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Description
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Application Serial No. 12/879,394, filed on September
10, 2010, which claims the benefit of United States Pro-
visional Patent Application Serial No. 61/301,497, filed
on February 4, 2010,

GOVERNMENT LICENSE RIGHTS

[0002] The U.S. Government may have certain rights
in the present invention as provided for by the terms of
Government Contract prime number FA8650-07-C-1125
with the U.S. Air Force.

BACKGROUND

[0003] Chip-Scale Atomic Clocks (CSACs) include va-
por cells that contain vapors of an alkali metal such as
rubidium (Rb). The vapor cells also typically contain a
buffer gas, such as an argon-nitrogen buffer gas blend.
The standard technique for fabricating the vapor cells
involves anodically bonding two glass wafers on oppos-
ing sides of a silicon wafer having a plurality of cell struc-
tures that define cavities. The alkali metal vapor and buff-
er gas are trapped in the cavities of the cell structures
between the two glass wafers.

[0004] The anodic bond joint starts at the locations be-
tween the wafers that are initially in contact and spreads
out as the electrostatic potential brings the surfaces to-
gether. This lag of the bond front from one area to the
next can lead to pressure differences in the vapor cells.
Additionally, the presence of a low boiling temperature
material like Rb requires the bonding to take place at as
low a temperature as possible, otherwise the vapor gen-
erated can foul the bond surface. Thus, a high voltage
needs to be applied as the wafers are heating, to allow
the bond to form as soon as possible. This can result in
vapor cells sealing at different times, and thus at different
temperatures, which can result in pressure differences
in the vapor cells, even on cells that are fabricated side-
by-side on the same wafer.

[0005] Further, total thickness variations in the two
glass wafers cause some of the vapor cells to become
hermetically sealed before other vapor cells on the same
set of wafers. This problem is further exacerbated in that
the temperature is gradually ramped in the bonder equip-
ment, driving some of the trapped gas out of vapor cells
thatbond late. In addition, there are no easy escape paths
for buffer gas that gets trapped in regions that bond late,
which can lead to pressure differences in the vapor cells.
[0006] Lastly, due to the presence of the buffer gas,
the voltage that is applied to accomplish anodic bonding
can create a breakdown of the gas, causing a discharge
or arc through the gas to ground, essentially shorting out
the bonding process.
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[0007] EP 1591 846 A2 discloses an apparatus com-
prising a dye structure having a first outside layer, a mid-
dle layer and a second outside layer. The middle layer
comprises a cavity that holds an alkali metal, and one of
the first outside layer and the second outside layer com-
prises a channel that leads to the cavity.

SUMMARY

[0008] A method of fabricating one or more vapor cells
comprises forming one or more vapor cell dies in a first
wafer having a first diameter, and anodically bonding a
second wafer to a first side of the first wafer over the
vapor cell dies, the second wafer having a second diam-
eter. A third wafer is positioned over the vapor cell dies
on a second side of the first wafer opposite from the sec-
ond wafer, with the third wafer having a third diameter.
A sacrificial wafer is placed over the third wafer, with the
sacrificial wafer having a diameter that is larger than the
first, second and third diameters. A metallized bond plate
is located over the sacrificial wafer. The third wafer is
anodically bonded to the second side of the first wafer
when a voltage is applied to the metallized bond plate
while the sacrificial wafer is in place.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Features of the present invention will become
apparent to those skilled in the art from the following de-
scription with reference to the drawings. Understanding
that the drawings depict only typical embodiments and
are not therefore to be considered limiting in scope, the
invention will be described with additional specificity and
detail through the use of the accompanying drawings, in
which:

Figure 1 is a cross-sectional schematic depiction of
a physics package for a chip-scale atomic clock that
includes a vapor cell according to one embodiment;

Figure 2 is a schematic diagram of one embodiment
of a vapor cell die for a chip-scale atomic clock that
has been formed on a wafer layer;

Figure 3 is partial plan view of a wafer with a plurality
of vapor cell dies and vent channels according to
one embodiment;

Figure 4 is a cross-sectional schematic depiction of
a physics package for a chip-scale atomic clock that
includes a vapor cell according to another embodi-
ment;

Figure 5illustrates a wafer configuration for an anod-
ic bonding process that employs a sacrificial wafer;

Figure 6 is a schematic diagram of another embod-
iment of a vapor cell die for a chip-scale atomic clock
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that has been formed on a wafer layer; and

Figure 7 is partial plan view of a wafer with a plurality
of vapor cell dies and vent channels according to
another embodiment.

DETAILED DESCRIPTION

[0010] In the following detailed description, embodi-
ments are described in sufficient detail to enable those
skilled in the art to practice the invention. It is to be un-
derstood that other embodiments may be utilized without
departing from the scope of the invention. The following
detailed description is, therefore, not to be taken in a
limiting sense.

[0011] Fabrication techniques are provided for en-
hancing gas pressure uniformity in anodically bonded va-
por cells used in Chip-Scale Atomic Clocks (CSACs). In
general, the vapor cells are fabricated with a pair of op-
tically clear glass wafers that are anodically bonded to
opposing sides of a substrate such as a silicon wafer
having a plurality of cell structures. The vapor cells are
fabricated prior to assembly within a physics package for
the CSAC.

[0012] In one approach for enhancing gas pressure
uniformity during vapor cell fabrication, a design feature
is incorporated into a wafer surface that creates intercon-
nected ventchannels that provide a path from each vapor
cell die in the wafer to the perimeter of the wafer. The
vent channels allow gas near the interior of the wafer to
be in substantially continuous pressure-equilibrium with
gas outside of the wafer during anodic bonding. In an-
other approach for enhancing gas pressure uniformity,
the anodic bonding process is modified to continually
ramp pressure upward as temperature is ramped up-
ward.

[0013] The foregoing approaches can be combined
such that utilizing the vent channels in the silicon wafer
surface along with pressure ramping allows vapor cells
that are sealed later in the process, and thus at higher
temperature, to also have a higher gas pressure. When
cooled to room temperature, the vapor cells sealed at a
higher temperature will drop in pressure more than those
sealed at a lower temperature. With a higher gas pres-
sure, the later sealing vapor cells can be compensated
so the final pressure of all vapor cells is about the same
at room temperature.

[0014] Further details of the present fabrication tech-
niques are described hereafter with reference to the
drawings.

[0015] Figure 1 illustrates a CSAC physics package
100 according to one embodiment, which can employ a
vapor cell fabricated according to the present approach.
The physics package 100 includes an enclosure 102,
which houses various mechanical and electronic com-
ponents of physics package 100. These components can
be fabricated as wafer-level micro-electro-mechanical
systems (MEMS) devices prior to assembly in enclosure
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102. In general, the CSAC components in physics pack-
age 100 include a laser die 110 such as a vertical-cavity
surface-emitting laser (VCSEL), a quarter wave plate 120
in optical communication with laser die 110, a vapor cell
130 in optical communication with quarter wave plate
120, and an optical detector 140in optical communication
with vapor cell 130.

[0016] A laser beam 112 emitted from laser die 110 is
directed to pass through quarter wave plate 120 and va-
por cell 130 to optical detector 140 during operation of
physics package 100. As shownin Figure 1, quarter wave
plate 120, vapor cell 130, and optical detector 140 can
be mounted within package 102 at various tilt angles with
respecttothe optical path of laser beam 112. Tilting these
components reduces reflective coupling back into the
VCSEL, enhancing CSAC stability.

[0017] The various components in physics package
100 are positioned at different levels within enclosure
102 by a set of scaffold structures. As shown in Figure
1, a lower scaffold 150 is attached to a base surface 104
inenclosure 102. The lower scaffold 150 includes a lower
tier 152 that supports laser die 110, a middle tier 154 that
supports quarter wave plate 120 above laser die 110,
and an upper tier 156 that supports vapor cell 130 above
quarter wave plate 120. An upper scaffold structure 160
is attached to a top surface 106 in enclosure 102. The
optical detector 140 is affixed to upper scaffold structure
160 above vapor cell 130.

[0018] The vapor cell 130 includes a pair of optically
clear wafers 132 and 134 such as glass wafers, which
are anodically bonded to opposing sides of a substrate
136 such as a silicon wafer. Exemplary glass wafers in-
clude Pyrex glass or similar glasses. At least one cham-
ber 138 defined within vapor cell 130 provides an optical
path between laser die 110 and optical detector 140 for
laser beam 112.

[0019] In one approach for fabricating vapor cell 130
prior to assembly within physics package 100, wafer 132
is initially anodically bonded to a base side of substrate
136, after which rubidium or other alkali metal (either in
liquid or solid form) is deposited into chamber 138. The
wafer 134 is then anodically bonded to the opposing side
of substrate 136 to form vapor cell 130. Such bonding
typically is accomplished at temperatures from about 250
°C to about 400 °C. The bonding process is performed
with the wafers 132, 134, and substrate 136, either under
high vacuum or backfilled with a buffer gas, such as an
argon-nitrogen gas mixture. When the buffer gas is used,
the manufacturing equipment containing the compo-
nents for vapor cell 130 is evacuated, after which the
buffer gas is backfilled into chamber 138. Thus, when
the bonding is completed to seal vapor cell 130, the alkali
metal and any optional buffer gas are trapped within
chamber 138.

[0020] During the anodic bonding process, the glass
wafers, which contain mobile ions such as sodium, are
brought into contact with the silicon wafer, with an elec-
trical contact to both the glass and silicon wafers. Both
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the glass and silicon wafers are heated to at least about
200 °C, and a glass wafer electrode is made negative,
by at least about 200 V, with respect to the silicon wafer.
This causes the sodium in the glass to move toward the
negative electrode, and allows for more voltage to be
dropped across the gaps between the glass and silicon,
causing more intimate contact. At the same time, oxygen
ions are released from the glass and flow toward the sil-
icon, helping to form a bridge between the silicon in the
glass and the silicon in the silicon wafer, which forms a
very strong bond. The anodic bonding process can be
operated with a wide variety of background gases and
pressures, from well above atmospheric to high vacuum.
Higher gas pressures improve heat transfer, and speed
up the process. In the case of Rb vapor cells, it is desir-
able to form a bond at as low a temperature as possible,
in the presence of a buffer gas.

[0021] The anodic bonding process can be is en-
hanced by applying a higher voltage during the bonding
process, but higher voltage in the presence of a gas can
cause arcing. Arcing is a function of the gas type, pres-
sure and distance between electrodes. Arcing can be
mitigated by creating a larger path to ground, thus in-
creasing the potential needed to cause the arc.

[0022] If the gas type and pressure cannot be altered,
thenincreasing the distance between electrodes can pro-
vide a way for applying higher voltage. This can be done
by using a sacrificial glass wafer that is inserted between
the upper glass wafer of the vapor cell and a high voltage
source. The sacrificial glass wafer has a larger diameter
than the vapor cell wafers. This allows for the applied
voltage to be much higher at the start of the process,
which provides for a much improved bonding environ-
ment. For example, the applied higher voltage can be
from about 800 volts to about 1200 volts.

[0023] The sacrificial glass wafer is of the same type
as the vapor cell glass wafers used to bond to silicon,
and as such allows the passage of current through the
mobile ions. By using a larger diameter for the sacrificial
wafer, the distance from the high voltage electrode and
the top surface of the silicon wafer, which is near ground
potential, is increased. This allows for higher voltage
bonding without arcing. In addition, the excess sodium
that would normally pool on top of the upper glass wafer
of the vapor cell is minimized, due to the ability of the
sodium ions to pass into the sacrificial glass wafer. This
almost eliminates the pitting normally seen on a glass
wafer, creating a cleaner light path through the glass.
Further details with respect to the sacrificial glass wafer
are described hereafter with respect to Figure 5.

[0024] Figure 2 illustrates one embodiment of a vapor
cell die 200 for a CSAC physics package that has been
formed on a wafer layer. The vapor cell die 200 includes
a silicon substrate 205 in which a first chamber 210, a
second chamber 220, and at least one connecting path-
way 215 have been formed. The chambers 210, 220, and
pathway 215 are sealed within vapor celldie 200 between
glass wafers (such as glass wafers 132, 134) using anod-
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ic bonding as described above.

[0025] For the embodiment shown in Figure 2, cham-
ber 210 comprises part of the optical path for the physics
package and needs to be kept free of contaminants and
precipitates. The rubidium or other alkali metal (shown
generally at 235) is deposited as a liquid or solid into
chamber 220. The connecting pathway 215 establishes
a"tortuous path" (illustrated generally at 230) for the alkali
metal vapor molecules to travel from second chamber
220 to first chamber 210. Because of the dynamics of
gas molecules, the alkali metal vapor molecules do not
flow smoothly through pathway 215, but rather bounce
off of the walls of pathway 215 and frequently stick to the
walls. In one embodiment, second chamber 220 is iso-
lated from pathway 215 except for a shallow trench 245
to further slow migration of alkali metal vapor from the
second chamber 220.

[0026] Further details related to fabricating a suitable
vapor cell for use in the CSAC physics package are de-
scribed in U.S. Application Serial No. 12/873,441, filed
September 1, 2010, and published as Pub. No. US
2011/0187464 A1.

[0027] As discussed previously, the anodic bond joint
starts at the locations between the wafers that are initially
in contact and spreads out as the electrostatic potential
brings the surfaces together. This lag of the bond front
from one areatothe next can leadto pressure differences
if there is no path for gas to move out from between the
wafers as the bond fronts move together. This can result
in poor buffer gas uniformity in the fabricated vapor cells.
[0028] Furthermore, using a low melting temperature
material like Rb requires the bonding to take place at as
low a temperature as possible, otherwise the vapor gen-
erated can foul the bond surface. Thus, a high voltage
needs to be applied as the wafers are heating, to allow
the bond to form as soon as possible. This can result in
vapor cells sealing at different times, and thus at different
temperatures, which can also produce pressure differ-
ences in the fabricated vapor cells. The problem of poor
buffer gas uniformity in fabricated vapor cells can be
solved using the techniques discussed hereafter.
[0029] In one approach, vent channels are formed in
a surface of the silicon wafer in order to provide pathways
for gas to escape to a perimeter of the wafer during anodic
bonding. This approach is illustrated in Figure 3, which
shows a wafer 300 for fabricating vapor cells used in a
CSAC. The wafer 300 includes a plurality of vapor cell
dies 302 and interconnected vent channels 304 that sur-
round vapor cell dies 302. The vapor cell dies 302 and
vent channels 304 are located in an interior surface re-
gion 306 of wafer 300. The vent channels 304 can be
formed with the same processes used to form vapor cell
dies 302.

[0030] The vent channels 304 provide at least one
pathway for gas from each vapor cell die to travel outside
of a perimeter 308 of wafer 300. The vent channels 304
allow gas toward the interior surface region 306 to be in
substantially continuous pressure-equilibrium with gas
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outside of perimeter 308 during anodic bonding of glass
wafers to opposing sides of wafer 300.

[0031] In another approach for enhancing gas pres-
sure uniformity, the anodic bonding process is modified
to continually ramp pressure upward as temperature
(measured in degrees Kelvin, or degrees absolute) is
ramped upward. In this approach, anodic bonding of a
first wafer such as a silicon wafer is carried out by in-
creasing atemperature of the firstwafer at predetermined
rate during anodic bonding of the first wafer to a second
wafer such as a glass wafer. The silicon wafer has a
plurality of dies each with at least one chamber. A gas
pressure between the first and second wafers is also in-
creased at a predetermined rate while the temperature
is increasing during anodic bonding.

[0032] For example, in one implementation, as the
temperature is increased from about 150 °C (423 °K) to
about 250 °C (523 °K) during anodic bonding, the pres-
sure is increased from about 100 torr (13332.2 Pa) to
about 600 torr (79993.2 Pa). In another example, the
pressure can have a starting value of about 100-300 torr
(13332.2-39996.6 Pa), and an ending value of about
500-600 torr (66661 - 79993.2 Pa).

[0033] The foregoing approaches can be combined
such that utilizing the vent channels in the wafer surface
along with pressure ramping allows vapor cells that are
sealed later in the process, and thus at higher tempera-
ture, to also have a higher gas pressure. When cooled
to room temperature, the vapor cells sealed at a higher
temperature will drop in pressure more than those sealed
at a lower temperature. With a higher gas pressure, the
later sealing vapor cells can be compensated so the final
pressure of all vapor cells is about the same at room
temperature. By keeping the ratio of the pressure to the
temperature constant, the ideal gas law ensures than n
(the molar density of the gas in the cells) will remain con-
stant across the wafer.

[0034] Figure 4 illustrates a CSAC physics package
400 according to another embodiment. The physics
package 400 includes an enclosure 402, which houses
various mechanical and electronic components of the
CSAC. These components can be fabricated as wafer-
level micro-electro-mechanical systems (MEMS) devic-
es prior to assembly in physics package 400. In general,
the CSAC components in physics package 400 include
alaser die 410 such as a vertical-cavity surface-emitting
laser (VCSEL), a quarter wave plate 420 in optical com-
munication with laser die 410, a vapor cell 430 in optical
communication with quarter wave plate 420, and a first
photodetector 440 in optical communication with vapor
cell 430. A laser beam 412 emitted from laser die 410 is
directed to pass through quarter wave plate 420 and va-
por cell 430 to optical detector 440 during operation of
the CSAC.

[0035] The enclosure 402 includes a body 403 that de-
fines a cavity 404 for holding the components of physics
package 400. The enclosure 402 also includes a lid 405
configured to fit over cavity 404 to enclose the compo-
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nents therein. A solder 406 can be used to seal lid 405
to body 403. The cavity 404 is defined by a side surface
407 and a base surface 411 in body 403. The side surface
407 has a lower step 408 and an upper step 409, which
along with base surface 411 support various components
of the CSAC in a raised position as described further
hereafter. The enclosure 402 can be made of a ceramic
material such as a high temperature co-fired ceramic
(HTCC) material, for example.

[0036] The various components of physics package
400 are positioned at different levels within enclosure
402 by a set of scaffold structures. The scaffold structures
generally include a membrane such as a tether suspend-
ed between a frame, and a stiffening member such as a
die attached to the membrane. The frame and stiffening
member can be composed of silicon and the membrane
can be composed of polyimide, for example.

[0037] As shown in Figure 4, a lower scaffold structure
450 is attached to base surface 411 in body 403. The
lower scaffold structure 450 includes a scaffold die 452
coupled to a tether 454 that is attached to a frame 455.
The laser die 410 is mounted to an upper surface of die
452 along with other electronic components, including a
second photodetector 442 and a resistor 444 such as a
surface mount technology (SMT) resistor. The lower
scaffold structure 450 and components thereon are elec-
trically connected to body 403 through a plurality of wire
bonds 456 connected to respective pads on lower step
408.

[0038] A middle scaffold structure 460 includes a scaf-
fold die 462 coupled to a tether 464 that is attached to a
frame 465. The scaffold die 462 has an opening there-
through to permit passage of laser beam 412. The middle
scaffold structure 460 has a tilting feature 466 on which
quarter wave plate 420 is mounted, such as with an ad-
hesive. As shown in Figure 4, quarter wave plate 420
can be mounted on tilting feature 466 at a preselected
tilt angle with respect to the optical path of laser beam
412. The middle scaffold structure 460 has an upper sur-
face 467 on which vapor cell 430 is mounted, such as
with an adhesive. The middle scaffold structure 460 is
attached to a spacer 470 on a lower surface 472 thereof
with an adhesive such as an epoxy or other suitable at-
tachment method.

[0039] An upper scaffold structure 480 is positioned
over spacer 470, and includes a scaffold die 482 coupled
to a tether 484 that is attached to a frame 485. The pho-
todetector 440 is attached to die 482 above vapor cell
430. The vapor cell 430 is also attached to die 482
through a plurality of solder balls 484, which keep pho-
todetector 440 and vapor cell430 spaced apartfrom each
other. The upper scaffold structure 480 is attached to an
upper surface 474 of spacer 470 with an adhesive such
as an epoxy or other suitable attachment method.
[0040] The spacer 470, which can be in the shape of
a washer, defines an aperture 476 in which vapor cell
430 is located. The spacer 470 includes interconnect wir-
ing 477 to provide electrical contacts for upper scaffold
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structure 480 and middle scaffold structure 460. The
spacer 70 also includes magnetic coil windings 478 that
provide a bias field for vapor cell 430. The spacer 470 is
mounted to upper step 409 of enclosure 402 with an ad-
hesive such as an epoxy. A plurality of metal stud bumps
479, such as gold stud bumps, provide electrical connec-
tions from spacer 470 to enclosure 402 and to scaffold
structures 460, 480. The spacer 470 can be made of a
ceramic material such as a low temperature co-fired ce-
ramic (LTCC) material.

[0041] The vapor cell 430 includes a pair of optically
clear glass wafers, including a lower glass wafer 432 and
an upper glass wafer 434 that are anodically bonded to
opposing sides of a substrate such as a silicon wafer
436. At least one chamber 438 within vapor cell 430 pro-
vides an optical path between laser die 410 and photo-
detector 440 for laser beam 412.

[0042] In fabricating vapor cell 430 prior to assembly
within enclosure 402, lower glass wafer 432 is initially
anodically bonded to a base side of substrate 436, after
which rubidium or other alkali metal is deposited into
chamber 438. The upper glass wafer 434 is then anodi-
cally bonded to the opposing side of substrate 436 to
form vapor cell 430. The bonding process is performed
with the wafers glass 432, 434 and silicon wafer 436 ei-
ther under high vacuum or optionally backfilled with a
buffer gas. When the bonding is completed to seal vapor
cell 430, the alkali metal and any optional buffer gas are
trapped within chamber 438.

[0043] As discussed previously above, the anodic
bonding of the glass wafers can be enhanced by using
asacrificial glass wafer that is inserted between the upper
glass wafer of the vapor cell and a high voltage source.
Figure 5 shows a wafer configuration 500 used in the
enhanced anionic bonding approach. A vapor cell 502
has been partially formed and includes a first wafer 504
such as a silicon wafer, and a second wafer 506 such as
a glass wafer that is anodically bonded to one side of first
wafer 504. A third wafer 508 such as a glass wafer is
positioned on an opposing side of first wafer 504. As
shown in Figure 5, the first wafer 504, second wafer 506,
and third wafer 508 all have substantially the same di-
ameter D-1.

[0044] A sacrificial wafer 510 such as a sacrificial glass
wafer is inserted between third wafer 508 and a metal-
lized bond plate 512 that connects to a high voltage
source. The sacrificial wafer 510 has a diameter D-2 that
is larger than diameter D-1. By using a larger diameter
for the sacrificial wafer, the distance from an exposed
portion 514 of metallized bond plate 512 to the bonding
surface of the silicon wafer, which is near ground poten-
tial, is increased. The diameter D-2 of sacrificial wafer
510is sufficiently large so as to prevent arcing when third
wafer 508 is anodically bonded to first wafer 504.
[0045] Figure 6 illustrates one embodiment of a vapor
cell die 600 for a CSAC physics package that has been
formed on a wafer layer. The vapor cell die 600 includes
a substrate 605 such as a silicon substrate in which a
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first chamber 610, a second chamber 615, and at least
one connecting pathway 620 have been formed. The
chambers 610, 615, and pathway 620 can be sealed with-
in vapor cell die 600 between glass wafers using anodic
bonding as described above. The first chamber 610 com-
prises part of the optical path for the CSAC. The con-
necting pathway 620 establishes a "tortuous path" for the
alkali metal vapor molecules to travel from second cham-
ber 615 to first chamber 610.

[0046] As described previously, vent channels can be
formed in a surface of the silicon wafer in order to provide
pathways for gas to escape to a perimeter of the wafer
during anodic bonding. Figure 7 illustrates another em-
bodiment of this approach, in which a silicon wafer 700
is used for fabricating vapor cells. The wafer 700 includes
a plurality of vapor cell dies 702 and interconnected vent
channels 704 that surround vapor cell dies 702. The va-
por cell dies 702 and vent channels 704 are located in
an interior surface region 706 of wafer 700. The vent
channels 704 can be formed with the same processes
used to form vapor cell dies 702.

[0047] The vent channels 704 provide multiple path-
ways for gas from each vapor cell die to travel outside of
a perimeter 708 of wafer 700. The vent channels 704
allow gas toward the interior surface region 706 to be in
substantially continuous pressure-equilibrium with gas
outside of perimeter 708 during anodic bonding of glass
wafers to opposing sides of wafer 700.

EXAMPLE EMBODIMENTS
[0048]

Example 1 includes a method of fabricating one or
more vapor cells, the method comprising forming
one or more vapor cell dies in a first wafer having an
interior surface region and a perimeter, the first wafer
having a first diameter; anodically bonding a second
wafer to a first side of the first wafer over the vapor
cell dies, the second wafer having a second diame-
ter; positioning a third wafer over the vapor cell dies
on a second side of the first wafer opposite from the
second wafer, the third wafer having a third diameter;
placing a sacrificial wafer over the third wafer, the
sacrificial wafer having a diameter that is larger than
the first, second and third diameters; locating a met-
allized bond plate over the sacrificial wafer; and
anodically bonding the third wafer to the second side
of the first wafer when a voltage is applied to the
metallized bond plate while the sacrificial wafer is in
place.

Example 2 includes the method of Example 1,
wherein the first wafer comprises a silicon wafer, and
the second and third wafers each comprise a glass
wafer.

Example 3 includes the method of any of Examples
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1 and 2, wherein the sacrificial wafer comprises a
glass wafer.

Example 4 includes the method of any of Examples
1-3, wherein the diameter of the sacrificial wafer is
sufficiently large to prevent arcing when the voltage
is applied to the metallized bond plate.

Example 5 includes the method of any of Examples
1-4, and further comprising forming one or more in-
terconnected vent channels in the first wafer, the
vent channels providing at least one pathway for gas
from the one or more vapor cell dies to travel outside
of the perimeter of the first wafer.

Example 6 includes the method of Example 5,
wherein the vent channels allow gas toward the in-
terior surface region of the first wafer to be in sub-
stantially continuous pressure-equilibrium with gas
outside of the perimeter of the first wafer during the
anodic bonding of the second and third wafers to the
first wafer.

Example 7 includes the method of any of Examples
1-6, wherein the one or more vapor cells are config-
ured for a chip-scale atomic clock physics package.

Example 8 includes the method of any of Examples
1-7, wherein the one or more vapor cell dies each
comprise a substrate having a first chamber, a sec-
ond chamber, and at least one connecting pathway
between the first and second chambers.

Example 9 includes the method of any of Examples
1-8, wherein during the anodic bonding, a tempera-
ture of the first wafer is ramped upward at a prede-
termined rate.

Example 10 includes the method of Example 9,
wherein a gas pressure is ramped upward at a pre-
determined rate while the temperature is ramped up-
ward.

Example 11 includes the method of Example 10,
wherein the gas pressure is ramped upward from
about 100 torr to about 600 torr during the anodic
bonding.

Example 12 includes a wafer configuration for fabri-
cating vapor cells that comprises a first wafer com-
prising a plurality of vapor cell dies, the first wafer
having an interior surface region and a perimeter,
the first wafer having a first diameter. A second wafer
is anodically bonded to a first side of the first wafer
overthe vapor cell dies, with the second wafer having
a second diameter that is substantially the same as
the first diameter. A third wafer is located over the
vapor cell dies on a second side of the first wafer
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opposite from the second wafer, the third wafer hav-
ing a third diameter that is substantially the same as
the first and second diameters. A sacrificial wafer is
located over the third wafer, the sacrificial wafer hav-
ing a diameter that is larger than the first, second
and third diameters. The diameter of the sacrificial
wafer is sufficiently large to prevent arcing when the
third wafer is anodically bonded to the first wafer.

Example 13 includes the wafer configuration of Ex-
ample 12, wherein the first wafer comprises a silicon
wafer, and the second and third wafers each com-
prise a glass wafer.

Example 14 includes the wafer configuration of any
of Examples 12 and 13, wherein the sacrificial wafer
comprises a glass wafer.

Example 15 includes the wafer configuration of any
of Examples 12-14, further comprising a plurality of
interconnected vent channels in the first wafer, the
vent channels providing at least one pathway for gas
from the vapor cell dies to travel outside of the pe-
rimeter of the first wafer.

Example 16 includes the wafer configuration of Ex-
ample 15, wherein the vent channels allow gas to-
ward the interior surface region of the first wafer to
be in substantially continuous pressure-equilibrium
with gas outside of the perimeter of the first wafer
when the second and third wafers are anodically
bonded to the first wafer.

Example 17 includes the wafer configuration of any
of Examples 12-16, wherein the sacrificial wafer is
located between the third wafer and a metallized
bond plate.

Example 18 includes the wafer configuration of any
of Examples 12-17, wherein the vapor cells dies are
configured for a chip-scale atomic clock physics
package.

Example 19 includes the wafer configuration of any
of Examples 12-18, wherein the vapor cell dies each
comprise a substrate having a first chamber, a sec-
ond chamber, and at least one connecting pathway
between the first and second chambers.

Example 20 includes a method of fabricating a plu-
rality of vapor cells, the method comprising forming
a plurality of vapor cell dies in a silicon wafer having
afirstdiameter; anodically bonding a first glass wafer
to a first side of the silicon wafer over the vapor cell
dies, the first glass wafer having a second diameter
that is substantially the same as the first diameter;
positioning a second glass wafer over the vapor cell
dies on a second side of the silicon wafer opposite
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from the first glass wafer, the second glass wafer
having a third diameter that is substantially the same
as the first and second diameters; placing a sacrifi-
cial glass wafer over the second glass wafer, the
sacrificial glass wafer having a diameter thatis larger
than the first, second, and third diameters; locating
a metallized bond plate over the sacrificial glass wa-
fer; and anodically bonding the second glass wafer
to the second side of the silicon wafer when a voltage
is applied to the metallized bond plate while the sac-
rificial glass wafer is in place, the diameter of the
sacrificial glass wafer sufficiently large to prevent
arcing when the voltage is applied to the metallized
bond plate.

[0049] The presentinvention may be embodied in oth-
er specific forms without departing from its essential char-
acteristics. The described embodiments are to be con-
sidered in all respects only as illustrative and not restric-
tive. The scope of the invention is therefore defined by
the appended claims.

Claims

1. A method of fabricating one or more vapor cells,
(430; 502), the method comprising:

forming one or more vapor cell dies (200; 302;
600; 702) in a first wafer (504) having an interior
surface region and a perimeter, the first wafer
having a first diameter (D-1);

anodically bonding a second wafer (506) to a
first side of the first wafer (504) over the vapor
cell dies, the second wafer (506) having a sec-
ond diameter (D-1);

positioning a third wafer (508) over the vapor
cell dies on a second side of the first wafer (504)
opposite from the second wafer (506), the third
wafer (508) having a third diameter (D-1);
placing a sacrificial wafer (510) over the third
wafer (508), the sacrificial wafer (510) having a
diameter (D-2) that is larger than the first, sec-
ond and third diameters;

locating a metallized bond plate (512) over the
sacrificial wafer (510); and

anodically bonding the third wafer (508) to the
second side of the first wafer (504) when a volt-
age is applied to the metallized bond plate (512)
while the sacrificial wafer (510) is in place.

2. The method of claim 1, wherein the first wafer (504)
comprises a silicon wafer, the second and third wa-
fers (506; 508) each comprise a glass wafer, and the
sacrificial wafer(510) comprises a glass wafer.

3. The method of claim 1, wherein the diameter of the
sacrificial wafer (510) is sufficiently large to prevent
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arcing when the voltage is applied to the metallized
bond plate (512).

The method of claim 1, further comprising forming
one or more interconnected ventchannels (304; 704)
in the first wafer, the vent channels (304; 704) pro-
viding at least one pathway for gas from the one or
more vapor cell dies (302; 702) to travel outside of
the perimeter of the first wafer.

The method of claim 4, wherein the vent channels
(704) allow gas toward the interior surface region of
the first wafer to be in substantially continuous pres-
sure-equilibrium with gas outside of the perimeter of
the first wafer during the anodic bonding of the sec-
ond and third wafers to the first wafer.

The method of claim 1, wherein the one or more va-
por cells are configured for a chip-scale atomic clock
physics package (100; 400).

The method of claim 1, wherein the one or more va-
por cell dies each comprise a substrate having a first
chamber (210; 610), a second chamber (220; 615),
and at least one connecting pathway (215; 620) be-
tween the first and second chambers.

The method of claim 1, wherein during the anodic
bonding, a temperature of the first wafer (504) is
ramped upward at a predetermined rate, and a gas
pressure is ramped upward at a predetermined rate
while the temperature is ramped upward.

Awafer configuration (500) for fabricating vapor cells
(430, 502), comprising:

a first wafer (504) comprising a plurality of vapor
cell dies, (200; 302; 600; 702), the first wafer
(504) having an interior surface region and a pe-
rimeter, the first wafer (504) having a first diam-
eter (D-1);

a second wafer (506) anodically bonded to a first
side of the first wafer (504) over the vapor cell
dies, the second wafer (506) having a second
diameter (D-1) that is substantially the same as
the first diameter;

a third wafer (508) located over the vapor cell
dies on a second side of the first wafer(504) op-
posite from the second wafer (506), the third wa-
fer (508), having a third diameter (D-1) that is
substantially the same as the first and second
diameters; and

a sacrificial wafer (510) located over the third
wafer (508), the sacrificial wafer (510) having a
diameter (D-2) that is larger than the first, sec-
ond and third diameters;

wherein the diameter (D-2) of the sacrificial wa-
fer (510) is sufficiently large to prevent arcing



15 EP 2 746 876 B1 16

when the third wafer is anodically bonded to the
first wafer (504).

10. The wafer configuration of claim 9, further compris-

ing a metallized bond plate (512), wherein the sac-
rificial wafer (510) is located between the third wafer
(508) and the metallized bond plate (512).

Patentanspriiche

Verfahren zum Herstellen einer oder mehrerer
Dampfzellen, (430; 502), das Verfahren Folgendes
umfassend:

Ausbilden eines oder mehrerer Dampfzellen-
chips (200; 302; 600; 702) in einem ersten Wafer
(504), der einen Innenflachenbereich und einen
Umfang aufweist, wobei der erste Wafer einen
ersten Durchmesser (D-1) aufweist;
anodisches Verbinden eines zweiten Wafers
(506) an einer ersten Seite des ersten Wafers
(504) Uber den Dampfzellenchips, wobei der
zweite Wafer (506) einen zweiten Durchmesser
(D-1) aufweist;

Positionieren eines dritten Wafers (508) tber
den Dampfzellenchips auf einer zweiten Seite
des ersten Wafers (504), die dem zweiten Wafer
(506) entgegengesetzt ist, wobei der dritte Wa-
fer (508) einen dritten Durchmesser (D-1) auf-
weist;

Platzieren eines Opfer-Wafers (510) liber dem
dritten Wafer (508), wobei der Opfer-Wafer
(510) einen Durchmesser (D-2) aufweist, der
groRer ist als der erste, der zweite und der dritte
Durchmesser;

Anordnen einer metallisierten Verbindungsplat-
te (512) iber dem Opfer-Wafer (510); und
anodisches Verbinden des dritten Wafers (508)
an der zweiten Seite des ersten Wafers (504),
wenn eine Spannung an die metallisierte Ver-
bindungsplatte (512) angelegt wird, wahrend
sich der Opfer-Wafer (510) am Ort befindet.

Verfahren nach Anspruch 1, wobei der erste Wafer
(504) einen Silizium-Wafer umfasst, der zweite und
der dritte Wafer (506; 508) jeweils einen Glas-Wafer
umfassen und der Opfer-Wafer (510) einen Glas-
Wafer umfasst.

Verfahren nach Anspruch 1, wobei der Durchmesser
des Opfer-Wafers (510) ausreichend grof} ist, um
einen Uberschlag zu verhindern, wenn die Span-
nung an die metallisierte Verbindungsplatte (512)
angelegt wird.

Verfahren nach Anspruch 1, weiterhin umfassend
Ausbilden eines oder mehrerer miteinander verbun-
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dener Luftkanadle (304; 704) in dem ersten Wafer,
wobei die Luftkanale (304; 704) mindestens einen
Weg flir Gas aus dem einen oder den mehreren
Dampfzellenchips (302; 702) bereitstellen, um au-
Rerhalb des Umfangs des ersten Wafers zu gelan-
gen.

Verfahren nach Anspruch 4, wobei die Luftkanale
(704) erméglichen, dass sich Gas zu dem Innenfla-
chenbereich des ersten Wafers hin wahrend des an-
odischen Verbindens des zweiten und des dritten
Wafers an dem ersten Wafer im Wesentlichen in ei-
nem kontinuierlichen Druckgleichgewicht mit Gas
aullerhalb des Umfangs des ersten Wafers befindet.

Verfahren nach Anspruch 1, wobei die eine oder die
mehreren Dampfzellen fur ein Atomuhr-Physikpaket
im Chip-Mafstab (100; 400) konfiguriert sind.

Verfahren nach Anspruch 1, wobei der eine oder die
mehreren Dampfzellenchips jeweils ein Substrat mit
einer ersten Kammer (210; 610), einer zweiten Kam-
mer (220; 615) und mindestens einem Verbindungs-
weg (215; 620) zwischen der ersten und der zweiten
Kammer umfassen.

Verfahren nach Anspruch 1, wobei wahrend des an-
odischen Verbindens eine Temperatur des ersten
Wafers (504) mit einer vorgegebenen Rate linear an-
steigt und ein Gasdruck mit einer vorgegebenen Ra-
te linear ansteigt, wahrend die Temperatur linear an-
steigt.

Wafer-Konfiguration (500) zum Herstellen von
Dampfzellen (430, 502), Folgendes umfassend:

einen ersten Wafer (504), umfassend mehrere
Dampfzellenchips (200; 302; 600; 702), wobei
der erste Wafer (504) einen Innenflachenbe-
reich und einen Umfang aufweist, wobeider ers-
te Wafer (504) einen ersten Durchmesser (D-1)
aufweist;

einen zweiten Wafer (506), der an einer ersten
Seite des ersten Wafers (504) tiber den Dampf-
zellenchips anodisch verbunden ist, wobei der
zweite Wafer (506) einen zweiten Durchmesser
(D-1) aufweist, der im Wesentlichen der gleiche
ist wie der erste Durchmesser;

einen dritten Wafer (508), der Giber den Dampf-
zellenchips auf einer zweiten Seite des ersten
Wafers (504) angeordnet ist, die dem zweiten
Wafer (506) entgegengesetzt ist, wobei der drit-
te Wafer (508) einen dritten Durchmesser (D-1)
aufweist, derim Wesentlichen der gleiche ist wie
der erste und der zweite Durchmesser; und
einen Opfer-Wafer (510), der Uber dem dritten
Wafer (508) angeordnet ist, wobei der Opfer-
Wafer (510) einen Durchmesser (D-2) aufweist,
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der groRer ist als der erste, der zweite und der
dritte Durchmesser;

wobei der Durchmesser (D-2) des Opfer-Wafers
(510) ausreichend groR ist, um einen Uber-
schlag zu verhindern, wenn der dritte Wafer an-
odisch an den ersten Wafer (504) gebunden
wird.

10. Wafer-Konfiguration nach Anspruch 9, weiterhin um-

fassend eine metallisierte Verbindungsplatte (512),
wobei der Opfer-Wafer (510) zwischen dem dritten
Wafer (508) und der metallisierten Verbindungsplat-
te (512) angeordnet ist.

Revendications

Procédé de fabrication d’'une ou plusieurs cellules
de vapeur (430 ; 502), le procédé comprenant :

laformationd’'une ou plusieurs puces de cellules
de vapeur (200 ; 302 ; 600 ; 702) dans une pre-
miére tranche (504) ayant une région de surface
intérieure et un périmétre, la premiére tranche
ayant un premier diameétre (D-1) ;

la liaison anodique d’une deuxiéme tranche
(506) a un premier c6té de la premiére tranche
(504) par-dessus les puces de cellules de va-
peur, la deuxiéme tranche (506) ayant un
deuxieme diametre (D-1) ;

le positionnement d’une troisieme tranche (508)
par-dessus les puces de cellules de vapeur sur
un deuxieme cété de la premiere tranche (504)
al'opposé de la deuxiéme tranche (506), la troi-
sieme tranche (508) ayant un troisieme diame-
tre (D-1) ;

la mise en place d’'une tranche sacrificielle (510)
par-dessus la troisieme tranche (508), la tran-
che sacrificielle (510) ayant un diamétre (D-2)
qui est plus grand que les premier, deuxiéme et
troisieme diameétres ;

le positionnement d’une plaque d’assemblage
métallisée (512) par-dessus la tranche sacrifi-
cielle (510) ; et

la liaison anodique de la troisieme tranche (508)
au deuxiéme cbté de la premiere tranche (504)
quand une tension est appliquée a la plaque
d’assemblage métallisée (512) pendant que la
tranche sacrificielle (510) est en place.

Procédé de la revendication 1, dans lequel la pre-
miére tranche (504) comprend une tranche de sili-
cium, les deuxieme et troisieme tranches (506 ; 508)
comprennent chacune une tranche de verre, et la
tranche sacrificielle (510) comprend une tranche de
verre.

Procédé de la revendication 1, dans lequel le dia-

10

15

20

25

30

35

40

45

50

55

10

meétre de la tranche sacrificielle (510) est suffisam-
ment grand pour empécher la formation d'un arc
quand la tension est appliquée a la plaque d’assem-
blage métallisée (512).

Procédeé de larevendication 1, comprenant en outre
la formation d’un ou plusieurs canaux d’aération in-
terconnectés (304 ; 704) dans la premiere tranche,
les canaux d’aération (304 ; 704) fournissant au
moins un chemin pour que du gaz provenant de la
ou des puces de cellules de vapeur (302 ; 702) se
déplace a I'extérieur du périmetre de la premiére
tranche.

Procédé de la revendication 4, dans lequel les ca-
naux d’aération (704) permettent a du gaz vers la
région de surface intérieure de la premiére tranche
d’étre en équilibre de pression sensiblement continu
avecdu gaz al'extérieur du périmetre de la premiére
tranche pendant la liaison anodique des deuxiéme
et troisieme tranches a la premiére tranche.

Procédé de la revendication 1, dans lequel laou les
cellules de vapeur sont configurées pour un boitier
physique d’horloge atomique a I'échelle de la puce
(100 ; 400).

Procédé de la revendication 1, dans lequel laou les
puces de cellules de vapeur comprennent chacune
un substratayant une premiére chambre (210 ;610),
une deuxieme chambre (220 ; 615), et au moins un
chemin de connexion (215 ; 620) entre les premiéere
et deuxieme chambres.

Procédé de la revendication 1 dans lequel, pendant
la liaison anodique, une température de la premiére
tranche (504) est soumise a une rampe ascendante
a une vitesse prédéterminée, e une pression de gaz
est soumise a une rampe ascendante a une vitesse
prédéterminée pendant que la température est sou-
mise a une rampe ascendante.

Configuration de tranches (500) pour la fabrication
de cellules de vapeur (430, 502), comprenant :

une premiére tranche (504) comprenant une
pluralité de puces de cellules de vapeur (200 ;
302 ;600 ; 702), la premiere tranche (504) ayant
une région de surface intérieure et un périmetre,
la premiere tranche (504) ayant un premier dia-
meétre (D-1) ;

une deuxiéme tranche (506) liee anodiquement
a un premier co6té de la premiére tranche (504)
par-dessus les puces de cellules de vapeur, la
deuxieme tranche (506) ayant un deuxiéme dia-
meétre (D-1) qui est sensiblement le méme que
le premier diamétre ;

une troisieme tranche (508) positionnée par-
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dessus les puces de cellules de vapeur sur un
deuxiéme c6té de la premiere tranche (504) a
I'opposé de la deuxiéme tranche (506), la troi-
sieme tranche (508) ayant un troisieme diameé-
tre (D-1) qui est sensiblement le méme que les
premier et deuxieme diamétres ; et

une tranche sacrificielle (510) positionnée par-
dessus la troisieme tranche (508), la tranche sa-
crificielle (510) ayant un diamétre (D-2) qui est
plus grand que les premier, deuxiéme et troisie-
me diamétres ;

dans laquelle le diametre (D-2) de la tranche
sacrificielle (510) est suffisamment grand pour
empécher la formation d’un arc quand la troisié-
me tranche est liée anodiquement a la premiére
tranche (504).

10. Configuration de tranches de la revendication 9,
comprenant en outre une plaque d’assemblage mé-
tallisée (512), la tranche sacrificielle (510) étant po-
sitionnée entre la troisieme tranche (508) etla plaque
d’assemblage métallisée (512).

10

15

20

25

30

35

40

45

50

55

1"

20



EP 2 746 876 B1

L "Old

¢0l—

«—0G1

0w
o
.

ocl

00l

12






EP 2 746 876 B1

14



EP 2 746 876 B1

v Old

15

covy Nmmv
434 Liv
osh—-{ | I N
~L| ~
r\\ P - ~
St 0z~ wa%wv 9Gy 80¥
N cov YO —\ GOV
09% L JT " T esr ely
Sy o 7777777 | T
SISO | [z Lor) Es | (oo
= |ogy e | ===
Sy | 8tV v\ =ty
= i =
- pgy AAGAAAEZL gy =77 =
\ T L | oy /
ASEERR ~ “ | “\ b
0y T v8Y gy OV 087 Jop—
a8y 707
(
90¥ ~
10} % ~

00y



512

EP 2 746 876 B1

S
/Lo

o
A
o
B

T wd

16

T TTA
N
-
w
et
N
(] (]
O < O
o o O
0w W
T L —— e
v

FIG. 5



EP 2 746 876 B1

—605

o)

w

620

L]
O

\ﬁ

600
\

17

FIG. 6



EP 2 746 876 B1

700

18

FIG. 7



EP 2 746 876 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description
e US 87939410 A [0001] e US 87344110 A [0026]

* US 61301497 B [0001] « US 20110187464 A1 [0026]
« EP 1591846 A2 [0007]

19



	bibliography
	description
	claims
	drawings
	cited references

