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(57) Abstract: The cost and size of an atomic magnetometer (Figure 2, 200) are reduced by attaching a vapor cell structure (240)
that has avapor cell cavity (242) to abase die (270) that has alaser light source (286) that outputs light to the vapor cell cavity, and
attaching a photodetection die (210) that has a photodiode (214) vertically aligned with the vapor cell structure to detect light from
the laser light source that passes through the vapor cell cavity.
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MICRO-FABRICATED ATOMIC MAGNETOMETER AND METHOD OF FORMING
[0001] This relates to atomic magnetometers and, more particularly, to amicro-fabricated
atomic magnetometer and amethod of forming the magnetometer.

BACKGROUND

[0002] An atomic magnetometer is adevice that measures the strength of a magnetic
field by determining afrequency known asthe Larmor frequency. The Larmor frequency isthe
frequency of the magnetic moment of acontained group of in-phase, spinning, outer shell
electrons of alkali atoms moving in precession in response to the magnetic field. A magnetic
field strength B is defined by the equation B=1v;/y, where h is Plank's constant, hv, isthe
Larmor frequency, and y isthe gyromagnetic ratio (e.g., 7 Hz/nT for *’Rb and 3.5 Hz/nT for Cs).
[0003] FIG. 1shows ablock diagram that illustrates an example of aprior art atomic
magnetometer 100. Asshown in FIG. 1, atomic magnetometer 100 includes avertical cavity
surface emitting laser (VCSEL) 110, and an optics package 112 that lies above VCSEL 110.
Further, atomic magnetometer 100 also includes avapor cell 114 that lies above optics package
112, and aphotodetector 116 that lies above vapor cell 114.

[0004] In addition, vapor cell 114 contains agas 118 that includes alkali atoms, which
have a single electron in the outer shell, and buffer atoms, which reduce collisions between the
alkali atoms and the inner surface of vapor cell 114. For example, vapor cell gasis commonly
implemented with alkali atoms such as *sRb atoms, *’Rb atoms, K, and Cs atoms, and buffer
atoms such asN,,. Further, atomic magnetometer 100 can optionally include alower coil 120
and an upper coil 122 that lie below and above vapor cell 114.

[0005] In operation, VCSEL 110 outputs light which is attenuated and circularly
polarized by optics package 112. The circularly polarized light output by optics package 112 is
then directed into vapor cell 114. The light output by VCSEL 110 istuned to a frequency which,
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when circularly polarized, is absorbed by the single electrons in the outer shells of the alkali
atoms in the gas 118 contained within vapor cell 114.

[0006] For example, VCSEL 110 can be tuned to output light with awavelength of
794.8nm which, after being circularly polarized, is absorbed by the single electrons in the outer
shells of the *’Rb atoms. VCSEL 110 can alternately be tuned to output light with awavelength
of 894.35nm which, after being circularly polarized, is absorbed by the single electrons in the
outer shells of the Cs atoms.

[0007] When the single electron in the outer shell of an akali atom absorbs light energy,
the electron transitions to ahigher energy level, and then falls back to one of anumber of energy
levels (Zeeman sublevels within the hyperfme energy levels) that are associated with the outer
shell. The quantum selection rules define exactly which state the electron will result in. If the
electron absorbs right hand circularly polarized light, then the electron rises to a higher energy
level, while the projection number M of the electron israised by + 1.

[0008] When falling back, the electron emits aphoton in arandom direction, and always
falls back to the highest energy level that is associated with the outer shell. In addition, when the
electron falls back, the projection number M of the electron also changesby -1, Oor +1in a
random manner.

[0009] Thus, if anumber of such events occur to the same electron, each time the
electron goes to a higher state, the projection number M of the electron is always + 1. However,
on average, asthe electron falls down to the ground state, the change in the projection number M
of the electron iszero. Asaresult, the electron will eventually land on the highest M level in the
ground state. In the gas under consideration, both the ground state S, and the elevated P 1, (or
P 3 state have the same number for M levels. Thus, when the electron reaches the highest M
level in the ground state, the electron cannot be pumped because there isnot ahigher M level in
the excited state.

[0010] To again reabsorb light, the population in the ground state M levels has to be de-
pumped. Additional energy (magnetic or optical) must be supplied to the electron at afrequency

called the Larmor frequency. The additional energy at the Larmor frequency causes the electron
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in the highest ground state M level to drop to alower M level that is associated with the outer
shell where the electron can again absorb light energy.

[0011] Thus, the photons that pass out of vapor cell 114 into photodetector 116 include a
non-absorption component, which represents the light output by VCSEL 110 that was not
absorbed by the electrons in the outer shell of the gas 118 within vapor cell 114, and an emission
component, which represents the photons that are randomly emitted by the falling electrons.
Photodetector 116 detects these photons, and generates an output signal that has both a non-
absorption component and an emission component.

[0012] Two of the common approaches to adding additional energy at the Larmor
frequency are the Bell-Bloom (BB) technique and the M x technique. In the BB technique, the
light output by VCSEL 110 is modulated by a frequency that is swept across arange of
frequencies. When the light output by VCSEL 110 isfrequency modulated at the Larmor
frequency, the electrons drop to alower energy level and begin reabsorbing light energy, which
causes anoticeable dip in the intensity of light received by photodetector 116. Thus, the Larmor
frequency can be determined by determining the modulated frequency that caused the intensity
of the received light to dip.

[0013] Inthe M, technique, an RF signal is applied to the lower and upper coils 120 and
122 to create an alternating magnetic field that is aligned with the longitudinal axis of the light
emitted by VCSEL 110, while the frequency of the RF signal is swept across arange of
frequencies. When the frequency of the RF signal becomes equal to the Larmor frequency, the
electrons drop to alower energy level and begin reabsorbing light energy, which causes a
noticeable dip in the intensity of light received by photodetector 116. Thus, the Larmor
frequency can be determined by determining the RF frequency that caused the intensity of the
received light to dip.

[0014] Two of the drawbacks of conventional atomic magnetometers are size and cost,
which then limit the types of applications where atomic magnetometers can be commercially
utilized. Thus, there is aneed for micro-fabricated atomic magnetometers which can be mass

produced in conventional integrated circuit fabrication facilities, thereby reducing both size and
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cost and significantly increasing the types of applications where atomic magnetometers can be
commercially utilized.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1lisablock diagram illustrating an example of aprior art atomic
magnetometer 100.

[0016] FIG. 2isacross-sectional view illustrating an example of amicro-fabricated
atomic magnetometer 200.

[0017] FIGS. 3A-3F are a series of cross-sectional views illustrating an example of a

method of forming aphotodetector die.

[0018] FIG. 4isaflow chart illustrating an example of amethod of forming avapor cell
die.
[0019] FIGS. 5A-5B are a series of cross-sectional views illustrating an example of a

method of forming a lower transparent wafer .

[0020] FIG. 6isaplan view illustrating lower transparent wafer 516.

[0021] FIGS. 7A-7F are a series of cross-sectional views illustrating an example of a
method of forming avapor cell wafer .

[0022] FIG. 8isaplan view illustrating vapor cell wafer 742.

[0023] FIGS. 9A-9I are aseries of cross-sectiona views illustrating an example of a

method of forming an upper transparent wafer.

[0024] FIG. 10 isaplan view illustrating upper transparent wafer 940.

[0025] FIG. 1lisacross-sectional view illustrating an example of an intermediate wafer
1100.

[0026] FIG. 12 isacross-sectional view illustrating a stacked wafer 1200.

[0027] FIG. 13 isacross-sectiona view illustrating an example of avapor cell die 1300.
[0028] FIGS. 14A-14N are aseries of cross-sectional views illustrating an example of a

method of forming abase die.
[0029] FIGS. 15A-15B are a series of cross-sectional views illustrating an example of a

method of forming of amicro-fabricated atomic magnetometer.
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[0030] FIG. 16 isacross-sectional view illustrating an example of an alternate method of
forming alower transparent wafer.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0031] FIG. 2illustrates an example of amicro-fabricated atomic magnetometer 200. As
shown in FIG. 2, atomic magnetometer 200 includes a photodetection die 210 that receives a
modulated light and generates alight signal that represents the magnitude of the received light.
[0032] Asfurther shown in FIG. 2, photodetection die 210, which isinverted in FIG. 2,
includes a semiconductor substrate 212, and a photodiode 214 that touches semiconductor
substrate 212. Inthe FIG. 2 example, semiconductor substrate 212 isimplemented with a
conventional substrate material, such as p- single-crystal silicon.

[0033] Photodiode 214, in turn, includes ap- well 220 that touches semiconductor
substrate 212, and an n- region 222 that touches p- well 220. Photodiode 214 aso includes ap+
contact region 224 that touches p- well 220, and an n+ contact region 226 that touches n- region
222. In addition, photodiode 214 can optionally include athin p+ surface region 228 that
touches n- region 222 to reduce surface recombination. P- well 220 has a dopant concentration
that is greater than the dopant concentration of p- semiconductor substrate 212.

[0034] Photodetection die 210 also includes anumber of circuit elements 230 that are
formed in and on the top surface of semiconductor substrate 212. The circuit elements 230
include transistors, resistors, capacitors, diodes and similar circuit devices. For ssimplicity, only
one NMOS transistor 230 isillustrated to represent the circuit elements 230.

[0035] NMOS transistor 230 has an n-type source 230S and an n-type drain 230D spaced
apart by ap-type channel 230C, a gate oxide layer 230X that touches the top surface of
semiconductor substrate 212 over channel 230C, and a gate 230G that touches gate oxide layer
230X over channel 230C. When electrically connected together, the circuit elements 230 form
an electronic circuit 230E that controls photodiode 214 and amplifies the signals output from
photodiode 214 to generate the light signal.

[0036] Photodetection die 210 further includes an interconnect structure 232 that touches

the top surface of semiconductor substrate 212 and the circuit elements 230. Interconnect
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structure 232 includes a non-conductive structure 232N, and contacts 232C that extend through
non-conductive structure 232N to make electrical connections with p+ region 224, n+ region
226, and the conductive regions of the circuit elements 230, such as source 230S, drain 230D,
and gate 230G.

[0037] In addition, interconnect structure 232 includes anumber of metal- 1 structures
232M that lie on non-conductive structure 232N and touch the contacts 232C. In afirst
embodiment, the metal- 1 structures 232M can function only as bond pad structures (locations for
external electrical connections) such that an adjoining die structure provides all of the electrical
interconnection required by photodiode 214 and the circuit elements 230 of electronic circuit
230E.

[0038] Alternately, in asecond embodiment, the metal- 1 structures 232M can function as
bond pad structures and traces. For example, the bond pad structures can be used for power and
ground, and to input signals to and output signals from electronic circuit 230E, while the traces
can be used to electrically interconnect photodiode 214 and the circuit elements 230 of electronic
circuit 230E. (Although interconnect structure 232 is shown with a single metal layer, additional
metal layers can also be used.)

[0039] Photodetection die 210 can optionally further include a passivation layer 234 that
covers non-conductive structure 232N and the metal- 1traces 232M. Passivation layer 234,
which is non-conductive and moisture resistant, has anumber of openings 234P that expose the
pads of the metal- 1 structures 232M.

[0040] Asfurther shown in FIG. 2, atomic magnetometer 200 also includes avapor cell
die 240 that receives alight and generates the modulated light. Vapor cell die 240, which is
attached to photodetection die 210, has avapor cavity 242 that isvertically aligned with
photodiode 214, and a gas 244 that is hermetically sealed within vapor cavity 242. Gas 244, in
turn, includes alkali atoms and buffer atoms. For example, gas 244 can be implemented with
alkali atoms such as *sRb atoms, *’Rb atoms, or Cs atoms, and buffer atoms such asN.,.

[0041] Vapor cell die 240 additionally has atransparent structure 246 that has atop
surface 246T, abottom surface 246B, and an opening 248 that extends into transparent structure
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246 from the bottom surface 246B of transparent structure 246. A portion of the top surface
246T of transparent structure 246 forms the bottom surface of vapor cavity 242.

[0042] In the instant example, transparent structure 246 isimplemented with glass that
has an ionic impurity, such as sodium ions, that makes the glass suitable for anodic bonding to
single-crystal silicon. For example, Corning Eagle XG™ or Pyrex™ glass products or Schott
Borofloat™ glass products can beutilized. Glassisnon-conductive. Opening 248, which lies
directly vertically below and spaced apart from vapor cavity 242, has a side wall surface 248S,
and atop surface 248T that lies below and spaced apart from the top surface 246T of transparent
structure 246.

[0043] Further, vapor cell die 240 includes an optics package 250 that is attached to the
top surface 248T of opening 248. Optics package 250 can be attached with drops 250G of a
conventional glue or die attach adhesive placed a the corners of optics package 250. Optics
package 250 outputs circularly polarized light in response to light received from alight source,
and can be implemented with any arrangement that outputs circularly polarized light.

[0044] In the FIG. 2 example, optics package 250 includes an attenuator 250A that
reduces the intensity of the input light, alinear polarizer 250L that linearly polarizes the light
output from attenuator 250A, and a quarter wave plate circular polarizer 250C that circularly
polarizes the light output from linear polarizer 250L.

[0045] Optics package 250 is commercially available from anumber of sources, such as
Thorlabs (www.thorlabs.com) or CVI Melles Griot (www.cvimellesgriot), which provide optics
packages to meet customer specified requirements for the layers and exterior dimensions.
(Thorlabs NE220B is an attenuator, Thorlabs LPVIS100 isalinear polarizer, and CVI Méelles
Griot QWPO-895-15-4 isacircular polarizer.)

[0046] Vapor cell die 240 also has avapor cell structure 251 that is attached to
transparent structure 246. Vapor cell structure 251 has a substrate 252, and anumber of heaters,
such as heaters 254A and 254B, which touch substrate 252. Substrate 252, which in the present
example isimplemented with conventional p- single-crystal silicon, has athrough-the-material
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opening 252P that extends completely through substrate 252 to form the side wall surface of
vapor cavity 242.

[0047] In the FIG. 2 example, the heaters 254A and 254B are each implemented as an n+
resistor strip that touches substrate 252, and laid out to minimize the magnetic field that is
generated by current flowing through the n+ strip. For example, the heaters 254A and 254B can
each be laid out in long parallel n+ strips with alternate ends connected together to form a
serpentine pattern.

[0048] In operation, a current is passed through the heaters 254A and 254B to heat the
gas 244 within vapor cavity 242. The current can flow continuously if the magnetic fields can be
adequately cancelled, or turned on when needed for heat and turned off to remove any
interference provided by current in the heaters 254A and 254B.

[0049] In addition, vapor cell die 240 has atemperature sensor 256 that touches substrate
252 and lies adjacent to through-the-wafer opening 252P. In the FIG. 2 example, temperature
sensor 256 isimplemented as an n+ resistor strip that touches substrate 252, and is laid out to
minimize the magnetic field that is generated by current flowing through the n+ strip. For
example, temperature sensor 256 can be laid out in two long parallel n+ strips with one pair of
ends connected together to form along U-shape pattern.

[0050] In operation, a current is passed through temperature sensor 256, and the
resistance of temperature sensor 256 varies as the temperature around vapor cavity 242 varies.
The current can flow continuously if the magnetic fields can be adequately cancelled, or turned
on when needed for temperature measurement and turned off to remove any interference
provided by current in temperature sensor 256. Temperature sensor 256 can be accurate to
within afew degrees of the actual temperature.

[0051] In addition, vapor cell die 240 has anumber of bond pad structures 258 that touch
the ends of the n+ strips of the heaters 254A and 254B and the ends of the n+ strip of
temperature sensor 256. The bond pad structures 258, which can be implemented with, for
example, aluminum, provide points of external electrical connection to the heaters 254A and
254B and temperature sensor 256. Further, the ends of n+ strips of the heaters 254A and 254B
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and the ends of the n+ strip of temperature sensor 256 that lie below the bond pad structures 258
can optionally be silicided.

[0052] Vapor cell die 240 also has atransparent structure 260 that touches substrate 252
of vapor cell structure 251. Transparent structure 260 has a bottom surface 260B, aportion of
which forms the top surface of vapor cavity 242. In the instant example, transparent structure
260 is implemented with glass that has an ionic impurity, such as sodium ions, that makes the
glass suitable for anodic bonding to single-crystal silicon. For example, Corning Eagle XG™ or
Pyrex™ glass or Schott Borofloat™ glass can be utilized.

[0053] Further, vapor cell die 240 aso has anumber of metal traces 262 that touch the
top surface of transparent structure 260, and a passivation layer 264 that touches transparent
structure 260 and the metal traces 262. Passivation layer 264, which is non-conductive and
moisture resistant, has anumber of openings 264P that expose bond pad regions of the metal
traces 262.

[0054] In addition, vapor cell die 240 includes anumber of bond pad structures 266 that
touch passivation layer 264 and the metal traces 262, and apassivation layer 267 that touches
passivation layer 264 and the bond pad structures 266. Passivation layer 267, which isnon-
conductive and moisture resistant, has anumber of openings 267P that expose regions of the
bond pad structures 266. Passivation layers 264 and 267 can optionally be omitted.

[0055] Asfurther shown in FIG. 2, atomic magnetometer 200 also includes a transparent
epoxy 268 that touches passivation layers 234 and 267, and anumber of solder balls 269 that
electrically connect the metal- 1 structures 232M to the bond pad structures 266. \When the
metal- 1 structures 232M function only as pads, then the metal traces 262 provide al of the
electrical interconnection required by photodiode 214 and the circuit elements 230 of electronic
circuit 230E, aswell asproviding points of external access for electronic circuit 230E. When the
metal- 1 structures 232M function as bond pad structures and traces, then the metal traces 262
provide points of external access for electronic circuit 230E which is positioned in aflip chip
orientation.
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[0056] As additionally shown in FIG. 2, atomic magnetometer 200 further includes a
base die 270 that generates the light output to vapor cell die 240. Base die 270, which is attached
to vapor cell die 240, has atop surface 270T, abottom surface 270B, and alight opening 272
that extends into die 270 from the top surface 270T of die 270 to expose alaser light source that
outputs alight beam B.

[0057] In addition, the top surface 270T of base die 270 is attached to transparent
structure 246 of vapor cell die 240 with alayer 273 of a conventional glue or die attach adhesive.
The longitudinal axis of the light beam B output by the laser light source isverticaly aligned
with photodiode 214 and vapor cavity 242.

[0058] Asfurther shown in FIG. 2, base die 270 includes a semiconductor substrate 274
that has atop surface 274T, and abottom surface 274B that coincides with the bottom surface
270B of base die 270. Semiconductor substrate 274 has aVCSEL opening 276 and adie
opening 278 that each extends into semiconductor substrate 274 from the top surface 274T of
semiconductor substrate 274.

[0059] VCSEL opening 276 has abottom surface 276B and a side wall surface 276S,
while die opening 278 has abottom surface 278B and aside wall surface 278S. In the FIG. 2
example, semiconductor substrate 274 isimplemented with aconventional substrate material,
such as p-type single crystal silicon.

[0060] In addition, base die 270 also includes a heater 280 that touches semiconductor
substrate 274. In the FIG. 2 example, heater 280 isimplemented with an insulating oxide outer
layer 2801, and a strip of undoped polysilicon 280L that islaid out to minimize the magnetic
field that is generated by current flowing through heater 280. For example, heater 280 can be
laid out in long parallel strips with alternate ends connected together to form a serpentine pattern.
[0061] As shown, the top surface of heater 280 lies in the same plane L asthe top surface
274T of semiconductor substrate 274, while the bottom surface of heater 280 isvertically spaced
apart from the bottom surface 274B of semiconductor substrate 274. (Heater 280 can alternately
be implemented as heaters 254A and 254B are implemented, and heaters 254A and 254B can
aternately be implemented as heater 280 isimplemented.)

10
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[0062] Base die 270 further includes atemperature sensor 282 that has atop surface
which lies in the same plane L asthe top surface 274T of semiconductor substrate 274. In the
FIG. 2 example, temperature sensor 282 isimplemented with a diode, which has ap-type well
282W and an n-type region 282R. In addition, the diode also has ap+ contact region 282P that
touches p-type well 282W, and an n+ contact region 282N that touches n-type region 282R. The
current through a diode varies in response to the temperature of the diode. (Although only one
temperature sensor 282 isillustrated, additional temperature sensors can also be used.)

[0063] Asfurther shown in FIG. 2, base die 270 includes a conventionally-fabricated
vertical cavity surface emitting laser (VCSEL) 286 that is attached to the bottom surface 276B of
VCSEL opening 276 by an adhesive layer 288. Adhesive layer 288 can be implemented with,
for example, a conventional thermally-conductive glue or die attach adhesive. VCSEL 286 is
commercially available from anumber of sources, such as Princeton Optronics
(www.princetonoptronics.com) or M-Com (www.m-com.com.tw/en), which provide VCSELSs to
meet customer specified requirements for light frequency, tuning range, power rating, and
exterior dimensions. VCSEL 286 isthe laser light source that provides the light with the
longitudinal axisB.

[0064] Base die 270 additionally has an integrated circuit 290 that is attached to the
bottom surface 278B of die opening 278 by an adhesive layer 292. Adhesive layer 292 can be
implemented with, for example, a conventiona thermally conductive glue or die attach adhesive.
Integrated circuit 290 is a conventionally-fabricated die that includes one or more conventional
electronic circuits that control the current flow through the heaters 254A, 254B, and 280, detect
the output of the temperature sensors 256 and 282, control the operation of VCSEL 286, and
process the signals output by electronic circuit 230E to provide an atomic magnetometer.

[0065] Further, base die 270 has an interconnect structure 294 that touches the top
surface of semiconductor substrate 274. Interconnect structure 294 includes anon-conductive
structure 294N, and contacts 294C that extend through non-conductive structure 294N to make
electrical connections with heater 280, temperature sensor 282, VCSEL 286, and integrated

11
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circuit 290. Non-conductive structure 294N also has alaser opening 294G that exposes the laser
output of VCSEL 286.

[0066] In addition, interconnect structure 294 includes anumber of metal- 1 structures
294M that lie on non-conductive structure 294N and touch the contacts 294C. The metal- 1
structures 294M can function as pads and traces. For example, the pads can be used for power
and ground, and to input signals to and output signals from integrated circuit 290, while the
traces can be used to electrically interconnect heater 280, temperature sensor 282, VCSEL 286,
and integrated circuit 290.

[0067] Interconnect structure 294 aso includes apassivation layer 294P that covers non-
conductive structure 294N and the metal- 1traces 294M. Passivation layer 294P, which isnon-
conductive and moisture resistant, has anumber of openings that expose portions of the metal- 1
traces 294M to form bond pad structures 294B for external electrical connections, and alaser
opening 2947 that exposes the laser output of VCSEL 286. (Although interconnect structure 294
is shown with asingle metal layer, additional metal layers can aso be used.)

[0068] Asfurther shown in FIG. 2, atomic magnetometer 200 additionally includes a
number of bonding wires 296 which are bonded to the bond pad structures 258, the bond pad
structures 266, and the bond pad structures 294B to provide an electrical connectivity between
photodetector die 210, vapor cell die 240, and base die 270 aswell aswith the outside world.
[0069] In the operation of atomic magnetometer 200, VCSEL 286 outputs the light beam
B with awavelength which, after being circularly polarized by optics package 250, is absorbed
by the single electrons in the outer shells of the alkali atoms of the gas 244 within hermetically
sealed vapor cavity 242. The electronsjump to ahigher energy level asthe electrons absorb
light energy, and then fall back emitting photons in random directions. Inthe FIG. 2 example,
the Bell-Bloom (BB) technique is used to frequency modulate the light to identify the Larmor
frequency and enable the electrons to again re-absorb light energy.

[0070] In the instant example, the light that passes out of vapor cavity 242 is detected by
photodiode 214, which generates ameasured light signal in response to the detection. The
photons that pass out of vapor cavity 242 into photodiode 214 include anon-absorption
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component, which represents the light output by VCSEL 286 that was not absorbed by the
electrons in the outer shells of the alkali atoms of the gas 244 within vapor cavity 242, and an
emission component, which represents the photons which are randomly emitted by the falling
electrons. Because of the randomness of the emission component, the emission component is, on
average, equal over time.

[0071] Electronic circuit 230E, which controls the voltages placed on photodiode 214,
receives the measured light signal from photodiode 214, and generates an amplified light signal
that isoutput to integrated circuit 290. A sthe electrons drop to alower energy level and begin
reabsorbing light energy, the re-absorption causes anoticeable dip in the intensity of the
amplified light signal. Integrated circuit 290 then determines the Larmor frequency by
determining the modulated frequency that caused the intensity of the amplified light signal to
dip.

[0072] FIGS. 3A-3F show a series of cross-sectional views that illustrate an example of a
method of forming a photodetector die. Asshown in FIG. 3A, the method utilizes a
conventionally formed p- single-crystal silicon wafer 310, and begins by forming a patterned
photoresist layer 312 on the top surface of p- single-crystal silicon wafer 310 in a conventional
manner.

[0073] After patterned photoresist layer 312 has been formed, the exposed regions of
single-crystal silicon wafer 310 are implanted with ap-type dopant, such as boron, and driven in
to form anumber of p- wells 314 in wafer 310. Wafer 310 has rows and columns of identical die
regions, and ap- well 314 isformed in each die region. For simplicity, only one dieregion is
shown in FIGS. 3A-3F.

[0074] P- well 314 has a dopant concentration that is greater than the dopant
concentration of p- single-crystal silicon wafer 310. Once p- well 314 has been formed,
photoresist layer 312 isremoved in aconventional manner, such aswith acetone. Following this,
wafer 310 is cleaned to remove organics, such aswith a conventional Piranha etch.

[0075] Asshown in FIG. 3B, after wafer 310 has been cleaned to remove organics, a

patterned photoresist layer 316 is formed on p- single-crystal silicon wafer 310 in a conventional
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manner. After patterned photoresist layer 316 has been formed, the exposed regions of p- single-
crystal silicon wafer 310 are implanted with an n-type material, such as phosphorous, at alower
implant energy, and driven in to form an n-type region 318in each p- well 314.

[0076] In the instant example, ap-type dopant isnext implanted at alower implant
energy, and driven in to form athin p+ layer 320 that lies above n-type region 318to reduce
surface recombination. After thin p+ layer 320 has been formed, patterned photoresist layer 316
isremoved in a conventional manner, such aswith acetone. Following this, wafer 310 is cleaned
to remove organics, such aswith a conventiona Piranha etch.

[0077] Asshown in FIG. 3C, after wafer 310 has been cleaned to remove organics, a
number of device structures 322 are formed in and on the top surface of p- single-crystal silicon
wafer 310 in each die region in aconventional manner. In the FIG. 2 example, the device
structures 322 are represented by alightly-doped n-type source 322S, alightly-doped n-type
drain 322D, ap-type channel 322C that lies between source 322S and drain 322D, a gate oxide
layer 322X that touches the top surface of p- single-crystal silicon wafer 310 over channel 322C,
and a gate 322G that touches oxide layer 322G over channel 322C.

[0078] Next, as shown in FIG. 3D, apatterned photoresist layer 324 is formed to touch p-
single-crystal silicon wafer 310 in a conventional manner. After patterned photoresist layer 324
has been formed, the exposed regions of p- single-crystal silicon wafer 310 are implanted with an
n-type dopant, such as phosphorous, and driven in to form an n+ contact region 326N in each n-
type region 318.

[0079] In addition, the implant also forms the n+ regions required to form the n-type
circuit elements, such asthe NMOS transistors, of an electronic circuit, such as electronic circuit
230E, that is formed in each dieregion. Inthe FIG. 2 example, the implant also forms n+ source
326S and n+ drain region 326D.

[0080] Once the n+ regions, such as n+ contact region 326N, n+ source region 326S, and
n+ drain region 326D, have been formed, patterned photoresist layer 324 isremoved in a
conventional manner, such aswith acetone. Following this, wafer 310 is cleaned to remove

organics, such aswith a conventiona Piranha etch.
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[0081] Asshown in FIG. 3E, after wafer 310 has been cleaned to remove organics, a
patterned photoresist layer 330 is formed to touch p-type single-crystal silicon wafer 310 in a
conventional manner. After patterned photoresist layer 330 has been formed, the exposed
regions of single-crystal silicon wafer 310 are implanted with ap-type dopant, such as boron,
and driven in to form ap+ contact region 332 in each p- well 314.

[0082] Further, the implant also forms the p+ regions required to form the p-type circuit
elements, such asthe PMOS transistors, of the electronic circuit that is formed in each die
region. Inthe FIG. 2 example, the electronic circuit, which can include transistors, resistors,
capacitors, diodes, and similar circuit devices, isrepresented by an NMOS transistor 334, which
includes n- source 3225/n+ source 326S, n- drain 322D/n+ drain 326D, p-type channel 322C,
gate oxide layer 322X, and gate 322G. Further, in each dieregion, p- well 314, n-type region
318, thin p+ layer 320, n+ contact region 326N, and p+ contact region 332 form photodiode 214
for that die region.

[0083] Following the formation of the p+ regions of the electronic circuits, including p+
contact region 332, patterned photoresist layer 330 isremoved in a conventional manner, such as
with acetone. After this, wafer 310 is cleaned to remove organics, such aswith aconventiona
Piranha etch.

[0084] Asshown in FIG. 3F, once wafer 310 has been cleaned to remove organics, an
interconnect structure 336 is conventionally formed on the top surface of wafer 310.
Interconnect structure 336 can be conventionally formed by depositing an oxide layer 336X
(after an optional silicidation of the n+ and p+ regions and the polysilicon gates), followed by a
mask and etch step to form openings that expose n+ contact region 326N, n+ source 326S, n+
drain region 326D, p+ contact region 332, and the to-be-contacted n+ and p+ regions and
polysilicon gates of the devices of the electronic circuit. Following this, ametal layer is
deposited, and then planarized to remove the metal layer from the top surface of oxide layer
336X and form contacts 336C in the openings.

[0085] After the metal contacts 336C have been formed, ametal layer is deposited and
then masked and etched to form anumber of metal-1 traces 336M. Following this, apassivation
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layer 340 is formed to touch oxide layer 336X and the metal-1 traces 336M. Regions of
passivation layer 340, which can beimplemented with alayer of oxide and an overlying layer of
nitride, are removed to expose the bond pad regions of the metal-1 traces 336M. Following this,
wafer 310 is diced in a conventional manner to separate the die regions and form anumber of
photodetector die 342.

[0086] FIG. 4 shows aflow chart that illustrates an example of amethod of forming a
vapor cell die. Asshown in FIG. 4, the method begins a 410 by individually forming alower
transparent wafer, avapor cell wafer, and an upper transparent wafer.

[0087] FIGS. 5A-5B show a series of cross-sectional views that illustrate an example of a
method of forming a lower transparent wafer. The method utilizes atransparent wafer 510
which is approximately 1mm thick. For example, Corning Eagle XG™ or Pyrex™ glass
products and Schott Borofloat™ glass products can be utilized.

[0088] Asshown in FIG. 5A, the method begins by forming a patterned photoresist layer
512 on the top surface of transparent wafer 510 in aconventional manner. Following this, as
shown in FIG. 5B, the exposed regions of transparent wafer 510 are etched in a conventional
manner for apredetermined period of time to form anumber of optics openings 514 in
transparent wafer 510.

[0089] Wafer 510 has rows and columns of identical die regions (e.g., 5mm square), and
an optics opening 514 is formed in each die region. For simplicity, only one die region is shown
in FIGS. 5A-5B. In the present example, each optics opening 514 is approximately 250-400
microns wide. Once the optics openings 514 have been formed, patterned photoresist layer 512
isremoved in a conventional manner, such aswith acetone, to form alower transparent wafer
516. Following this, wafer 516 is cleaned to remove organics, such aswith a conventional
Piranha etch. (Shallow glue channels can be optionally etched into the corners of the optics
openings 514 using amask and etch step.)

[0090] FIG. 6 shows aplan view that illustrates lower transparent wafer 516. As shown

in FIG. 6, lower transparent wafer 516 has alarge number of die regions 610 that are arranged in

16



WO 2013/086374 PCT/US2012/068517

rows and columns, and alarge number of optics openings 514 where each optics opening 514 is
centrally positioned in each die region 610.

[0091] FIGS. 7A-7F show a series of cross-sectional views that illustrate an example of a
method of forming avapor cell wafer. In the present example, the method utilizes a
conventionally-formed p-type single-crystal silicon wafer 710 approximately 0.725 to 1.00mm
thick. Wafer 710 has rows and columns of identical die regions (e.g., 5mm square). For
simplicity, only one dieregion is shown in FIGS. 7A-7F.

[0092] Asshownin FIG. 7A, the method begins by forming a patterned photoresist layer
716 on the top surface of wafer 710 in a conventional manner. After patterned photoresist layer
716 has been formed, as shown in FIG. 7B, the exposed regions of wafer 710 are implanted with
adopant, such as phosphorous, to form an n+ resistive heater strip 720, an n+ resistive
temperature sensor strip 722, and an n+ resistive heater strip 724 in each die region. (The ends
of the n+ strips 720, 722, and 724 can optionally be silicided by depositing alayer of oxide,
etching the oxide layer to expose the ends, siliciding the ends, and removing the oxide layer.)
[0093] Once the n+ strips 720, 722, and 724 have been formed, patterned photoresist
layer 716 isremoved in a conventional manner. For example, patterned photoresist layer 716
can be removed with acetone. Following this, wafer 710 is cleaned to remove organics, such as
with a conventional Piranha etch.

[0094] Asshown in FIG. 7C, after wafer 710 has been cleaned following the removal of
patterned photoresist layer 716, alayer of metal 730, such as auminum, is deposited to touch
wafer 710. After this, apatterned photoresist layer 732 isformed on the top surface of metal
layer 730 in a conventional manner.

[0095] Next, as shown in FIG. 7D, the exposed regions of metal layer 730 are etched to
form anumber of bond pad structures 734 that touch and lie over the ends of each n+ resistive
heater strip 720, n+ resistive temperature sensor strip 722, and n+ resistive heater strip 724.
Once the bond pad structures 734 have been formed, patterned photoresist layer 732 isremoved
in aconventional manner, such aswith acetone. Following this, wafer 710 is cleaned to remove

organics, such aswith a conventiona Piranha etch.
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[0096] Asshown in FIG. 7E, after wafer 710 has been cleaned following the removal of
patterned photoresist layer 732, ahard mask 736 is formed on wafer 710, the strips 722 and 724,
and the bond pad structures 734 in a conventional manner. For example, hard mask 736 can be
formed by sequentially depositing alayer of oxide, alayer of nitride, and a patterned photoresist
layer, followed by an etch step that forms openings in the oxide/nitride layers and the removal of
the patterned photoresist layer.

[0097] After hard mask 736 has been formed, the bottom surface of wafer 710 is
temporarily attached to ahandle wafer 738 in a conventional manner. For example, alayer of
photoresist material, which can be easily removed in a subsequent step, can be utilized to
temporarily attach wafer 710 to handle wafer 738.

[0098] Following this, the exposed regions of wafer 710 and a portion of underlying
handle wafer 738 are etched using a conventional deep reactive ion etch (DRIE), such as aBosch
process, to form avapor cell opening 740 in each die region. Each vapor cell opening 740,
which extends completely through wafer 710, has a substantially vertical sidewall surface. In
the present example, each vapor cell opening 740 has awidth of approximately 1mm.

[0099] An aternative to DRIE would be awet etch using, e.g., KOH or TMAH, to form
the vapor cell openings 740 in wafer 710. In this case, the sidewalls are no longer vertical, but
are sloped at 54.7 degrees. In addition, the narrow portion of each vapor cell opening 740 is at
the top of wafer 710.

[0100] Asshown in FIG. 7F, following the etch that forms the vapor cell openings 740 in
wafer 710, hard mask 736 and handle wafer 738 are removed in a conventional manner to form a
vapor cell wafer 742.

[0101] FIG. 8 shows aplan view that illustrates vapor cell wafer 742. Asshown in FIG.
8, vapor cell wafer 742 has alarge number of die regions 810 arranged in rows and columns that
correspond with the die regions 610 of wafer 516, and anumber of vapor cell openings 740
where each vapor cell opening 740 is centrally positioned in each die region 810.

[0102] Asfurther shown in FIG. 8, the n+ strips 720, 722, and 724 are laid out to
minimize the magnetic field that is generated by current flowing through the n+ strips 720, 722,
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and 724. For example, the n+ strips 720, 722, and 724 can each belaid out in long parallel n+
strips with ends connected together to form asingle n+ strip 720, asingle n+ strip 722, and a
single n+ strip 724.

[0103] FIGS. 9A-9I show a series of cross-sectional views that illustrate an example of a
method of forming an upper transparent wafer. The method utilizes a conventionally-formed
transparent wafer 910 approximately 300un thick. For example, transparent wafer 910 can be
implemented with glass such as Pyrex® by Corning. Wafer 910 has rows and columns of
identical dieregions (e.g., 5mm sguare). For simplicity, only one die region is shown in FIGS.
9A-9l.

[0104] Asshown in FIG. 9A, the method begins by forming a seed layer 920 to touch the
top surface of transparent wafer 910 in aconventional manner. For example, seed layer 920 can
be formed by depositing 300A of titanium, 3000A of copper, and 300A of titanium. Once seed
layer 920 has been formed, aplating mold 922 is formed on the top surface of seed layer 920.
[0105] Following the formation of plating mold 922, as shown in FIG. 9B, the top
titanium layer is stripped and copper is electroplated to form anumber of metal- 1traces 924. As
shown in FIG. 9C, after the electroplating, plating mold 922 and the underlying regions of seed
layer 920 are removed to expose the metal- 1traces 924.

[0106] Asshownin FIG. 9D, after the metal- 1traces 924 have been formed, anon-
conductive layer 926 is formed to touch the top surface of transparent wafer 910 and the metal- 1
traces 924. Non-conductive layer 926 can be formed in anumber of ways. For example, non-
conductive layer 926 can be implemented with alayer of oxide and an overlying layer of nitride,
followed by amask and etch to expose the bond pad regions of the metal- 1 traces 924.

[0107] Alternately, apolymer layer, such as SU-8 (which is anegative photoresist), can
be deposited, exposed with apattern, and then cured to form non-conductive layer 926. The
pattern forms anumber of openings in non-conductive layer 926, including openings that expose
the bond pad regions of the metal- 1 traces 924.

[0108] Following this, as shown in FIG. 9E, abonding metallic layer 930, such as
aluminum, is deposited to touch non-conductive layer 926 and the bond pad regions of the metal-
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1traces 924. Next, apatterned photoresist layer 932 is formed on the top surface of bonding
metallic layer 930 in a conventional manner.

[0109] After patterned photoresist layer 932 has been formed, as shown in FIG. 9F, the
exposed regions of bonding metallic layer 930 are etched in a conventional manner to expose the
top surface of non-conductive layer 926 and form anumber of bond pad structures 934. After
the bond pad structures 934 have been formed, patterned photoresist layer 932 isremoved in a
conventional manner, such aswith acetone. Following this, non-conductive layer 926 and the
bond pad structures 934 are cleaned to remove organics, such aswith a conventional Piranha
etch.

[0110] Asshownin FIG. 9G, after cleaning to remove organics following the removal of
patterned photoresist layer 932, apassivation layer 936 is formed to touch the top surface of non-
conductive layer 926 and the bond pad structures 934. Passivation layer 936 can be formed in a
number of ways. For example, passivation layer 936 can be implemented with alayer of oxide
and an overlying layer of nitride, followed by amask and etch to expose regions of the bond pad
structures 934.

[0111] Alternately, apolymer layer, such as SU-8, can be deposited, exposed with a
pattern, and then cured to form passivation layer 936. The pattern forms anumber of openings
in passivation layer 936, including openings that expose regions of the bond pad structures 934.
Non-conductive layer 926 and passivation layer 936, which provide anumber of benefits such as
moisture resistance and stressrelief, can optionally be omitted.

[0112] Asshown in FIG. 9H, after passivation layer 936 has been formed, a hard mask
937 is formed on passivation layer 936 and the bond pad structures 934 in a conventional
manner. For example, hard mask 937 can be formed by sequentially depositing alayer of oxide,
alayer of nitride, and apatterned photoresist layer, followed by an etch step that forms openings
in the oxide/nitride layers and the removal of the patterned photoresist layer.

[0113] After hard mask 937 has been formed, the bottom surface of wafer 910 is
temporarily attached to a handle wafer 938 in a conventional manner. For example, alayer of
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photoresist material, which can be easily removed a a subsequent step, can be utilized to
temporarily attach wafer 910 to handle wafer 938.

[0114] Following this, the exposed regions of transparent wafer 910 are etched in a
conventional manner, such aswith awet etch or sandblast process, to form anumber of through-
the-wafer openings 939 in each dieregion that extend completely through transparent wafer 910.
The through-the -wafer openings 939 must be wide enough to accommodate the bond wire sweep
(the angled attachment of abond wire) and the minimum bond pad to bond pad horizontal
spacing.

[0115] Asshown in FIG. 91, following the etch that forms the through-the-wafer
openings 939, hard mask 937 and handle wafer 938 are removed in a conventional manner to
form an upper transparent wafer 940. (In addition, athick patterned photoresist layer can
alternately beused in lieu of hard mask 937).

[0116] FIG. 10 shows aplan view that illustrates upper transparent wafer 940. As shown
in FIG. 10, upper transparent wafer 940 has anumber of identical die regions 1010 (e.g., 5mm
square) arranged in rows and columns which correspond with the die regions 810 of vapor cell
wafer 742 and the die regions 610 of lower transparent wafer 516. In addition, transparent wafer
910 has anumber of through-the-wafer openings 939 around the periphery of each dieregion
1010, and anumber of bond pad openings 1012 that expose the bond pad structures 934.

[0117] Referring again to FIG. 4, after the lower transparent wafer, the vapor cell wafer,
and the upper transparent wafer have been individually formed, method 400 moves to 412 to
anodicaly bond the lower transparent wafer to the vapor cell wafer to form an intermediate
wafer. The anodic bonding isperformed in a conventional manner at a standard temperature and
voltage, such as400°C and 1000V, in anoble gas environment, such as nitrogen gas.

[0118] FIG. 11shows across-sectional view that illustrates an example of an
intermediate wafer 1100. Asshown in FIG. 11, intermediate wafer 1100, which can result from
anodically bonding lower transparent wafer 516 to vapor cell wafer 742, has anumber of die

regions 1110 arranged in rows and columns which correspond with the die regions 810 of vapor
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cell wafer 742 and the die regions 610 of lower transparent wafer 516. For simplicity, only one
dieregion 1110isshownin FIG. 11.

[0119] Asfurther shown in FIG. 11, intermediate wafer 1100 has anumber of optics
openings 1112 that correspond with the optics openings 514, and a corresponding number of
vapor cell openings 1114 that correspond with the vapor cell openings 740. The optics opening
1112 and the vapor cell opening 1114 in each dieregion 1110 are vertically aligned.

[0120] Referring back to FIG. 4, after the lower transparent wafer has been anodically
bonded to the vapor cell wafer to form the intermediate wafer, method 400 moves to 414 to place
asubstance, such as cesium azide (CsN), which can be decomposed by ultraviolet (UV) light
into alkali and barrier atoms, into the vapor cell openings of the intermediate wafer.

[0121] For example, cesium azide can be placed in the vapor cell openings in the
intermediate wafer by dissolving cesium azide into water to form an agueous solution, placing a
measured amount of the solution (e.g., 10uL) into each vapor cell opening of the intermediate
wafer at room temperature using, for example, micro-pipettes, and then heating the intermediate
wafer to evaporate away the water and leave a cesium azide powder.

[0122] After the substance has been placed into the vapor cell openings of the
intermediate wafer, method 400 moves to 416 to anodically bond the intermediate wafer to the
upper transparent wafer to form a stacked wafer that has a number of vapor cavities with the
substance, and anumber of optics openings. Cesium azide isunstable at 400°C, and diffuses
into glass at 350°C. Asaresult, the anodic bonding is performed in aconventional manner & a
reduced temperature, such as 300°C, and in anoble gas environment, such asnitrogen gas, with
increased bonding time. A reduced temperature requires a higher voltage. However, athinner
wafer requires alower voltage. Asaresult, a standard voltage of 1000V can also be used.
[0123] FIG. 12 shows across-sectional view that illustrates a stacked wafer 1200. As
shown in FIG. 12, stacked wafer 1200, which can result from anodically bonding upper
transparent wafer 940 to intermediate wafer 1100, has anumber of dieregions 1210 arranged in

rows and columns which correspond with the die regions 1110 of intermediate wafer 1100 and
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the dieregions 1010 of transparent wafer 910. For simplicity, only one dieregion 1210 is shown
inFIG. 12.

[0124] Asfurther shown in FIG. 12, stacked wafer 1200 has anumber of optics openings
1212 that correspond with the optics openings 1112, and a corresponding number of hermetically
sealed vapor cell cavities 1214 that result from closing the vapor cell openings 1114. The optics
opening 1212 and the vapor cell cavity 1214 in each die region 1210 are vertically aligned. In
addition, a substance 1216, such as a cesium azide powder, ishermetically sealed within each
vapor cell cavitiy 1214. Further, the minimum bond pad to bond pad horizontal spacing H for a
175wn thick die is approximately 375-500uin.

[0125] Referring back to FIG. 4, after the intermediate wafer has been anodically bonded
to the upper transparent wafer to form the stacked wafer, method 400 moves to 418 to irradiate
the stacked wafer with UV light for approximately 10 or more hours at room temperature, which
decomposes the substance into a gas having cesium (akali) and barrier atoms. Each cavity 1214
should have approximately 10%*-10%* cesium atoms per cubic centimeter following the
irradiation.

[0126] If nitrogen atoms are used asbarrier atoms, insufficient nitrogen atoms are
present, and the noble gas used during bonding is nitrogen, then the anodic bonding can take
place under pressure to increase the number of nitrogen atoms. The maximum pressure is
limited, however, astoo many nitrogen atoms degrades the signal (widens the line width of the
wavelength that represents the point of absorption by the outer electrons).

[0127] After agas has been formed in each vapor cavity, method 400 moves to 420 to
place a glue drop in each corner of each optics opening using a syringe with a conventional pick-
and-place machine. Following this, method 400 moves to 422 to place an optics package, such
as optics package 250, into each optics opening in the stacked wafer with a conventional pick-
and-place machine.

[0128] Conventiona pick-and-place machines can process die with aminimum die size
of approximately 200uin, and have an opening side wall-to-die side wall tolerance of

approximately 50uin. After the optics package has been placed into each optics opening and
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attached by way of the glue drops, method 400 moves to 424 to dice the stacked wafer to form a
number of vapor cell die.

[0129] FIG. 13 shows across-sectional view that illustrates an example of avapor cell
die 1300. Asshown in FIG. 13, vapor cell die 1300 isformed by dicing stacked wafer 1200 so
that the wafer saw passes through the bond pad openings 914 of upper transparent wafer 940. As
aresult, as further shown in FIG. 13, the dicing exposes the bond pads structures 734, thereby
making the bond pad structures 734 available for subsequent wire bonding. As further shown in
FIG. 13, agas 1310 lieswithin the vapor cell cavity 1214 of each vapor cell die 1300.

[0130] FIGS. 14A-14N show aseries of cross-sectional views that illustrate an example
of amethod of forming abase die. Asshown in FIG. 14A, the method utilizes a conventionally
formed p- single-crystal silicon wafer 1400 that has atop surface 1400T and a bottom surface
1400B. In the present example, wafer 1400 is polished on only one side.

[0131] Asfurther shown in FIG. 14A, the method begins by forming a patterned
photoresist layer 1410 on the top side 1400T of wafer 1400 in a conventional manner. Following
this, as shown in FIG. 14B, the exposed regions of wafer 1400 are etched for a predetermined
period of time to form anumber of channels 1412. Wafer 1400 has rows and columns of
identical dieregions, and achannel 1412 isformed in each dieregion. For simplicity, only one
dieregion isshown in FIGS. 14A-14N.

[0132] Each channel 1412 islaid out to minimize the magnetic field that is generated by
current flowing within the channel 1412. For example, each channel 1412 can each belaid out
in long parallel strips with alternate ends connected together to form a serpentine pattern. Once
the channels 1412 have been formed, patterned photoresist layer 1410 isremoved in a
conventional manner, such aswith acetone. After this, wafer 1400 is cleaned to remove
organics, such aswith a conventional Piranha etch.

[0133] Following this, as shown in FIG. 14C, an oxide layer 1414 isformed on the top
surface 1400T of wafer 1400 to line the channels 1412, followed by the deposition of an
undoped polysilicon layer 1416. Polysilicon layer 1416 is deposited to a depth that fills the
channels 1412. Asshown in FIG. 14D, once polysilicon layer 1416 has been formed, polysilicon
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layer 1416 isplanarized until the top surface of wafer 1400 is exposed to form a heating element
1422 which can implement heating element 280.

[0134] Next, as shown in FIG. 14E, apatterned photoresist layer 1424 isformed on the
top surface 1400T of wafer 1400 and on heating element 1422. After patterned photoresist layer
1424 has been formed, the exposed regions of p-type wafer 1400 are implanted with a p-type
dopant, such as boron, and then driven in to form ap- well 1426. P- well 1426 has a dopant
concentration that is greater than the dopant concentration of p- wafer 1400. Once p- well 1426
has been formed, patterned photoresist layer 1424 isremoved in a conventional manner, such as
with acetone. Following this, wafer 1400 is cleaned to remove organics, such aswith a
conventional Piranha etch.

[0135] Asshown in FIG. 14F, after wafer 1400 has been cleaned to remove organics, a
patterned photoresist layer 1428 is formed on p- single-crystal silicon wafer 1400 in a
conventional manner. After patterned photoresist layer 1428 has been formed, the exposed
regions of p- single-crystal silicon wafer 1400 are implanted with an n-type material, such as
phosphorous, a alower implant energy, and driven in to form an n-type region 1430 in each p-
well 1426.

[0136] In the present example, an n-type dopant isnext implanted at alower implant
energy, and driven in to form an n+ contact region 1432 that touches n-type region 1430. After
n+ contact region 1432 has been formed, patterned photoresist layer 1428 isremoved in a
conventional manner, such aswith acetone. Following this, wafer 1400 is cleaned to remove
organics, such aswith a conventional Piranha etch.

[0137] Asshown in FIG. 14G, after wafer 1400 has been cleaned to remove organics, a
patterned photoresist layer 1433 is formed on p- single-crystal silicon wafer 1400 in a
conventional manner. After patterned photoresist layer 1433 has been formed, the exposed
regions of p- single-crystal silicon wafer 1400 are implanted with ap-type material, such as
boron, and driven in to form ap+ contact region 1434 that touches p- well 1426, and a
temperature sensing diode 1435 which can implement temperature sensor 282. Patterned

photoresist layer 1433 isthen removed in a conventional manner, such aswith acetone.
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Following this, wafer 1400 is cleaned to remove organics, such aswith a conventional Piranha
etch.

[0138] Asshown in FIG. 14H, after the removal of patterned photoresist layer 1433, a
patterned photoresist layer 1436 isformed on the top surface 1400T of wafer 1400, heating
element 1422, and diode 1435 in a conventional manner. After patterned photoresist layer 1436
has been formed, the exposed regions of p- wafer 1400 are etched for a predetermined period of
time to form afirst opening 1440 and a second opening 1442.

[0139] Patterned photoresist layer 1436 isthen removed in a conventional manner, such
aswith acetone. Following this, wafer 1400 is cleaned to remove organics, such aswith a
conventional Piranha etch. Rather than being formed at the same time, the first and second
openings 1440 and 1442 can be formed in separate mask and etch steps if the first and second
openings 1440 and 1442 require different depths.

[0140] Following this, as shown in FIG. 141, anumber of glue drops 1446 are inserted
into the first and second openings 1440 and 1442 using a syringe with a conventional pick-and-
place machine. Following this, VCSEL 286 and integrated circuit 290 are placed into opening
1440 and opening 1442, respectively, with a conventional pick-and-place machine, and attached
to opening 1440 and opening 1442, respectively, by way of the glue drops 1446.

[0141] Asshown in FIG. 14, after VCSEL 286 and integrated circuit 290 have been
placed into and attached to opening 1440 and opening 1442, respectively, apolymer layer, such
as SU-8, isformed to touch the top surface 1400T of wafer 1400, fill up the remaining areas of
the openings 1440 and 1442, and lie over VCSEL 286 and integrated circuit 290.

[0142] The polymer layer isthen exposed with apattern and cured to form a substantially
planar non-conductive structure 1450. The pattern forms anumber of openings in non-
conductive structure 1450, including aheating element opening 1452-1, temperature sensor
diode openings 1452-2, alaser opening 1452-3 for the light output by VCSEL 286, a number of
first operating openings 1452-4 that expose the external pads of VCSEL 286, and a number of
second operating openings 1452-5 that expose the external pads of integrated circuit 290.
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[0143] Asshown in FIG. 14K, after non-conductive structure 1450 has been formed, a
seed layer 1460 is deposited to touch non-conductive structure 1450 and the exposed regions of
heating element 1422, n+ contact region 1432, p+ contact region 1434, the external pads of
VCSEL 286, and the external pads of integrated circuit 290. For example, seed layer 1460 can
be formed by depositing 300A of titanium, 3000A of copper, and 300A of titanium. Once seed
layer 1460 has been formed, aplating mold 1462 is formed on the top surface of seed layer 1460.
[0144] Asshown in FIG. 14L, following the formation of plating mold 1462, the top
titanium layer is stripped and copper is electroplated to form anumber of metal- 1traces 1464.
Asshown in FIG. 14M, after the electroplating, plating mold 1462 and the underlying regions of
seed layer 1460 are removed to expose the metal- 1traces 1464.

[0145] Asshown in FIG. 14N, after the metal-1 traces 1464 have been formed, a
passivation layer 1466 isformed on non-conductive structure 1450 and the metal-1 traces 1464.
Passivation layer 1466 can be formed in anumber of ways. For example, passivation layer 1466
can be implemented with alayer of oxide and an overlying layer of nitride, followed by an etch
to expose the laser light opening of VCSEL 286 and the regions of the metal-1 traces 1464 that
function as bond pads.

[0146] Alternately, apolymer layer, such as SU-8, can be deposited, exposed with a
pattern, and then cured to form passivation layer 1466. The pattern forms anumber of openings
in passivation layer 1466, including an opening that exposes the laser light opening of VCSEL
286 and the regions of the metal-1 traces 1464 that function as bond pads.

[0147] Asshown in FIG. 14N, the formation of passivation layer 1466 forms abase
wafer 1470. (Shallow glue channels can be optionaly etched in the top surface of passivation
layer 1466 using amask and etch step.) Following this, base wafer 1470 isdiced in a
conventional manner to separate the die regions and form anumber of base die 1472.

[0148] FIGS. 15A-15B show a series of cross-sectional views that illustrate an example
of amethod of forming of amicro-fabricated atomic magnetometer. Asshown in FIG. 15A, the
method begins by placing drops of an adhesive 1510, such as a glue or die attach material, on the
top surface 1512 of abase die 1472, followed by placing avapor cell die 1300 on adhesive 1510
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using a conventional pick-and-place machine. Adhesive 1510, none of which lies directly below
optics package 250, attaches the vapor cell die 1300 to the base die 1472. Asfurther shown in
FIG. 15A, VCSEL 286, optics package 250, and vapor cell cavity 1214 are vertically aligned.
[0149] Asshown in FIG. 15B, after the vapor cell die 1300 has been attached to the base
die 1476, atransparent epoxy 1514 isplaced on passivation layer 926 directly over vapor cell
cavity 1214, and solder balls 1516 are placed on the exposed regions of bond pad structures 934.
Transparent epoxy 1514, which has ahigh viscosity, isused to ensure that atransparent material
touches passivation layers 340 and 936, and lies vertically between n-type region 318 and vapor
cell cavity 1214. Following this, a photodetector die 342 is attached by way of solder reflow to
vapor cell die 1300 as aflip chip to form amicro-fabricated atomic magnetometer 1520.

[0150] Micro-fabricated atomic magnetometer 1520 isthen attached to a die attach
paddle of alead frame, and bond wires are added between the bond pad structures 294B, 734,
and 936, and between atomic magnetometer 1520 and the lead frame. The lead frame isthen
placed in adie mold, and encapsulated with amolding compound, which aso provides an under
fill for the space between photodetector die 342 and vapor cell die 1300.

[0151] FIG. 16 shows across-sectional view that illustrates an example of an alternate
method of forming alower transparent wafer. The method utilizes atransparent wafer 1610
which is approximately 200-300wn thick. Transparent wafer 1610 has atop surface 1610T and
abottom surface 1610B, and can be implemented with, for example, Corning Eagle XG™ or
Pyrex™ glass products or Schott Borofloat™ glass products.

[0152] Asshown in FIG. 16, the method begins by depositing athin film of a
conventional quarter wave plate material 1612, followed by the deposition of athin film of a
conventional polarizer material 1614. After this, athin film of a conventional linear attenuator
material 1616 is deposited to form alower transparent wafer 1620.

[0153] The quarter wave plate layer 1612 has athickness of, for example, 223.59nm,
1117.94nm, or 2012.29nm (one-quarter wavelength of the light for cesium azide (894.35nm)
plus an integer number (including zero) of wavelengths of the light for cesium azide). The
bottom surface 1610B isthen anodically bonded to wafer 742 instead of wafer 516. One of the
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advantages of lower transparent wafer 1620 isthat the mask and etch step required to form the
optics openings and the pick-and-place steps required to attach an optics package to the lower
transparent wafer can be eliminated.

[0154] Thus, amicro-fabricated atomic magnetometer and amethod of forming the
micro-fabricated atomic magnetometer have been described. One of the advantages of the
invention isthat the invention provides amethod of forming atomic magnetometers that alows
atomic magnetometers to be mass produced in conventional integrated circuit fabrication
facilities.

[0155] Asaresult, implementing the invention significantly reduces the cost of atomic
magnetometers. Another advantage of theinvention isthe small size of the atomic
magnetometers. Thus, the invention allows atomic magnetometers to be incorporated into many
more applications than were possible with conventional magnetometers.

[0156] It should be understood that the above descriptions are examples of the invention,
and that various alternatives of the invention described herein may be employed in practicing the
invention. Thus, it isintended that the following claims define the scope of the invention and
that structures and methods within the scope of these claims and their equivalents be covered
thereby.
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CLAIMS
What isclamed is:

1 A magnetometer comprising:

avapor cell die having a substrate and avapor cavity that touches the substrate, the vapor
cavity being hermetically sealed; and

abase die attached to the vapor cell die, the base die having a substrate, alaser light
source attached to the substrate of the base die, and an integrated circuit attached to the substrate

of the base die, the integrated circuit being electrically connected to the laser light source.

2. The magnetometer of claim 1, comprising a photodetection die attached to the
vapor cell die, the photodetection die having a substrate, and a photodiode that touches the
substrate of the photodetection die,

the laser light source, the vapor cavity, and the photodiode being vertically aligned.

3. The magnetometer of claim 2 and further comprising a gas within the vapor

cavity, the gas including alkali atoms and buffer atoms.

4, The magnetometer of claim 2 and further comprising solder regions that

physicaly and electrically attach the vapor cell die to the photodetection die.

30



WO 2013/086374 PCT/US2012/068517

5. The magnetometer of claim 2 wherein the vapor cell die includes:

alower transparent structure having atop surface and a bottom surface;

avapor cell structure having atop surface and abottom surface, the bottom surface of the
vapor cell structure being bonded to the top surface of the lower transparent structure, the top
surface of the lower transparent structure forming abottom surface of the vapor cavity; and

an upper transparent structure having a bottom surface bonded to the top surface of the
vapor cell structure, the bottom surface of the upper transparent structure forming atop surface
of the vapor cavity.

6. The magnetometer of claim 5 and further comprising an optics package attached

to the lower transparent structure.

7. The magnetometer of claim 5 wherein the lower transparent structure includes:
aglass layer;

alayer of quarter wave plate material that touches the glass layer; and

alayer of polarizer material that touches the quarter wave plate material.

8. The magnetometer of claim 7 wherein the lower transparent structure further
includes a layer of attenuator material that touches the layer of polarizer material.

9. A stacked wafer comprising:

alower transparent wafer having atop surface and abottom surface;

avapor cell wafer having atop surface, abottom surface, a substrate, and avapor cavity
that touches the substrate, the bottom surface of the vapor cell wafer being bonded to the top
surface of the lower transparent wafer, the top surface of the lower transparent wafer forming a

bottom surface of the vapor cavity; and
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an upper transparent wafer having abottom surface bonded to the top surface of the
vapor cell wafer, the bottom surface of the upper transparent layer forming atop surface of the

vapor cavity.

10. The stacked wafer of claim 9 and further comprising an optics package attached

to the lower transparent layer.

11.  The stacked wafer of claim 9 wherein the lower transparent layer includes:
aglass layer;

alayer of quarter wave plate material that touches the glass layer; and

alayer of polarizer material that touches the quarter wave plate material.

12. The stacked wafer of claim 11wherein the lower transparent layer further

includes a layer of attenuator material that touches the layer of polarizer material.

13. A method of forming amagnetometer comprising:
forming an opening that extends completely through avapor cell wafer; and
bonding alower transparent wafer to the vapor cell wafer, the lower transparent wafer

having atop surface that forms a bottom surface of the opening.

14. The method of claim 13 and further comprising placing a substance in the

opening to touch the bottom surface of the opening.
15. The method of claim 14 and further comprising bonding an upper transparent

wafer to the vapor cell wafer to close the opening and form a stacked wafer with avapor cavity,

the upper transparent wafer having abottom surface that forms atop surface to the vapor cavity.

32



WO 2013/086374 PCT/US2012/068517

16. The method of claim 15 and further comprising irradiating the vapor cavity to

decompose the substance into a gas having akali and barrier atoms.

17. The method of claim 16 and further comprising attaching an optics package to the

lower transparent wafer.

18. The method of claim 16 and further comprising dicing the stacked wafer to form a

plurality of vapor cell structures.

19. The method of claim 18 and further comprising attaching abase die to avapor
cell structure, the base die having a substrate, alaser light source attached to the substrate of the
base die, and an integrated circuit attached to the substrate of the base die, the laser light source
outputting light that passes into the vapor cavity, the integrated circuit being electrically

connected to the laser light source.
20. The method of claim 19 and further comprising attaching a photodetection die to

the vapor cell structure, the photodetection die having a substrate, and a photodiode that touches

the substrate, the photodiode receiving light passing out of the vapor cavity.
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