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A new process is described which permits the sealing of metals to glass and other insulators at tem-
peratures well below the softening point of the glass. Sealing is accomplished in about 1 min by applying
a dc voltage in excess of a few hundred volts between the glass and the metal in such a way that the former
is at a negative potential with respect to the latter. The process has been applied to a number of glass—
metal combinations. A discussion is presented of some of the mechanisms which are believed to play a

role in the bonding process.

INTRODUCTION

This paper describes a new method! of producing seals
between metals and glass and some other insulators.
The method appears to have considerable theoretical
interest and may well suggest new experimental
investigations into the nature of the glass-metal seal.
In addition, it seems probable that the new technique
will have broad practical applications since it permits
rapid sealing at temperatures well below the softening
point of the glass.

- EXPERIMENTAL

The experimental equipment consists simply of a
furnace or hot plate on which the parts are heated to the
sealing temperature and a dc power supply to apply a
potential difference between the metal and glass parts.
The sealing procedure is as follows: The glass and metal
faces which are to be sealed are first polished to a
smooth, flat surface finish. The parts are then assembled
and heated in room air to a temperature well below the
softening point of the glass. The dc power supply is
connected to the glass-metal assembly so that the
metal is positive with respect to the glass. When a
voltage in excess of a few hundred volts is applied for a
time of the order of a minute, the glass and the metal are
found to form a strong hermetic seal.

During this process it is instructive to observe the
metal-glass interface by means of a low-power micro-
scope. It is found that this process differs fundamentally
from conventional glass—metal sealing procedures in
that the glass and the metal remain solid throughout
the sealing cycle. Figure 1 shows a series of micrographs
taken during the initial half-minute of a cycle sealing
silicon to Pyrex (Corning #7740) at about 400°C.
The Pyrex lies on top of the silicon, and their interface is
viewed through the glass under white, vertically inci-
dent light. The black shadow in each photograph is
cast by a wire, by means of which electrical point
contact is made to the glass. Figure 1(a) shows the
interface before a bonding voltage has been applied.
The fringes are evidence of a narrow air gap between
the silicon and Pyrex surfaces. Upon the application of a
voltage of about 300 V the fringes move outward from
the initial points of contact between glass and metal as
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shown in Fig. 1(b). In their place a grayish area forms.
Ultimately, as in Fig. 1(d), the fringes disappear and
the interface is completely gray.

In general the gray area is indicative of intimate
physical contact between the silicon and the Pyrex. At
400°C contacting results in almost instantaneous
sealing. An electron micrograph of a typical silicon—
Pyrex seal is shown in Fig. 2. The seal was made under
the same conditions as the seal of Fig. 1 with the
voltage applied for a period of about 1 min. The
micrograph illustrates the uniformity of the seal. In
addition, it is significant in that it fails to resolve any
transition layer between the silicon and the Pyrex.

MATERIALS AND PROCESS PARAMETERS

A number of insulators have been successfully sealed
to matching metals, alloys or semiconductors. Of
particular interest are a variety of borosilicate glasses.
Seals were also made to soda lime #0080, potash soda
lead #0120, aluminosilicate #1720, fused silica
and fiber optics. Strong seals have also been made to a
dense ceramic, Cer-VIT (Owens Illinois).

Among metals and alloys whose thermal properties
can be matched to those of commercial glasses, seals
have been successfully made to tantalum, titanium,
Kovar, Niromet 44, and to the semiconductors silicon,
germanium, and gallium arsenide. In addition, there are
a number of metals which due to thermal mismatch
cannot be sealed to commercial glasses in their bulk
form. However, they are sealable as thin films or
foils. A striking example is aluminum, which in spite of
its high coefficient of thermal expansion (up to eight
times that of the glass) can be sealed to most glasses
provided its thickness is less than about 2 mils. Simi-
larly, glass has been sealed to thin films of nickel,
chromium, iron, boron, silicon monoxide, and thermally
grown silicon dioxide. The process has also been used in
some cases to make glass-to-glass seals.

The parameters involved in this process depend, of
course, on the materials which are to be sealed. Even
for a particular glass-metal combination, the parame-
ters are not very critical. Moreover, since there is
considerable interaction between the parameters, only
rough working ranges are indicated below.

1. Temperature. Most work has been done in the
range 300-600°C. This range is generally 200-400°C
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below the softening point of the glass. However, with
some material combinations sealing temperatures have
been employed which were as much as 700°C below the
softening point, e.g., fused quartz with a softening
point of 1600°C was sealed to a silicon film at 850°C.

2. Voltage. Typical working voltages are in the range
200-2000 V. An upper limit is imposed by the necessity
of inhibiting sparking which may damage the parts.

3. Time. The sealing time is typically in the range 1-5
min. In addition, slow cooling of the parts may be
required as in conventional sealing.

4. Surface finish. The process is most suitable for
smooth surfaces which mate closely. Most work has
been done with surfaces having a finish of less than
2 pin. rms. A convenient criterion for the required
mating is that interference fringes should be generated
at the glass-metal interface. The limits of surface
mating and smoothness are under investigation.

3. Thermal expansion. As with other glass—metal
seals, close matching of the coefficients of thermal ex-
pansion is required. The matching requirement can be
relaxed to some extent in situations where sealing below
the setpoint of a glass is feasible. As noted above, the
matching requirement may be completely suspended if
the metals are in the form of thin foils or films.

6. Atmosphere. For simplicity, most sealing has been

(b)

(d)

F16. 1. Micrographs of silicon-Pyrex interface during sealing process.

done in room air. The feasibility of sealing also in other
atmospheres has been investigated in the case of the
silicon-Pyrex and the Kovar-7052 glass combinations.
Both have been sealed successfully in oxygen, nitrogen,
and hydrogen.

7. Electrode design. For small area seals (less than
0.3X0.3 in.?) it is usually sufficient to make electrical
contact to the glass by means of a point contact. When
seals of larger dimensions are required one may choose
from a variety of contacting methods. For instance, flat
glass plates may be contacted by metal plates which are
readily separated from the glass subsequent to sealing
because their polarity had not been conducive to bond
formation. Contact to glass tubes can be made by
wrapped-around wires. With large irregular parts it is
helpful to paint on electrodes with metallic pastes.

DISCUSSION

In this section some of the mechanisms are discussed
which are believed to play an important role in the
bonding process. In particular we will account in some
detail for the observations illustrated in Fig. 1(a)~(d).
Although a large number of glasses have been sealed by
this technique to matching metals, allovs and semi-
conductors, the following discussion will be based
primarily on our work with the systems silicon-7740

Downloaded 13 Jul 2009 to 146.139.160.59. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



3948

G. WALLIS

F16, 2. Electron micrograph of silicon-Pyrex seal. (Courtesy of
the Corning Glass Works.)

{Pyrex) glass and Kovar-7052 glass. These systems
consisting of thermally well-matched materials form
strong hermetic seals.

One usually finds that flat surfaces placed on top of
each other contact only at a few points. For instance,
the interference fringes in Fig. 1(a) demonstrate that
the silicon and the Pyrex plates, though optically
polished, are separated over almost their entire areaby a
gap of the order of a micron. Before the parts can be
sealed they must be brought into physical contact.
In the process under discussion this is accomplished by
electrostatic attraction, Le., the voltage applied across
the silicon-Pyrex stack sets up an electrostatic field in
the gap which in turn generates the electrostatic force
that pulls the parts together.

If the glass sheet behaved as a perfect insulator very
large voltages would be required in order to set up
significant electrostatic forces; furthermore, the magni-
tude of the required voltage would be a critical function
of the glass thickness and finally the attractive force
should be the same irrespective of polarity. With
most glasses this is not observed under typical sealing
conditions. For glass in the thickness range 2 mils-
1 in. no significant dependence of voltage on thickness is
observed, and the glass is attracted to the silicon only if
the former is at a negative potential with respect to the
latter. In order to account for these experimental
results one must consider the details of current trans-
port in glasses.

At typical sealing temperatures most glasses contain
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mobile positive ions compensated by almost immobile
negative ions.? Suppose a dc voltage to be applied by
means of electrodes which do not introduce mobile ions
into the glass. Then, the positive ions in the glass move
towards the cathode and become largely neutralized.
Simultaneously, the region adjacent to the anode
becomes depleted of positive ions and acquires a space
charge of negative ions3? Initially the voltage is dis-
tributed uniformly across the glass, but as space charge
accumulates at the anode an increasingly larger part of
the total voltage develops across the thin polarized
region, as illustrated in Fig. 3. As a result, large fields
are generated adjacent to the anode, whereas the fields
near the cathode are relatively small.

Reverting now to a bonding situation as schemati-
cally illustrated in Fig. 4, it is apparent that the voltage
will distribute itself between the polarized glass region
and the gap between glass and metal. The force in the
gap will depend on:

{1) The total applied voltage;

(2) the width of the gap;

(3) the concentration and distribution of ions in the
glass;

(4) whether under the high field the negative ions
will drift out of the glass or positive metal ions will
drift into the glass;

(5) the possible formation of surface charge on the
glass; (the effect of such charge would be partially to
screen the charge in the glass and thus reduce the field
in the gap).

The buildup of space charge will require a relatively
long time when the resistance of the nonpolarized
glass region“is high. As the glass temperature is raised
the resistivity decreases exponentially and rapid build-
up of the space charge occurs.
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Tre. 3. Schematic of dc voltage distribution across Pyrex plate.

?W. A. Weyl and E. C. Marboe, The Constitution of Glasses
(John Wiley & Sons, Inc., New York, 1967), p. 893.

¢ T. M. Proctor and P. M. Sutton, J. Amer. Ceram. Soc. 43,
%73 (%960); P. M. Sutton, J. Amer. Ceram. Soc. 47, 188, 219
1964).
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Measurements of the electrostatic forces as a function
of voltage, time, and temperature are in progress for a
variety of glasses. Measurements are made under
conditions that do not produce bonding. With zero gap,
800 V at 300°C have been found to produce a force of
about 350 psi in Pyrex when the latter was negatively
biased with respect to the metal. As expected the forces
were negligible under the same conditions when the
polarity was reversed.

A pressure of 350 psi corresponds to an electrostatic
field at the glass-metal interface of the order of 3X108
V/cm. Since glass, like other materials, probably cannot
support substantially higher fields, it would seem that
350 psi is close to the maximum pressure that can be
expected.

The mechanism whereby the seal spreads from the
points of contact [see Fig. 1(a)-(d) ] may be explained
as follows: On the application of a voltage of the correct
polarity, a thin layer of glass at the point of contact
with the metal becomes polarized by the depletion of
positive ions as explained above. The polarized region
supports almost the entire applied voltage. Where the
glass 'is #of in physical contact with the metal, less
polarization takes place and most of the voltage is
supported by the gap between glass and metal. In the
gap the resulting electric field is largest where the gap is
narrowest, i.e., around the periphery of the contact.
Since the closing pressure between glass and metal is
proportional to the square of the electric field, the
region next to the contact point will be the next to
make contact. This region in turn will polarize and its
periphery will become the region of maximum electric
field. In this way the contacted area spreads outward
from the points of initial contact until the entire inter-
face is in contact.

On this model the voltage during sealing at constant
current would be expected to vary somewhat erratically
with time until the entire area is sealed, after which it is
expected to increase steadily as the space-charge region
continues to widen. This behavior is in fact observed.

GLASS

F16. 4. Cross section of ME TAL
glass-metal interface prior

to sealing.

V gap = V applied - V glass
E gap = V gup/ X gap
Fgap = 1/2 €, Ezqup
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F16. 5. Distribution of seal strength for Kovar-7052 seals.

From the above discussion it is obvious that con-
tacting by electrostatic means is not feasible for a
metal-metal combination since the field in the gap
would disappear as soon as the parts contact at a
single point. However, it is applicable not only to metal-
insulator but also to some insulator-insulator combina-
tions.

Whether a seal will form subsequent to contacting
appears to depend largely on temperature and on the
amount of time the materials remain in contact. This
has been strikingly demonstrated for the materials
combination silicon-Pyrex. At 550°C, the materials seal
almost instantaneously after contacting., On the other
hand, at 180°C the field must keep the materials in
intimate contact for many hours before a seal is
effected.

Under tensile stress, seals of silicon-Pyrex and
Kovar-7052 glass invariably fail in the glass a short
distance from the seal. A distribution of seal strength of
Kovar-7052 seals is shown in Fig. 5. The seals were
made with a voltage of 800 V at 500°C; the materials
remained at the maximum temperature for 10 min and
were then cooled to 250°C over a 20-min period. As
shown in the figure, 809 of the seals broke under tensile
stress in the range 1500-3000 psi.

The strength of the seal assembly (which provides a
lower limit of bond strength) as well as the failure mode
are similar to those of conventional fusion seals. In the
case of the latter seals, the bond strength is generally
taken as evidence for the existence of chemical bonds. If
the argument has validity in the case of fusion’seals, it
should” hold also in the case of the electrostatically
formed seals. The notion of a chemical bond would
appear to be compatible with the above-described
dependence of bond formation on temperature and
time.
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