as a range, one or more 
preferred ranges or a list of upper preferable values and 
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lower preferable values, this is to be understood as specifi 
cally disclosing all ranges formed from any pair of any upper 
range limit or preferred value and any lower range limit or 
preferred value, regardless of whether such pairs are sepa 
rately disclosed. Finally, when the term “about is used in 
describing a value or an end-point of a range, the disclosure 
should be understood to include the specific value or end 
point referred to. 
As used herein, the term “about’ means that amounts, 

sizes, formulations, parameters, and other quantities and 
characteristics are not and need not be exact, but may be 
approximate and/or larger or Smaller, as desired, reflecting 
tolerances, conversion factors, rounding off measurement 
error and the like, and other factors known to those of skill 
in the art. In general, an amount, size, formulation, param 
eter or other quantity or characteristic is “about' or 
“approximate' whether or not expressly stated to be such. 
The term 'or', as used herein, is inclusive; more specifi 

cally, the phrase “A or B means "A, B, or both A and B’. 
Exclusive 'or' is designated herein by terms such as “either 
A or B and “one of A or B, for example. 
The indefinite articles “a” and “an are employed to 

describe elements and components of the invention. The use 
of these articles means that one or at least one of these 
elements or components is present. Although these articles 
are conventionally employed to signify that the modified 
noun is a singular noun, as used herein the articles “a” and 
“an also include the plural, unless otherwise stated in 
specific instances. Similarly, the definite article “the’, as 
used herein, also signifies that the modified noun may be 
singular or plural, again unless otherwise stated in specific 
instances. 

It is noted that one or more of the claims may utilize the 
term “wherein” as a transitional phrase. For the purposes of 
defining the present invention, it is noted that this term is 
introduced in the claims as an open-ended transitional 
phrase that is used to introduce a recitation of a series of 
characteristics of the structure and should be interpreted in 
like manner as the more commonly used open-ended pre 
amble term “comprising.” 
As used herein, a glass composition having 0 wt % of a 

compound is defined as meaning that the compound, mol 
ecule, or element was not purposefully added to the com 
position, but the composition may still comprise the com 
pound, typically in tramp or trace amounts. Similarly, 
“substantially free of alkali metal”, “substantially free of 
sodium”, “substantially free of potassium”, “sodium-free.” 
“alkali-free,” “potassium-free” or the like are defined to 
mean that the compound, molecule, or element was not 
purposefully added to the composition, but the composition 
may still comprise Sodium, alkali, or potassium, but in 
approximately tramp or trace amounts. These tramp 
amounts are not intentionally included in the batch but may 
be present in minor amounts as impurities in the raw 
materials used to provide the major components of the glass. 
One embodiment is a glass comprising, in mole percent: 
55 to 75 percent SiO, 
5 to 20 percent Al-O; 
0 to 15 percent BO: 
0 to 10 percent MgO: 
0 to 15 percent SrO; 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 

wherein MgO+CaO+BaO+SrO is 13 to 20 percent, wherein 
the glass is substantially free of alkali metal, and wherein the 
glass has a liquidus viscosity of 100,000 poise or greater. 
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4 
In one embodiment, the glass, comprises, in mole percent: 
55 to 75 percent SiO, 
5 to 13 percent Al-O; 
0 to 15 percent B.O.; 
0 to 10 percent MgO: 
0 to 15 percent SrO: 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 
In one embodiment, the glass, comprises, in mole percent: 
55 to 75 percent SiO, 
0 to 20 percent Al-O; 
6 to 12 percent B.O.; 
0 to 10 percent MgO: 
0 to 15 percent SrO: 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 
In one embodiment, the glass, comprises, in mole percent: 
55 to 75 percent SiO, 
5 to 13 percent Al-O; 
6 to 12 percent B.O.; 
0 to 10 percent MgO: 
0 to 15 percent SrO: 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 
In one embodiment, the glass, comprises, in mole percent: 
55 to 75 percent SiO: 
8 to 13 percent Al-O; 
6 to 12 percent BO: 
0 to 7 percent MgO: 
0 to 12 percent SrO: 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 
In one embodiment, the glass, comprises, in mole percent: 
58 to 69 percent SiO, 
8 to 13 percent Al-O; 
6 to 12 percent B.O.; 
0 to 7 percent MgO: 
0 to 12 percent SrO: 
0 to 16 percent CaO; and 
0 to 9 percent BaO. 
In one embodiment, the glass, comprises, in mole percent: 
73 to 75 percent SiO: 
6 to 9 percent Al-O; 
0 percent B.O.; 
1 to 3 percent MgO; 
0 percent SrO; 
13 to 16 percent CaO; and 
1 to 3 percent BaO. 
In one embodiment, the glass, comprises, in mole percent: 
60 to 67 percent SiO, 
8 to 12 percent Al-O; 
6 to 12 percent BO: 
0.05 to 7 percent MgO; 
0 to 12 percent SrO: 
0.5 to 9 percent CaO; and 
0.5 to 8 percent BaO. 
The glass is Substantially free of alkali metal, for example, 

the content of alkali can be 0.05 mole percent or less, for 
example, Zero mole percent. The glass, according to some 
embodiments, is free of intentionally added alkali metal. 
The glass is Substantially free of Sodium, for example, the 

content of sodium can be 0.05 mole percent or less, for 
example, Zero mole percent. The glass, according to some 
embodiments, is free of intentionally added sodium. 
The glass is Substantially free of potassium, for example, 

the content of sodium can be 0.05 mole percent or less, for 
example, Zero mole percent. The glass, according to some 
embodiments, is free of intentionally added potassium. 
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The glass is Substantially free of sodium and potassium, 
for example, the content of sodium can be 0.05 mole percent 
or less, for example, Zero mole percent. The glass, according 
to Some embodiments, is free of intentionally added sodium 
and potassium. 

In some embodiments, the glass comprises 55 to 75 
percent SiO, for example, 58 to 69 percent SiO, or, for 
example, 60 to 67 percent SiO, or, for example, 73 to 75 
percent SiO. 
As mentioned above, the glasses, according some 

embodiments, comprise 0 to 15 percent BO, for example, 
6 to 12 percent. B.O. is added to the glass to reduce melting 
temperature, to decrease liquidus temperature, to increase 
liquidus Viscosity, and to improve mechanical durability 
relative to a glass containing no B.O. 
The glass, according to some embodiments, comprises 

MgO+CaO+BaO+SrO in an amount from 13 to 20 mole 
percent. MgO can be added to the glass to reduce melting 
temperature and to increase strain point. It can disadvanta 
geously lower CTE relative to other alkaline earths (e.g., 
CaO, SrO, BaO), and so other adjustments may be made to 
keep the CTE within the desired range. Examples of suitable 
adjustments include increase SrO at the expense of CaO. 
The glasses can comprise, in some embodiments, 0 to 15 

mole percent SrO, for example, greater than Zero to 15 mole 
percent, for example, 1 to 12 mole percent SrO. In certain 
embodiments, the glass contains no deliberately batched 
SrO, though it may of course be present as a contaminant in 
other batch materials. SrO contributes to higher coefficient 
of thermal expansion, and the relative proportion of SrO and 
CaO can be manipulated to improve liquidus temperature, 
and thus liquidus viscosity. SrO is not as effective as CaO or 
MgO for improving Strain point, and replacing either of 
these with SrO tends to cause the melting temperature to 
increase. BaO has a similar effect coefficient of thermal 
expansion as SrO, if not a greater effect. BaO tends to lower 
melting temperature and lower liquidus temperature 
The glasses, in Some embodiments, comprise 0 to 16 mole 

percent CaO, for example, greater than 0 to 15 or, for 
example, 0 to 12 mole percent CaO, for example, 0.5 to 9 
mole percent CaO. CaO contributes to higher strain point, 
lower density, and lower melting temperature. 
The glass, according to one embodiment, further com 

prises 0 to 0.5 mole percent of a fining agent. The fining 
agent can be SnO. 
The glass, according to one embodiment, further com 

prising 0 to 2 mole percent of TiO, MnO, ZnO, NbOs, 
Ta-Os. ZrO, La O, Y.O. P.O.s, or a combination thereof. 
These optional components can be used to further tailor 
glass properties. 

In some embodiments, the glass is Substantially free of 
Sb2O, ASOs, or combinations thereof, for example, the 
glass comprises 0.05 mole percent or less of SbO or ASO 
or a combination thereof. For example, the glass can com 
prise Zero mole percent of SbO or ASO or a combination 
thereof. 

Accordingly, in one embodiment, the glass has a strain 
point of 600° C. or greater, for example, 610° C. or greater, 
for example, 620° C. or greater, for example, 630° C. or 
greater, for example, 640° C. or greater, for example, 650 
C. or greater. In some embodiments, the glass has a coeffi 
cient of thermal expansion of from 35x107° C. to 
50x107/ C., for example, 39x107/ C. to 50x107/ C. In 
one embodiment, the glass has a coefficient of thermal 
expansion of from 35x107°C. to 50x107° C. and a strain 
point of 600° C. or greater. 
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6 
The glass can be fusion formed as known in the art of 

fusion forming glass. The fusion draw process uses an 
isopipe that has a channel for accepting molten glass raw 
material. The channel has weirs that are open at the top along 
the length of the channel on both sides of the channel. When 
the channel fills with molten material, the molten glass 
overflows the weirs. Due to gravity, the molten glass flows 
down the outside surfaces of the isopipe. These outside 
Surfaces extend down and inwardly so that they join at an 
edge below the drawing tank. The two flowing glass Surfaces 
join at this edge to fuse and form a single flowing sheet. The 
fusion draw method offers the advantage that, since the two 
glass films flowing over the channel fuse together, neither 
outside surface of the resulting glass sheet comes in contact 
with any part of the apparatus. Thus, the Surface properties 
are not affected by Such contact. 

Glasses having a liquidus Viscosity of greater than or 
equal to 100 kP, 100,000 poise, are usually fusion formable. 
Glass having a liquidus viscosity in the range of from 10 kP 
to less than 100 kP are usually float formable but not fusion 
formable. Some embodiments are alkali-free glasses with 
Tstro-630° C. C. in the range of 4-5 ppm/°C., as well as 
liquidus viscosity (mliq) in excess of 100,000 poise. As such, 
they are ideally suited for being formed into sheet by the 
fusion process. Moreover, many of these glasses also have 
a 200 poise temperature (Too) that is well below 1550°C., 
making them ideal candidates for lower-cost versions of the 
fusion process. 

In one embodiment, the glass is in the form of a sheet. The 
glass in the form of a sheet can be strengthened, for example, 
thermally tempered. 
The glass, according to one embodiment, is optically 

transparent. 
In one embodiment, as shown in the FIGURE, a photo 

voltaic device 100 comprises the glass in the form of a sheet 
10. The photovoltaic device can comprise more than one of 
the glass sheets, for example, as a Substrate and/or as a 
superstrate. In one embodiment, the photovoltaic device 100 
comprises the glass sheet as a Substrate or Superstrate 10 or 
18, a conductive material 12 adjacent to the Substrate, and an 
active photovoltaic medium 16 adjacent to the conductive 
material. In one embodiment, the device comprises two 
glass sheets, one as the SuperStrate and one as the Substrate, 
having the compositions described herein. The functional 
layer can comprise copper indium gallium diselenide, amor 
phous silicon, crystalline silicon, one or more crystalline 
silicon wafers, cadmium telluride, or combinations thereof 
adjacent to the Substrate or Superstrate. In one embodiment, 
the active photovoltaic medium comprises a CIGS layer. In 
one embodiment, the active photovoltaic medium comprises 
a cadmium telluride (CdTe) layer. In one embodiment, the 
photovoltaic device comprises a functional layer comprising 
copper indium gallium diselenide or cadmium telluride. In 
one embodiment, the photovoltaic device the functional 
layer is copper indium gallium diselenide. In one embodi 
ment, the functional layer is cadmium telluride. 
The photovoltaic device 100, according to one embodi 

ment, further comprises one or more intermediate layer(s) 14 
Such as a sodium containing layer, for example, a layer 
comprising NaF or a barrier layer disposed between or 
adjacent to the Superstrate or substrate and the functional 
layer. In one embodiment, the photovoltaic device further 
comprises a barrier layer disposed between or adjacent to the 
Superstrate or Substrate and a transparent conductive oxide 
(TCO) layer, wherein the TCO layer is disposed between or 
adjacent to the functional layer and the barrier layer. ATCO 
may be present in a photovoltaic device comprising a CdTe 
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functional layer. In one embodiment, the barrier layer is 
disposed directly on the glass. In one embodiment, the 
device comprises multiple intermediate layers such as a 
Sodium containing layer, for example, a layer comprising 
NaF. and an adjacent sodium metering layer located between 
the Superstrate and the Substrate. 

In one embodiment, the glass sheet is optically transpar 
ent. In one embodiment, the glass sheet as the Substrate 
and/or Superstrate is optically transparent. 

According to Some embodiments, the glass sheet has a 
thickness of 4.0 mm or less, for example, 3.5 mm or less, for 
example, 3.2 mm or less, for example, 3.0 mm or less, for 
example, 2.5 mm or less, for example, 2.0 mm or less, for 
example, 1.9 mm or less, for example, 1.8 mm or less, for 
example, 1.5 mm or less, for example, 1.1 mm or less, for 
example, 0.5 mm to 2.0 mm, for example, 0.5 mm to 1.1 
mm, for example, 0.7 mm to 1.1 mm. Although these are 
exemplary thicknesses, the glass sheet can have a thickness 
of any numerical value including decimal places in the range 
of from 0.1 mm up to and including 4.0 mm. 

Alkali-free glasses are becoming increasingly attractive 
candidates for the superstrate, substrate of CdTe. CIGS 
modules, respectively. In the former case, alkali contamina 
tion of the CdTe and conductive oxide layers of the film 
stack is avoided. Moreover, process simplification arises 
from the elimination of the barrier layer (needed, e.g., in the 
case of conventional Soda-lime glass). In the latter case, 
CIGS module manufacturers are better able to control the 

5 

10 

15 
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8 
amount of Na needed to optimize absorber performance by 
depositing a separate Na-containing layer that, by virtue of 
its specified composition and thickness, results in more 
reproducible Na delivery to the CIGS layer. 

EXAMPLES 

Table 1, Table 2, Table 3, Table 4, Table 5, Table 6, and 
Table 7 show exemplary glasses, according to embodiments 
of the invention. Properties data for Some exemplary glasses 
are also shown in Table 1, Table 2, Table 3, Table 4, Table 
5, Table 6, and Table 7. In the Tables T.( C.) is the strain 
point which is the temperature when the Viscosity is equal to 
10'7P as measured by beam bending or fiber elongation. 
C.(1077° C.) in the Tables is the coefficient of thermal 
expansion (CTE) which is the amount of dimensional 
change from either 0 to 300° C. or 25 to 300° C. depending 
on the measurement. CTE is typically measured by dilatom 
etry. p(g/cc) is the density which is measured with the 
Archimedes method (ASTM C693). Too (C.) is the two 
hundred Poise (P) temperature. This is the temperature when 
the viscosity of the melt is 200P as measured by HTV (high 
temperature viscosity) measurement which uses concentric 
cylinder viscometry. T(C.) is the liquidus temperature. 
This is the temperature where the first crystal is observed in 
a standard gradient boat liquidus measurement (ASTM 
C829-81). p is the liquidus viscosity expressed in kilo 
poise; thus 100 kP=100,000 P. This is the viscosity of the 
melt corresponding to the liquidus temperature. 

TABLE 1. 

Example 

Mole % 1 2 

MgO 6.4 6.9 
CaO 8.5 6.9 
SO O O 
BaO 2.4 3.4 
RO 17.2 17.2 
B2O3 1O.O 1O.O 
Al2O3 11.1 11.1 
SiO2 61.5 61.5 
SnO, O.10 O.10 
Tstr 645 642 
C. 4.1.8 40.6 
o 2.53 2.56 
T2OO 1473 
Tliq 1060 1065 
in liq 205 
(kP) 

3 4 5 6 7 8 9 10 

6.9 4.6 4.8 6.4 4.4 4.4 2.7 2.6 
9.1 5.4 S.6 5.2 7.2 5.2 2.9 2.0 
O 3.6 3.8 3.5 3.5 5.5 11.8 9.6 
2.6 2.4 2.5 2.3 2.3 2.3 0.7 3.6 

18.6 16.0 16.7 17.4 17.4 17.4 18.O. 17.7 
10.8 10.7 11.2 10.3 10.3 10.3 9.0 7.5 
12.0 11.1 11.6 10.7 10.7 10.7 9.6 9.3 
58.5 62.O 6O.S 61.5 61.5 61.5 63.3 65.4 
O.1O 0.1O O.10 O.1O O. 10 O.1O O. 10 O.10 

641 643 641 642 641 642 645 649 
415 40.7 41.2 40.0 410 41.9 46.2 46.5 
2.56 2.57 2.59 2.58 2.58 2.62 2.70 2.75 

1490 1515 
1OSO 101S 102O 1070 1040 103S 1130 1110 

777 459 

TABLE 2 

Example 

Mole % 11 12 

MgO 4.1 5.4 
CaO 9.9 6.4 
SO 3.3 4.3 
BaO 2.2 2.8 
RO 194 19.0 
B2O3 9.7 10.7 
Al2O3 1O.O 111 
SiO2 60.8 S9.0 
SnO, O.1O 0.10 
Tstr 639 636 
C. 46.5 43.9 

13 14 15 16 17 18 19 2O 

1.8 O 2.0 4.4 6.4 5.4 5.4 6.4 
11.0 1O.O 9.0 8.5 6.5 7.5 7.5 7.5 
2.9 9.0 8.O 2.0 2.O 1.O 1.O O 
3.3 O O 2.4 2.4 3.4 3.4 3.4 

19.0 19.0 19.0 17.3 17.3 17.3 17.3 17.3 
10.7 8.0 8.O 1O.O 1O.O 1O.O 9.0 9.0 
8.5 9.0 9.0 11.1 11.1 11.1 12.1 12.1 

62.3 64.O 64.O 61.5 61.5 61.5 61.5 61.5 
O.O7 O.10 O.10 O.10 O.10 O.10 O.10 O.10 

631 648 649 6SO 645 6SO 659 661 
46.0 48.4 45.8 40.4 41.4 39.5 40.3 39.8 
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TABLE 5-continued 

Example 

Mole % 39 40 41 42 43 44 45 46 47 48 

Al2O3 7.0 8.4 8.5 9.0 9.0 11.1 11.1 11.1 12.1 12.1 
SiO2 74.9 74.9 62.3 64.O 64.O 61.5 61.5 61.5 61.5 61.5 
SnO2 O.10 O.10 O.O7 O.10 O.10 O.10 O.10 O.10 O.10 O.10 
Tstr 735 745 613 648 649 6SO 645 6SO 659 661 
C. 42.7 40.6 46 48.4 45.8 40.4 41.4 39.5 40.3 39.8 
o 2.67 2.67 2.63 2.57 2.60 2.56 2.60 2.58 
T2OO 
Tliq 1080 1080 1 07S 11 SO 1145 1080 1080 1095. 1080 1090 
in liq 
(kP) 

15 

TABLE 6 

Example 

Mole % 49 50 51 52 53 S4 55 56 57 

MgO O.1 2.O O.O O.O 2.0 2.0 O.1 O.1 O.1 
CaO 4.3 2.O 4.3 3.3 1.3 O.8 4.6 4.6 4.5 
SrO 9.7 12.0 1O.O 1O.S 11.9 11.5 9.7 9.6 10.2 
BaO O.1 O.1 O.1 O.1 2.0 4.0 O.1 O.1 O.1 
RO 14.1 16.1 14.4 13.9 17.2 18.3 14.4 14.4 14.8 
BO 8.4 6.6 8.5 8.5 6.4 6.4 9.9 11.4 9.9 
Al2O3 9.3 9.3 1O.O 1O.S 8.6 8.6 9.3 9.3 9.9 
SiO2 68.1 67.8 67.0 66.9 67.6 66.5 66.2 64.8 65.2 
SnO2 O16 O.18 O.18 O.18 O.17 O.17 O.17 O.17 O.17 
Tstr 668 674 668 673 667 665 658 649 659 
C. 409 42.8 41.7 41.8 45.9 46.6 42.1 42.5 423 
p 2.59 2.65 2.59 2.59 2.72 2.77 2.58 2.58 2.59 
T2OO 1595 1595 1594 1610 1563 1545 1569 1540 1555 
Tliq 112S 112S 1135 11 SO 11 OO 107S 107S 1070 1080 
mliq (kP) 142 162 119 121 124 235 274 2O2 253 

TABLE 7 -continued 

Example Mole % 58 59 60 61 62 6-12% B2O3: 
40 O-7% MgO; 

MgO O.1 O.1 1.6 O.1 O.1 O-12% SrO; 
CaO 4.6 S.O 4.9 6.5 8.O O-1.6% CaO; and 
SrO 9.5 9.8 8.4 8.5 6.9 2-9% BaO, 
BaO O.1 O.1 O.1 O.1 O.1 
RO 14.2 15.O 1SO 15.1 15.1 

BO 11.5 10.4 10.3 10.3 45 wherein MgO+CaO+BaO+SrO is greater than 14 to 20 
Al2O3 1O.O 9.7 9.6 9.6 9.6 
SiO2 64.1 64.9 6S.O 64.8 64.8 percent, and wherein the glass is Substantially free of 
SnO2 O.17 O.16 O.16 (0.16 O16 alkali metal, and wherein the glass is characterized by 
Tstr 656 655 653 657 656 a liquidus temperature of 1150° C. or lower. 

“, 4. 60 4. 4. 57 “, 2. The glass according to claim 1, comprising 2-11% CaO. 
T2OO 1528 1539 1546 1539 1536 50 3. The glass according to claim 1, comprising 2-3.6% 
Tliq 1080 1090 1100 1100 1080 BaO. 
mliq (kP) 163 132 136 106 178 

It will be apparent to those skilled in the art that various 
modifications and variations can be made to the present 
invention without departing from the spirit or scope of the 
invention. Thus, it is intended that the present invention 
cover the modifications and variations of this invention 
provided they come within the scope of the appended claims 
and their equivalents. 
What is claimed is: 
1. A glass comprising, in mole percent: 

58-62% 
8-13% 

55 

60 

65 

4. The glass according to claim 1, wherein the glass has 
a liquidus viscosity of 100,000 poise or greater. 

5. The glass according to claim 1, wherein MgO+CaO + 
BaO+SrO is 16 to 20 percent. 

6. The glass according to claim 1, having a coefficient of 
thermal expansion in the range of from about 35x107° C. 
to about 50x107° C. 

7. The glass according to claim 1, comprising 0 to about 
2 mole percent of TiO, MnO, ZnO, NbOs, Ta-Os. ZrO. 
LaO, Y.O. P.O.s, or a combination thereof. 

8. The glass according to claim 1, wherein the glass is in 
the form of a sheet. 

9. The glass according to claim 1, comprising 62 mole % 
SiO. 

10. The glass according to claim 1, comprising, in mole 
percent: 
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62% SiO2; 
11.1% Al2O3: 
10.7% B2O3: 
4.6% MgO; 
3.6% SrO; 
5.4% CaO; and 
2.4% BaO. 

11. The glass according to claim 1, comprising, in mole 
percent: 

62% SiO2; 
10.3% Al2O3: 
10.1% B2O3: 
4.2% MgO; 
2.9% SrO; 
5.6% CaO; and 
4.9% BaO. 

12. The glass according to claim 1, comprising, in mole 
percent: 

62% SiO2; 
10.8% Al2O3: 
10.4% B2O3: 
4.4% MgO; 
3.3% SrO; 
5.5% CaO; and 
3.7% BaO. 

13. A photovoltaic device comprising the glass according 
to claim 1. 
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