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ABSTRACT

Laser cooled atoms have proven transformative for precision metrology, playing a pivotal role in state-of-the-art clocks and interferometers
and having the potential to provide a step-change in our modern technological capabilities. To successfully explore their full potential, laser
cooling platforms must be translated from the laboratory environment and into portable, compact quantum sensors for deployment in prac-
tical applications. This transition requires the amalgamation of a wide range of components and expertise if an unambiguously chip-scale
cold atom sensor is to be realized. We present recent developments in cold-atom sensor miniaturization, focusing on key components that
enable laser cooling on the chip-scale. The design, fabrication, and impact of the components on sensor scalability and performance will be
discussed with an outlook to the next generation of chip-scale cold atom devices.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101628

I. INTRODUCTION

From its first proposal in 1957' and realization in 1960,” the
laser has revolutionized the capabilities of experimental physics,
with a profound impact on atomic spectroscopy and quantum
sensors, where laser cooled atoms lie at their core. Within a decade of
the laser’s realization it was used to demonstrate the acceleration and
trapping of particles by radiation pressure,” ~ laying the foundation
for the laser cooling of ions and neutral atoms below the milli-Kelvin
regime.’

Today, laser cooled atoms are central to modern precision
measurements, as their slow speed and low temperature enable
long interrogation times in unperturbed atomic samples, making
possible orders of magnitude more accurate and precision measure-
ments in metrology.”® As such, cold atom technology lies at the
core of interferometers, used for inertial sensing,g = gravimetry,”‘H
and accelerometry.'* Additionally, cold atoms are exploited in pri-
mary standard fountain atomic clocks, where the SI second is
defined by the 9192 631 770 Hz frequency separation of the ground-
state energy levels of Cs, extracted from a cold-atom fountain
measurement.’” The state-of-the-art optical atomic clocks laser
cool alkaline earth atoms, such as Yb and Sr, confined in optical

lattices to realize a measurement uncertainty of the atomic fre-
quency below 107'°.'""” The capability to isolate individual cold
atoms in optical lattice sites and dipole traps is also utilized for
the quantum gate functions at the core of neutral atom quan-
tum computers.””** Additionally, laser cooling atoms below the
recoil-limit has enabled experimental measurement of the phase
transitions to Bose—Einstein condensates (BEC)”**” and degenerate
Fermi gases,”® placing cold atoms at the forefront of fundamental
research in quantum simulation”””’ and quantum fluids. The high
state of coherence that can be attained from these quantum gases are
at the core of atom lasers”” and atomic lithography,” with the use
of delta-kick collimation®! leading to record low temperatures®” and
increased coherence.

However, with high-performance cold atom sensors largely
remaining bound to laboratory environments due to core-
component size, weight, and power (SWaP) issues, a large emphasis
has been placed on global institutions to tackle these issues through
the development of compact cold atom sensors. "’

In the past decade significant effort has been made to minia-
turize atomic sensors to a scale where they can make the largest
technological and economic impact.”® This has been driven by the
tantalizing prospect of providing compact yet adequate primary
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measurement capability to the end-user. This motivation has led to
a revolution in the micro-fabrication and miniaturization of micro-
electromechanical systems (MEMS) vapor cells, semiconductor
diode lasers and methods for atomic deposition that have enabled
the realization of fully incorporated, chip-scale atomic packages.””"’
Although this progress has been made in the miniaturization of
thermal atom metrological devices,” " the vapor cells at the heart
of this technology typically require the inclusion of buffer gasses or
wall coatings to increase the light-atom interaction time and reduce
relaxations from wall collisions. Ultimately, these inclusions degrade
the stability of the sensor due to temperature dependent pressure
shifts from the buffer gas, or the wall coatings degrading over
time.”® However, many of the limitations placed on the performance
of hot atomic gasses can be circumvented by using laser cooled
atoms.”

A. Laser cooling

The workhorse of cold-atom experiments is the magneto-
optical trap (MOT).** This system utilizes a balanced optical
radiation force to reduce the momentum of thermal atoms through
photon scattering in a spatially localized trap provided by the light
in conjunction with a magnetic quadrupole field. The radiation
force used to reduce the momentum spread of the atoms is pri-
marily due to light absorption. If an atom absorbs a photon, then
the photon energy will mostly be converted to the internal energy
of the atom, exciting the electronic state. The momentum kick,
p = mv = hk, imparted during this process induces a recoil in the
direction of the incident light. Since the direction of the sponta-
neously emitted photon is spatially isotropic the momentum kick
due to emission averages out to zero. Therefore, the net momentum
imparted on the atom from the absorption—emission process is in
the direction of the incident light.

Since the atoms under interrogation have a finite velocity,
we must also consider the Doppler effect’s role in the cooling
process. If a single atom is traveling toward resonant cooling
light, then it will be blue-shifted in frequency from the atomic
resonance. Hence, if the incident light frequency is red-detuned
below an atomic cycling transition then the number of absorbed
photons, and hence recoil momentum kicks, are maximized for
atoms propagating anti-parallel to the cooling light. If we simplify
this to the case of a two-level atom with velocity v, the time-averaged
force experienced by the atom from the interaction with the light

from the ith laser beam (with wave-vector IZ,-) is described by*
Fi = — = R(I;, Ai)hk;, 1
PR O

where R(I;, A;) = g%/}/%
atom, I;, Is, and It are the incident, saturation, and tgtal inten-
sities for the transition being addressed, and A; = A — k; - v is the
Doppler-shifted detuning from resonance. The natural linewidth of
the excited state is I = 1/7, where 7 is the excited state lifetime.

If the atom is positioned between two counter-propagating
laser beams, derived from the same laser with the same intensity,
then the atom will experience a velocity-dependent acceleration. In
this scenario, the Doppler effect breaks the symmetry of absorption

is the photon scattering rate of the
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between the two beams, where a balanced force from both laser
beams is only achieved when the atom is at rest.*” While the atoms
are not actually in thermal equilibrium, the spread of the atomic
velocity is Gaussian and conventionally described by a tempera-
ture, corresponding to that of a Maxwell-Boltzmann distribution
with the particular velocity spread. It is because of the reduction in
atomic temperature with laser scattering events that we refer to the
process as laser cooling. In the limit of low intensity, the achievable
temperature from the stochastic nature of the absorption and spon-
taneous emission processes is restricted by the theoretical Doppler
temperature limit' >’

hT

= %: (2)

D

where kg is the Boltzmann constant. For example, 8Rb and the
780 nm transition with 7=26.2 ns*® (I = 27 x 6.1 MHz) corre-
sponds to Tp = 146 uK.

While the Doppler limit theoretically restricts the ensemble
temperature to the hundreds of yK range for the alkalis, experimen-
tal laser cooling has overcome this limitation through sub-Doppler
cooling mechanisms.”””' These cooling mechanisms arise from
the complicated atomic level structure of the alkali atom and the
interference pattern formed in the cooling light, such that the achiev-
able temperature, that is routinely realized, is that of a distribution
with only a few photon momenta. This results in temperatures in
the single-digit micro-Kelvin regime being commonly realized, and
with additional experimental techniques, can be pushed into the
nano-Kelvin regime.

The lower limit of the dimensional scaling of laser cooling
follows Ny > Ngq + 1, where Ny and Ny refer to the number of
beams and dimensions, respectively. Thus, laser cooling in three
dimensions requires at least four beams. Due to its simplicity and
convenience of alignment, the typical formation of the MOT has
been constructed around six counter-propagating laser fields in
three dimensions, as shown in Fig. 1, to satisfy a balanced radiation
force Zf\ibl I; la- = 0, where I; is the laser intensity from the i beam.

Although the cooling process in three dimensions pro-
duces a velocity-dependent force, the scattering force is not
position-dependent without the application of appropriate circular
beam polarizations and a gradient magnetic field, completing the
magneto-optical trap (MOT).**”* The addition of the quadrupole
magnetic field through the overlapping laser volume, produced
from, e.g., an anti-Helmholtz coil pair, induces a splitting of the
atomic sub-levels due to the Zeeman effect. This gives rise to a
complex optical pumping scheme, where each beam’s local light
polarization critically affects its scattering rate.

The experimental parameters required for laser cooling of ¥ Rb
are outlined in Table I. Cooling light ideally has a laser linewidth,
and locked absolute frequency stability, below the natural linewidth
of the cooling transition.” In the case of ¥ Rb, the cycling transition
exists between the 581,F = 2 <> 5P3,F' = 3 states, with a natural
linewidth of I' = 2rx 6.1 MHz. As such, the incident light would
be preferred with a linewidth of <1 MHz, locked red-detuned from
the cycling transition between 1I'-2I'. While the cycling transition
is required for atomic cooling, an off-resonant decay route from
the excited F' =2 to ground F = 1 state depletes the atoms from
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FIG. 1. lllustration of the standard six-beam MOT. Light polarization is indicated
with red arrows. Magnetic trap coil current orientation is indicated with white
arrows. An ultra-high-vacuum glass cuvette is shown, with the alkali density and
MOT emphasized in blue within the vacuum.

the cycle. While this is a relatively weak decay channel, over many
cycles the atoms will be shelved in the non-addressed ground-state.
To correct the loss and bring these atoms back into the cooling
cycle, re-pumping light resonantly addresses, e.g., the F= 1 — F' =2
transition, rapidly returning atoms to the F =2 state and back
onto the cycling transition. While the example covers the case of
Rb, a variety of re-pumping wavelengths is commonly required to
address dark or metastable states in the more complicated electronic
structure of alkaline earth atoms or molecules.

The output cooling beams are circularly polarized with a
A/4 wave-plate to maximize scattering through the magneti-
cally sensitive stretched states. The quadrupole magnetic field,
1§q = Bi{-x/2,-y/2,z}, is often provided from an anti-Helmholtz

TABLE I. 8Rb chip-scale cooling challenge.

Parameter Optimum References
Atom number 10°-107 33and 61
Laser linewidth (MHz) <1T 53
Laser power (mW) 30 52-54
Re-pumping power (%) 5% 53 and 62
Absolute frequency stability (MHz) 0.5T 53
Detuning range (MHz) 4T 46,51, and 52
Total background pressure (mbar) <1077 10, 52, and 63
Alkali density (atoms/ cm?®) 108-10" 64
Gradient field (G/cm) 12 52

REVIEW scitation.orgljournal/rsi

coil pair, with the optimum gradient field providing maximum scat-
tering at the extremes of the beam overlap volume radius, r. As
such, the approximate optimum axial gradient is By ~ —A/(ypgr.7)
where p, = 1.4 MHz/G is the Bohr magneton and g, is the excited
state Landé ¢ factor.”" " In the case of ¥Rb atoms driven by
circularly polarized light with an average beam radius of 1 cm
(so —A ~ 2I'), and 8re = 2/3, this yields B; ~ 13 G/cm. The applica-
tion of this field is capable of spatially shifting the resonance of these
magnetically sensitive sub-levels, such that a laser detuned below the
non-degenerate excited state resonance will have an increased prob-
ability of being brought into resonance with these sub-levels at larger
magnetic fields. This creates the position dependent scattering rate
that provides a restoring force, which combined with the cooling
realizes a MOT.

The optical configuration and coil orientation described until
this point are built around an ultra-high-vacuum (UHV) chamber,
an essential requirement in laser cooling application to reduce ener-
getic collision with background gases as well as provide a suitable
alkali density.””” Typically machined from non-magnetic stainless
steel or titanium, the main vacuum chamber contains windows or a
glass cuvette for optical access. Initially evacuated by a mechanical
pumping rig, the chamber pressure is maintained within the range
of P < 1077 mbar with active pumping mechanisms, such as an ion-
pump. The final component required within the vacuum chamber
is a mechanism to release the atomic element for laser cooling. In
the case of the alkali elements, this can be achieved from resistively
heated dispensers” ” and ampoule sources’® to achieve a sufficient
alkali vapor density in the range of 10°~10' atoms/cm® at UHV
pressures.

This Review will look at the recent developments in the minia-
turization of cold-atom systems, focusing on the fabrication of
components that enable mass production and the reduction of
the cold-atom system to the chip-scale. Section II will discuss the
current state-of-the-art of photonic integrated packages, compris-
ing narrow linewidth laser sources, waveguides, beam-splitters, and
optical control components required for cold-atom sensor pack-
ages. Section III highlights the options available for chip-scale
wavelength references, providing an adequate frequency stability
for laser cooling while maintaining a low SWaP. The fabrica-
tion techniques used in vapor cell manufacturing are outlined and
their compatibility with atomic sensors is reviewed. In Sec. I'V, we
discuss clean and mass producible atomic sources, compatible
with chip-scale cold-atom packages, with an insight to compact
solutions to vacuum pressure longevity and alkali density regula-
tion. Section V provides an overview to micro-fabricated optical
components that miniaturize laser cooling packages, such as
pyramidal and grating magneto-optical traps (GMOT), as well as
the impact of meta-surface lenses. In Sec. VI, we discuss the recent
demonstrations of micro-fabricated vacuum cells, as well as suit-
able materials and fabrication methods. Section VII highlights the
potential solutions for maintaining UHV in a chip-scale package,
through topics in micro ion-pumps and non-evaporable getters,
with a focus on vacuum isolation technique’s suitable to cold-
atom apparatus. In Sec. VIII, we discuss planar coil solutions that
have been demonstrated to reduce the size of the coil arrangement
required in the MOT. Finally, Sec. X summarizes the amalgamation
of this technology and our outlook to where this technology will go
next.
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Il. PHOTONIC INTEGRATED CIRCUITS

An essential building block in atomic sensors and many quan-
tum technologies are the laser sources and photonic components
that enable cooling and probing on the atomic scale. The recent drive
for portable cold-atom sensors has led to a number of macroscopic,
miniaturized optical packages being demonstrated for ground-based
sensors,””° portable drone-mounted apparatus,” and space
applications,” "> where SWaP are of critical importance. While
this technology has demonstrated robustness and scalability, the
reduction of the apparatus to the chip-scale would greatly increase
the rigidity and SWaP constraints for in-field deployment.

In recent years, significant gains have been made in the minia-
turization of photonic devices to facilitate the growing need for
chip-scale quantum technologies. In this section, we will high-
light the recent advancements to photonic components that directly
benefit the SWaP of the laser cooling apparatus.

—72

A. On-chip laser solutions

The advent of the laser realized a step change in the capabilities
of atomic sensors, providing a previously unobtainable coherence
and linewidth to the atom-light interaction. Since early demonstra-
tions of particle trapping and the realization of the spontaneous
and dipole force from laser light at Bell labs in the 1970s,”” the
laser has become a key instrument in atomic physics, providing
global access to a plethora of applications such as optical lattices,”*
non-linear dynamics,”” frequency metrology,’® and, importantly,
laser cooling.*

The stringent requirements placed on the optical power and
laser linewidth for laser cooling have hindered a simplistic route
for on-chip cold atom light sources. In the past, laboratory exper-
iments have instead focused on cost-effective methods to meeting
this criteria, largely driving diode based laser sources,”” such as
the extended-cavity diode-laser (ECDL).”® This now well estab-
lished configuration provides frequency selective feedback through
an extended, external cavity, typically using a grating in a Littrow
set-up.”” " Alternatively, compact ECDL designs have been demon-
strated with frequency selective interference filters to improve
mechanical robustness and sensitivity to misalignment.®

Since both the free-spectral range (FSR = é) and linewidth of
the laser determined from the Schawlow-Townes limit are inversely
proportional to the cavity length /, a trade-off arises between the
spacing of adjacent cavity modes of the laser and the free scanning
range that is useful for atomic spectroscopy. However, in the case
of a 2 cm extended cavity, a semiconductor diode laser can provide
a mode spacing of ~8 GHz with a corresponding linewidth less
than 1 MHz on second timescales and enough power for even
large beam alkali metal MOTs.** It should be noted that while
the ECDL provides a cost-effective solution for laser cooling, more
precise applications in atomic spectroscopy with cold atoms require
significantly larger and more complex laser systems. '

With this being said, the critical nature of the laser in portable
atomic sensors has provided a drive to bring this component
to the chip-scale, realizing technology, such as the vertical-cavity
surface-emitting laser (VCSEL).*> Formed in a semiconductor
stack, the VCSEL is composed of a thin gain medium containing
multiple quantum wells, sandwiched between two distributed Bragg
reflector mirrors. With application of a small current, guided

REVIEW scitation.orgljournal/rsi

through the semiconductor stack to the active gain region, the
VCSEL emits light orthogonal to the wafer surface. VCSELs have
provided a dramatic reduction in SWaP for a chip-scale atomic
clock (CSAC) by eliminating the atomic discharge lamp and heating
elements (~2 W) with a source that requires less than 5 mW of
power.*® Utilizing a coherent population trapping architecture also
removed the requirement for microwave syntheses (~1 W), where
the VCSEL can instead be directly modulated at half of the hyper-
fine splitting frequency.”” This resulted in a CSAC with a volume
of 9.5 mm?, power consumption <75 mW, and fractional frequency
instability of 2.5 x 107'% at 1 5.%

While these light sources have found application in thermal
atom spectroscopy for atomic clocks and magnetometers, the short
cavity length on the order of a few ym limits the typical device
linewidth to ~50 MHz.*® This limits the performance due to the
frequency noise of the laser being directly converted to an amplitude
noise on a transmitted beam through an atomic vapor®’ and makes
them also unsuitable for laser cooling.”

One technique to improve both power and linewidth is to
utilize an external cavity arrangement (VECSEL) that has recently
demonstrated sub-kHz performance.”’ However, this significantly
increases the size due to the requirement of a high finesse external
cavity and limits the potential for chip-scale integration.

A second noteworthy chip-scale laser source is the distributed
feedback laser (DFB).”” These edge-emitting semiconductor-based
lasers can offer the same tunability as an ECDL but at a fraction
of the size (typically a few ym wide and mm long). The DFB is
composed of a periodically structured gain medium, acting as
a Bragg reflector at the wavelength of interest while remaining
fabricated on-chip. Compared to a Fabry-Pérot semiconductor laser
this provides much larger mode hop free tuning ranges (~nm)
and side mode suppression ratios (>40 dB). Typically these have
been composed of AlGalnAs/InP layers for emission at telecom-
munication wavelengths’® where frequency doubling can be utilized
to lock to an Rb absorption line for accurate wavelength division
multiplication schemes.”

More recently, DFB lasers composed of GaAs/AlGaAs can
provide gain bandwidths that directly cover the transition lines of Rb
and Cs atoms. These have demonstrated linewidths narrow enough
for saturated absorption spectroscopy.”””® Due to the larger cavity
lengths, sub-MHz linewidths can be readily obtained with optical
powers suitable for laser cooling.””

B. On-chip laser integration strategies

Due to the low linewidths, a DFB edge-emitting laser is an ideal
candidate for integration with photonic integrated circuits (PIC) for
miniaturizing cold atomic devices. Integration could be achieved via
several approaches (see Fig. 2) such as monolithic, where the III-V
gain material is selectively grown directly on top of Si trenches to
overcome the large lattice mismatch.”® Heterogeneous integration
is where the III-V can be wafer or flip-chip bonded directly on
top of waveguides and coupled evanescently.”” However, due to the
large refractive index difference between the III-V laser structure
and SizNy waveguides, inversely tapered silicon on insulator (SOI)
waveguides are usually required as an intermediate. This approach
has recently demonstrated an on-chip laser with a 4 kHz linewidth
when the Si3N4 was used as the extended laser cavity.'"’
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FIG. 2. A schematic diagram of possible strategies for integrating a DFB narrow-linewidth laser with SisN4 waveguides. (a) Ill-V material selectively grown on defined Si
trenches. (b) DFB laser flip chipped or wafer bonded directly on top of SOI waveguides and evanescently coupled using inverse tapers. (c) DFB laser flip chipped and butt
coupled using a spot-size converter. (d) Butt-coupling of two discrete chips containing the Ill-V laser and SizN, waveguides.

An alternative strategy is required, however, below the absorp-
tion band edge of Si where the Rb and Cs atomic optical transitions
reside. This could be achieved by butt-coupling the flip-chipped
laser and the waveguides. To enable efficient coupling the mode
field diameter of the laser can be matched by using a spot size
converter'’"'"” or inverse taper structure.'”” An alternative would
be to butt-couple two discrete III-V and SizN4 waveguide chips.
This hybrid approach allows the III-V to operate as a semiconductor
optical amplifier (SOA) and the SizN4 waveguides provide feedback
via a high finesse grating or ring resonator. The advantage being the
effective cavity length can be greatly increased due to the significant
lower propagation losses of SizN4.!’* This has recently resulted in
the demonstration of a 1 Hz linewidth laser.'"

C. Photonic circuits

Photon routing and manipulation is a necessity for a fully
integrated on-chip cold-atom sensor. Replacing discrete optical
components with their waveguide equivalent will enable photonic
integrated circuits (PIC) that significantly reduce the SWaP and cost
(SWaP-C).

PICs specifically based on silicon photonics can leverage the
huge investments made in CMOS foundries. SOI, which is a com-
mercialized platform for telecommunication applications, cannot
operate below wavelengths of 1 yum. Therefore, alternative materials
with low material absorption, suitable refractive index for guiding
and compatibility with laser integration are required.'”® Poten-
tial candidates include tantalum pentoxide (Ta;03),!”” aluminum
nitride (AIN),'® aluminum oxide (Al,03),'” and silicon nitride
(Si3Ng).""?

These platforms have demonstrated low propagation losses
at visible and near-infrared (NIR) wavelengths. With a compara-
ble refractive index, the main distinguishing feature is the short
wavelength cutoff. In this regard, Al,Os has demonstrated low
loss down to 370 nm.''" However, for Cs and Rb atomic devices,
Si3Ny is an attractive option since it is the more mature platform
with process design kits (PDK) accessible from several foundries.'!”
In addition, several high-performance devices at telecommunica-
tion wavelengths have been demonstrated, such as modulators'"’
switches,! "' polarization control,'*!" grating couplers,”s’”g
optical isolators,**'*" optical frequency combs (OFC),'”*'** and
integrated lasers.'’” The difficulty is to create a similar library of
components for cold atom PICs.

One of the most challenging devices to replicate at shorter
wavelengths is the OFC. OFCs are essential for an optical atomic
clock since they can act as a gear to convert from the THz
to GHz frequency domain for electronic measurement. Apart
from increased losses due to Rayleigh scattering (~17*), the bulk
material dispersion of Si3N4 has limited octave-spanning comb
generation to above 900 nm wavelength.'”” Ideally, the OFC
should be broadly spanning for self-reference schemes'**'”’ while
generating lines at the atomic transitions for stabilization. A
potential strategy includes utilizing other non-linear processes,
such as second or third harmonic generation, which have demon-
strated additional comb lines at 770 and 520 nm wavelengths,
respectively.'*'*” A further challenge for integration is that previous
demonstrations of self-referenced combs have produced ~ THz rep-
etition rates, therefore requiring multiple combs for the frequency
conversion.'*
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Switches and modulators on the Si3zNy4 platform have mainly
been demonstrated by utilizing thermo-optic phase shifters in com-
bination with interferometric devices, such as a Mach-Zehnder.''*
Compared with SOI that can take advantage of the plasma dispersion
effect, this has limited both speed (<us) and power consumption
(10 s of mWs). In addition, these devices usually have a much larger
footprint due to the small thermal-optic coefficient of SizN4.'*! For
switching a beam on and off to interrogate a cold atom cloud,
these limitations are acceptable since only millisecond timescales are
required. The main challenge is achieving an on-off extinction ratio
that exceeds 60 dB.

Interferometric-based approaches will most likely require cas-
cading and compensating for imperfections in beam splitting.'**
To date, the highest extinction ratios have been demonstrated
with MEMS-based switches where coupling between two vertically
displaced SOI waveguides was achieved by electrostatic actuation.'*’
This type of design also benefits from being non-blocking with the
light routed to a different plane rather than being reflected but
is still limited in switching speed. To achieve higher modulation
and switching rates, materials such as graphene,'** lead zirconate
titanate (PZT),'* and lithium niobate (LiNb03)'*° can be integrated.
These provide large electro-optic coefficients that can enable GHz
modulation rates on Si3Ny4. The challenge is to reduce the associated
insertion loss and increase extinction ratios.

Optical isolators are another critical component since they
prevent reflected light from de-stabilizing the laser. Optical non-
reciprocity has traditionally been achieved in bulk devices using
magneto-optical (MO) materials that induce a Faraday rotation.
Integrating MO materials with waveguides has proven to be a
significant challenge.'”” This was only recently achieved on the SOI
platform by direct bonding of a cerium substituted yttrium iron
garnet (Ce:YIG) onto a Mach-Zehnder interferometer. This demon-
strated a peak isolation ratio of 21 dB with an 8 dB insertion loss at
1550 nm.'*®

Further work capitalized on Ce:YIG integration by combining
with a ring resonator to miniaturize the footprint’*’ and cre-
ate polarization diverse isolators.'”’ Ce:YIG was subsequently
integrated with Si3N4 waveguides, where high performance was
obtained (isolation ratio of 28 dB with a 1 dB insertion loss).'*’
Disadvantages of MO materials are their incompatibility with
CMOS foundries and the requirement of a permanent magnet. In
addition, utilizing Ce:YIG below 1 ym wavelength might prove diffi-
cult due to the reduced optical transparency,'*! but this is potentially
compensated by a larger Faraday rotation.'*

To overcome these bottlenecks, magnetic-free schemes have
been demonstrated through optical non-linearities,'*’ Brillouin
scattering,'** and spatiotemporal modulation using surface acoustic
waves.'”"'*” These are all interesting approaches, but some effort
is required to reach an isolation ratio of 60 dB with low insertion
loss.

High-performance polarization components, such as rota-
tors and beam-splitters, have been difficult to realize with Si3Ny
due to the limited geometric birefringence that can be induced
compared to SOI devices.'*° Recently, however, a SisN4 waveguide
polarization rotator (PR) and polarization beam splitter (PBS) were
demonstrated below telecommunication wavelengths. These devices
provide a polarization extinction ratio close to 30 dB at the D2
transition of Rb."*” The polarization rotator is based on the mode
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Rb MEMS cell

FIG. 3. A schematic diagram of a photonic integrated circuit for saturated absorp-
tion spectroscopy of rubidium atoms on-chip using SizNs waveguides. The key
components include a SizN4 waveguide polarization rotator (PR) and a polariza-
tion beam splitter (PBS), distributed feedback laser (DFB), Rb vapor MEMS cell,
and photodetectors (PD).

evolution approach using adiabatic tapers, whereas the polarization
beam splitter utilizes a cascaded tapered asymmetric directional
coupler for TE and TM mode separation. SizNs waveguides
have recently demonstrated saturated absorption spectroscopy
of Rb atoms using antiresonant reflecting optical waveguides,'**
extreme mode-converting apodized gratings,*’ and atomic-cladding
waveguides.'” The next integration step will include the circuitry
for generating the required counter-propagating pump and probe
beams on-chip. Polarization control would allow the pump power
to be tuned and filtered from returning to the laser (see Fig. 3).

D. Apodized grating couplers

With viable solutions for on-chip laser sources and wave-
guide based photonic circuits, a key direction of recent integrated
photonics has been on the efficient out-coupling from waveguide
to free-space for controllable atom-light interactions. One such
solution is the periodic modulation of the waveguide structure to
diffract light from the photonic chip into free-space while remaining
micro-fabricated and low volume."”" Similar to the waveguides
previously discussed, the grating out-coupler is formed of a period
stack of SiO; and SiN, layered upon a silicon substrate.

However, due to the exponential loss of light through a uni-
formly spaced grating structure in the waveguide, the out-coupled
light would have an exponential intensity profile. Recent work has
shown that a Gaussian profile can instead be achieved with the use of
an apodized grating structure in the photonic chip."”’ Additionally,
a key recent advancement that facilitates wider beam modes for
applications in atomic sensors is the implementation of a slab
mode expander,'” as illustrated in the photonic chip schematic in
Fig. 4. By tuning the evanescent coupling between the light con-
fined in the photonic waveguide and the slab mode expander via
the waveguide-to-slab-mode gap size, a one dimension Gaussian
profile can be formed. When connecting the slab mode expander
to an apodized grating chip (with appropriately tuned period and
duty cycle), Kim et al. demonstrated a Gaussian profile in the
out-coupled radiation with a modal area of 160 x 160 ym? in early
demonstrations.'*’

While these initial beam waist demonstrations are not directly
applicable to laser cooling, more recent research has pushed the
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FIG. 4. Schematic diagram of a photonic chip integrated extreme mode converter,
based on work demonstrated in Ref. 150. The input waveguide is evanescently
coupled to the slab mode expander that is out-coupled through the spatially mod-
ulated grating structure with a gradiented duty-cycle and period to provide a
Gaussian profile in free-space.

achievable beam area.'”"”'* Importantly, such waveguide-to-grating

structures have realized 2.5 x 3.5 mm’ free-space beam dimen-
sions, used to laser cool 5 x 10° ¥Rb atoms in a six-beam MOT
configuration.’’” Additionally, the successful amalgamation of the
photonic integrated chip with pre-existing cold atom apparatus,
such as the grating magneto-optical trap (discussed in Sec. V),
provides a clear route to the device incorporation into chip-scale
cold atom sensors.'**

I1l. MICRO-FABRICATED WAVELENGTH REFERENCE

Laser referencing to an atomic wavelength is widely imple-
mented in the measurement of magnetic fields,””” time,'*
rotation,’” and length,”” finding application in navigation,
geological surveying, medicine, communication and finance.
Atomic transitions corresponding to electronic excitation can be
measured from atomic vapor using spectroscopic techniques.'>
While a range of sub-Doppler spectroscopic techniques are
suitable for atomic referencing, so-called saturated absorption
spectroscopy (Sat-Spec) remains one of the most commonly used
methods due to its simplicity and robustness against environmental
fluctuations.””" ">

An illustration of the Sat-Spec process is shown in Fig. 5(a).
Here, a single wavelength laser is expanded and passed through a
polarizing beam splitter (PBS) for intensity control and polarization
purity. The output propagates through an atomic vapor cell and
is retro reflected with the opposite handedness of linear polariza-
tion such that it exits the opposite port of the PBS. Following the
double pass, the light transmission from the cell is measured on a
photodiode. Since the atomic gas possess a wide range of velocities,
¥, the frequency of the interrogating laser light is Doppler-shifted
from resonance such that the Doppler shifted angular frequency is
WDoppler = @ F k- ¥, where w is the unperturbed resonance angular
frequency. While a single laser frequency is used to provide
the pump and probe configuration required for Sat-Spec, the
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FIG. 5. (a) Atomic wavelength reference based on saturated absorption spec-
troscopy. Laser light is retro-reflected through an atomic vapor cell, with the
transmission measured on a photodiode. A modulation frequency, injected to the
incident light, is demodulated from the system and sent into lock electronics. The
feedback correction signal is coupled back to the laser wavelength. (b) The optical
pumping experienced by the probe light as a function of frequency, where the cen-
tral feature is the atomic transition. When on resonance, optical pumping between
the ground (g) and excited (e) state is saturated by the pump beam, such that less
light is absorbed by the probe, increasing the photodiode transmission, providing
a narrow lock feature.

anti-parallel direction of the beams introduces a preferential absorp-
tion of the atom, depending on the direction of the atom’s motion.
As such, both lasers, in general, will not simultaneously interact
with a single atom with motion along the laser axis. If the atom has
zero velocity along the beam, then the frequency of both beams will
be the same in the atoms rest frame and both beams will address
the same atom. Since the cyclic atomic transition can then be satu-
rated by the pump beam, there is a decreased absorption of photons
from the probe beam, effectively increasing the laser intensity at
the photodiode. The atomic absorption as a function of the laser
frequency can then be converted to a voltage signal through the
photodiode. An illustration of the pumping process and correspond-
ing absorption profile of a simplified two-level atom is shown in
Fig. 5(b).

While the Sat-Spec process provides atomic absorption spec-
tra corresponding to the natural atomic resonances, these absorp-
tion peaks do not provide a frequency-dependent error signal with
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zero-crossing in the voltage that can enable frequency feedback to
a servo loop for laser wavelength stabilization. To overcome this,
a modulation frequency can be mixed with the laser frequency,
such that a lock-in amplifier can demodulate this frequency to
provide a lockable error signal that has a zero crossing in voltage
axis. Sat-Spec systems in glass-blown vapor cells have demonstrated
a frequency stability of 3 x 107 772, where the short-term limita-
tion was attributed to the frequency modulation of the laser diode
for locking electronics.'”*'*

A. Vapor cell fabrication

In several laboratory based experiments, the alkali source under
interrogation is typically contained within a commercially off-the-
shelf (CoTS) 5-10-cm long glass-blown cell, to provide a sufficient
absorption of resonant light within the alkali vapor. The glass blown
cells are manufactured by heating glass, typically borosilicates, to
the working point of the material where the required cell geome-
try can be mechanically pressed into the malleable glass.'® These
cells are connected to a larger glass vacuum cell and pumping
apparatus, required to provide a sufficient pressure and alkali
density, provided from an ampoule source that is directed into
the cell by localized heating of the chamber. The glass-blown stem
connecting the larger vacuum to the cell is then re-shaped with a
blow torch to isolate the cell,”'®" discussed in more detail in Fig. 15.
The manufacturing time, and difficulty in cell-to-cell reproducibil-
ity of the inner vacuum environment, have limited the capabilities
and scalability of glass-blown macro-scale cells. While macro-scale
vapor cells are limited in production scalability, micro-fabricated
glass-blown cell structures have been demonstrated with anodically
bonded silicon-glass structures.'®" This routine enables the mass
production of 900 ym diameter micro spheres, blown from 100 ym
thick borosilicate glass at 850 °C. However, the room temperature
absorption in these micro-spheres is significantly reduced compared
to the standard macro-cell, degrading the performance of atomic
sensors based on this technology. Additionally, the short radius of
curvature of the optical surfaces provides significant focusing of the
probing light.

MEMS technologies have pioneered the advancement of chip-
scale atomic devices such as clocks, magnetometers, gyroscopes
and wavelength Refs. 39, 43, 154, and 162. MEMS cells consist
simply of hermetically sealed silicon frames, micro-fabricated to
achieve the designed geometry, size, and shape required for the
cell. A commonly used method for silicon processing is reactive-
ion-etching (RIE) and its supplementary deep-reactive-ion-etching
(DRIE)."**'** This method of silicon etching is based largely
around ionic bombardment of an exposed silicon surface to remove
material that is not coated in a protective layer. Such protective
layers are easily deposited and patterned upon the silicon substrate
with photo-lithography, enabling the user to well define narrow
structures within the etching process.'®® The primary advantage of
this etching technique is the ability to achieve anisotropic etching
without the need to rely upon the Miller indices of the crystalline
structure of the silicon. Second, with etching rates for silicon on
the order of 50 ym/min, the DRIE process is significantly faster
than wet etch processing.'®* A drawback to the use of ion etching
techniques is the poor surface quality that results from the duty
cycle of the bombardment process, although this can largely be
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overcome in postprocessing with wet etch solutions, such as KOH
or TMAH.'¢

Wet-etching provides an alternative route to silicon processing
with the added benefit of simplicity and cost. This process relies
on the solubility of silicon, typically using alkali hydroxide with
a sufficiently high pH to etch along the crystal planes of the
substrate. While silicon possesses a diamond-cubic lattice structure,
the plane selection is dependent upon the etch rate of the reac-
tant solution, as well as the concentration and temperature during
etching.' For example, commonly used KOH solution will attack
the {100} and {110} planes x400 and x600 faster than the {111}
plane, respectively. As such, it becomes relatively easy to reveal the
{111} silicon plane from the wet-etch processing, at an angle of
54.74°. Since the etch follows well defined Miller indices through
the crystal lattice, optically smooth walls are regularly achieved
with this process. However, with etching times for the {100} plane
~1 ym/min, the processing times for deep features are slow, with a
1 mm etch requiring ~17 h of etching.'*®

While these techniques are well suited to etching features on
the nano-scale, fabrication on the millimeter-scale can be achieved
with more direct approaches, such as mechanical cutting. While
traditional machine milling offers a simple alternative to bulk
material processing, its application with brittle materials, such as
silicon, may reduce the yield from wafer cuts and hinder the
achievable surface quality due to damage.'®” Alternatively, laser
micro-machining offers a cheap and versatile method for the
processing of a wide range of materials, including silicon.'® Unlike
the other methods outlined for silicon processing, laser machining is
a thermal ablation process using very short optical pulses to vaporize
material without heat damage to the surrounding structure.'®
Importantly, this method of fabrication is not limited in etch depth
by dry etch phenomena or wet-etch processing times, providing
a simple means to thick silicon fabrication. The success of this
method has led to its use in micrometer-feature drilling, patterning,
and the dicing of silicon.'””'”" More recently, water jet cutting of
silicon has been shown as a suitable approach in the fabrication
of deep silicon cells.'”! Using a high-pressure jet with a water and
abrasive mixture, this process can cut 6 mm deep into the sili-
con, with a 1.5 mm minimum feature size demonstrated in the first
generation. The reduced processing costs and fabrication simplicity
make this an attractive routine for the generation of silicon-based
vapor cells for atomic spectroscopy. Once the silicon frame has been
processed to the desired cell geometry, microelectroprocesses are
used to form hermetic seals for vacuum encapsulation, such as
anodic bonding.

1. Anodic bonding

Anodic bonding is a widely used core technology to hermet-
ically bond the surfaces of hard glass and polished silicon frames
that have low enough surface roughness and large ionic mobility
within the glass for electrostatic attraction of the two materials.”'"*
The anodic bonding process, highlighted in Fig. 6, consists simply
of a high-voltage power supply and heat source. The heat source is
used to control the glass temperature and hence the ionic mobility
of Na* ions within the glass, with standard bonding being generally
carried out between 200 and 400 °C.”"** Low-temperature anodic
bonding is required for MEMS vapor cells that are hindered by vapor
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FIG. 6. Simplified anodic bonding sequence between silicon and borosilicate glass
(BSG) wafers, adapted from Ref. 174. (a) The silicon and glass substrate prior to
processing. (b) A DRIE is used to etch the main cell, channel, and pill cavity. (c) The
silicon and glass wafer are brought into contact with a heated surface electrode
holding the glass wafer. The bonding voltage is applied across the substrates.
(d) The alkali pill source is located in the dedicated pill cavity before the upper
borosilicate glass wafer and silicon surface are brought into contact. () Second

anodic bond under vacuum for cell encapsulation. (f) The final, hermetically sealed
cell with a controlled vacuum environment and internal alkali pill source.

diffusion into the glass cell windows at high temperatures. Reducing
the bond temperature also alleviates the risk of damage to integrated
components and circuitry.'”? Such low-temperature anodic bonding
of borosilicate for MEMS vapor technology has been demonstrated
lower than 200 °C.'%

The high-voltage power supply applies a positive voltage to the
silicon frame via a surface platen or point electrode. In the exam-
ple highlighted in Fig. 6, a simple two chamber vapor cell structure
is fabricated. Initially, the silicon is coated with a thin SiO, layer to
which photolithography can be used to spatially expose regions of
the silicon surface for etching. The exposed silicon regions can then
be etched with DRIE to give structure to the cell geometry, as seen in
Fig. 6(b). Following the dry etch, the remaining SiO; is chemically
stripped, and the silicon surface is cleaned for anodic bonding. Next,
the glass and silicon wafer surfaces are brought into contact, with
the glass typically held on a heated surface electrode, highlighted
in Fig. 6(c). The voltage supply ground is connected to the surface
electrode, providing a negative charge to the glass, which is now
sandwiched between the negatively charged platen and positively
charged frame. The platens are heated to a steady-state temperature
of ~300 °C prior to the voltage being applied. The electric field then
attracts the glass impurities, such as Na* ions, to the cathode, leaving
behind the relatively immobile oxygen anions in a now negatively
charged space. This negatively charged region forms at the interface
with a positively charged silicon layer, which, when the spacing
between both layers is on the order of ym, permits the electrostatic
force to pull together these two materials and form SiO, at the
interface. However, in order for the electrostatic attraction to enable
the anodic bond, the bonding surfaces must have a rms surface
roughness <50 nm.!”> When both surfaces meet the surface rough-
ness and cleanliness criteria, the anodic bonding process is able to
form a hermetic seal for vacuum encapsulation of atomic vapor cells.
Typically, a failed bond will show interference fringes between the

REVIEW scitation.orgljournal/rsi

glass and silicon, highlighting an air gap between the substrates.
A notable drawback to this bond is the release of O, into the
vacuum cell at this stage.'”> While the quantity of released oxygen
is a function of the bonding parameters and wafer composition,
Rushton et al. estimate between 10"*~10"* molecules per millimeter
inner bonding circumference.”’ Methods to overcome the released
O, content in anodically bonded cells are outlined in Fig. 9.

Following the first bond, the alkali source is deposited into the
glass—silicon frame, as shown in Fig. 6(d). The alkali pill is deposited
into a dedicated cavity, fluidly connected to the main chamber with
micro-channels, discussed in detail in Fig. 9. The second anodic
bond is then carried out inside a controlled vacuum environment,
where the total background pressure can be pumped to achieve
a suitable environment prior to encapsulating the cell as seen in
Figs. 6(e) and 6(f). The simplicity in cell fabrication that can be
achieved with this approach is emphasized by the wide implemen-
tation of anodically bonded technology in vapor cell fabrication,”
accelerometers,'’® gas sensors,'”” and micro-pumps,'’® among other
applications.

2. Fusion bonding

Fusion bonding enables the hermetic sealing of two highly
polished wafers brought into contact at room temperature via the
van der Waals attraction. Since the van der Waals attraction is
short-ranged, the wafers have a significantly higher requirement of
the surface smoothness and cleanliness compared to the previously
discussed bonding method, with a typical rms surface roughness
<1 nm required with silicon bonding."””'® The fusion bond, also
referred to as direct bonding, can be initially achieved at room
temperature. However, this initial bond between the wafers is rel-
atively weak compared to other bonding methods, such that the
wafers typically require heat treatment between 800 and 1200 °C
to convert the van der Waals bond to a much stronger covalent
bond.'”” Alternatively, research has looked at the direct formation
of covalent bonds between silicon wafers when brought into con-
tact under UHV conditions, where the purity of the wafer surface
can be maintained without the build up of contaminants or oxi-
dization layers that would otherwise degrade the bond.'®! While
the processing of the silicon wafers requires significantly more
effort than an anodically bonded stack, fusion bonding remains an
advantageous method for future cold atom system fabrication due
to the lack of contaminant release during bonding and the abil-
ity to achieve hermetic bonds between adjacent wafers at room
temperature.

3. Thermo-compression bonding

Thermo-compression bonding is a diffusion based process
capable of forming hermetic seals between two metal coated surfaces
using metals, such as Cu, Au, or Al. When pressed together under
heat and force, the atoms within the metal coated surfaces diffuse
in to the lattice structure of the in-contact metal, while remaining
below the melting point of the metal. This method has recently been
demonstrated for the bonding of silicon and glass in atomic vapor
cells, with the process outlined in Figs. 7(a)-7(f), as described in
Ref. 182.

The first step of the process uses a shallow DRIE to allow
contact between the wafers only at the required bonding regions.
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FIG. 7. A simplified Cu—Cu thermo-compression bonding sequence between sili-
con and borosilicate glass (BSG) wafers, adapted from Ref. 182. (a) The silicon
and glass substrate prior to processing. (b) A shallow DRIE is used to emphasize
the bonding regions on both sides of the silicon. (c) DRIE of main chamber, chan-
nels, and cavities. (d) Sputter deposition of a 50 nm Ta adhesion layer, followed
by a sputtered 500 nm thick Cu layer on the bonding surfaces of the silicon. The
deposition of Ta and Cu is also applied to the glass wafers, with the addition of
spatial selection of the coating with use of lift-off stripping. () The alkali pill source
is added to the cell cavity before the Cu—Cu thermo-compression bond between
the upper borosilicate wafer and Si surface. (f) Cu-Cu thermo-compression bond-
ing of the second borosilicate wafer to the silicon surface, encapsulating the cell
vacuum environment.

The inner cell cavity is then etched with DRIE, including the pill
cavity and microchannels. Next, the bonding surfaces of the silicon
and glass surfaces are sputter coated in a 50 nm Ta adhesion layer,
followed by a 50 nm thick Cu layer for thermo-compression. The
Cu coating area of the glass wafer is spatially selected with lift-off
stripping from non-bonding surface regions. The bonding surfaces
are then pressed together under force and high temperature to form
a hermetic seal. Finally, the same procedure is used for the bonding
of the lower glass wafer to the silicon body, following the deposition
of the alkali source.

The ability to surface coat materials with a suitable bond-
ing metal, such as Cu-Cu, and then form a hermetic seal from
thermo-compression widens the available materials that can then be
incorporated into the cell fabrication process. Additionally, this
method does not release oxygen into the cell during bonding, a
key advantage over anodic bonding. However, a key limitation
to this technique is sensitivity to the total thickness variation of
the surface deposited metal such that critical deposition control
is required to coat the bonding surfaces. Critically, the bonding
time is significantly longer than anodic bonding since this is a
diffusion driven process.'®® Finally, this process has been noted
to have a more stringent requirement on surface cleanliness than
anodic bonding, restricting the fabrication process to a higher level
of clean-room environment.'*> While this method uses bonding
temperatures comparable to anodic bonding, the lack of the elec-
trostatic force that exists in the anodic bond has been noted to
require an increased force of ~14 kN between the wafers during
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thermo-compression.'®” Finally, additional vacuum preparation

stages are required to remove the copper-oxide layer formation from
. X . 182,183

the bonding surface prior to thermo-compression.'*>'*’

4. Eutectic bonding

As demonstrated with thermo-compression bonding, the
hermetic sealing of wafer stacks can be achieved via the inclusion of
an intermediate adhesion layer. On such intermediate layer bond-
ing technique is the eutectic bond that is possible between materials
that can form a eutectic alloy, which melts at a substantially lower
temperature than the individual materials melting point.””'**

For silicon wafers, both Al and Au are capable of forming such
a eutectic alloy. In the case of Au, a thin Ti adhesion layer is first
deposited on the glass wafer that will be bonded to the silicon. Sub-
sequent deposition of ~1 ym of Au onto the adhesion layer, followed
by bringing the wafers into contact and heating above the eutectic
temperature, 362 °C for Au-Si, forms a strong bond between the
wafers.

This enables the bonding between silicon and glass wafers
where eutectic alloy forming metal is coated on the glass bonding
region. While Au is reactive with some alkali elements and is poten-
tially less favorable as a result, Si-Al alloys could be implemented
in component bonding for cold-atom systems. With this being said,
the Al coated wafer will require careful processing prior to bonding
to avoid an oxidization layer on the bonding interface.'*’

B. Vapor cell geometry

Glass blown, borosilicate cells are commonly used at the core of
laboratory atomic wavelength references, due to the 7 cm absorption
path length available from the manufacturing of the glass, as shown
in Fig. 8(a). However, the glass blowing process does not provide a
simple route to miniaturization or reproducible vacuum conditions.
In the past decade, significant effort has been made to miniaturize
atomic wavelength references through the development of micro-
fabricated alkali vapor cells.”” The simplicity of manufacturing from
DRIE, wet-etching or mechanical cutting to achieve a simple line
of sight glass—silicon-glass cell geometry, has paved the way for
MEMS cells to be implemented at the core of chip-scale atomic
clocks and commercial atomic products.”” An example of a two-
chamber MEMS cell with a 1.5 mm absorption path length is shown
in Fig. 8(b), based on the work described in Ref. 42. However,
these miniaturized packages are typically limited in performance
by a poor signal-to-noise ratio resulting from the short absorption
path length in straight lined silicon cells,” that result from techni-
cal difficulties in deep etches or etching times for dry and wet etch
processes respectively.'*”'** Although some performance gains can
be reclaimed by increasing the vapor density via external heating of
the cell, the heating apparatus requires additional circuitry, heaters,
and electrical power consumption, degrading the SWaP footprint of
the device. Recent literature has overcome the performance of stan-
dard sub-Doppler spectroscopy of alkali atoms in line of sight cells
by demonstrating an optical wavelength reference in a Rb MEMS
cell using two—Photon spectroscopy to demonstrate an instability of
1.8 x 1077 771217

Alternatively, performance gains can be achieved from a longer
absorption path length, as described by the Beer-Lambert law
I(x) = Iy exp(—ax), where I(x) is the intensity of the light at
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FIG. 8. Cell geometry options for micro-fabricated atomic wavelength references.
(a) Glass blown borosilicate glass cell with a 7 cm absorption path length. (b) Line
of sight glass-silicon—glass MEMS cell, as demonstrated in Ref. 42, with a 1.5 mm
absorption path length. (c) Wet-etched, elongated glass-silicon cell, as demon-
strated in Ref. 188, with a 7 mm absorption path length. (d) Hollow core waveguide,
based on the anti-resonant reflecting optical waveguides (ARROW) shown in
Ref. 189. The light is routed through a solid-core waveguide (SC-WG) before
entering the hollow-core waveguide (HC-WG) connected to the alkali reservoir.
The inset shows the cross section of the HC-WG dielectric layer stacks.

position x, Iy is the incident beam intensity, and « is the absorption
coefficient, dependent on the frequency of the incident light and
the temperature of the atomic medium. Hence, the poor signal-to-
noise ratio from the line of sight cells can be overcome with a longer
absorption path length. With this in mind, alternative geometries in
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silicon fabrication have been explored to increase the effective cell
path length while remaining micro-fabricated. A notable example is
the anisotropic wet etch of the {111} crystallographic plane at 54.7°
to route the incident light through an elongated silicon cell geome-
try,'*® as illustrated in Fig. 8(c). In this case, a 650 ym deep cavity was
wet-etched into the 1.5 mm thick silicon frame to achieve a 7 mm
long path length through the long axis of the silicon. Since inci-
dent orthogonal light will not be routed parallel to the silicon surface
by reflection from the 54° walls, a diffraction grating is etched into
the upper glass wafer to compensate the incident light angle. The
addition of the transmissive grating provides a routine for simple
alignment of the incident light. However, the inclusion of the addi-
tional fabrication stages and critical wafer alignment increases the
production complexity and cost.

To aid the device scalability, Nishino et al. have demonstrated
the capability to wet-etch the {100} plane of a silicon wafer to
achieve 45° optically smooth walls as a method for light rout-
ing in MEMS vapor cells.'”” In order to realize the 45° silicon
surfaces, the wafer is cutoff at 9.74° toward the {011} plane, such
that KOH wet etching reveals a 54.74° — 9.74° = 45° wall with
respect to the {100} crystal plane. However, light scatter from the
silicon wall roughness post etching reduced the transmitted light
by half of the theoretically expected value. Additionally, the shallow
etched reflective walls restrict the incident beam width and atomic
absorption within the cell. Secondary to angled cleaving of the
silicon cut, KOH/isopropanol mixtures have been demonstrated to
reveal slower etch planes other than the {100}, capable of realizing
45° silicon features.'”"'”” This etching process is highly dependent
on the solution mix ratio, temperature, and etch time, restricting
the process to a short window where 45° silicon walls are attain-
able. A more recent work on elongated vapor cell fabrication has
stepped away from wet-etch processing in favor of mechanically cut
and anodically bonded glass mirrors.'”” Formed from glass dicing,
the 45° reflectors are coated in multi-layers of dielectric coatings
and anodically bonded in position once aligned within the cell
to provide an increase absorption path length in micro-fabricated
cells.

Hollow core waveguides offer a simple method for an increased
absorption path length while remaining micro-fabricated, *'**'*>
with an example schematic from Ref. 148 shown in Fig. 8(d).
Using similar principles of operation to previously demonstrated
hollow core fibers,'”'”” the hollow core waveguides use stacked
dielectric coatings to confine light and atoms within a single
mode photonic structure, providing a competitive absorption path
length with a scale significantly smaller than micro-fabricated vapor
cells.'*

The hollow core, anti-resonant reflecting optical waveguides
(ARROW) have been fabricated in silicon with a 5 mm absorption
path length, coupled to a solid-core waveguide at either end for light
coupling, and connected to a Rb reservoir to provide vapor con-
tent. When operated at 70 °C, the ARROW system has demonstrated
spectroscopy with a signal-to-noise ratio that is comparable to that
measured from a standard glass-blown cell.'** The silicon structure
of the ARROW waveguide facilitates the monolithic integration of
this technology with other silicon components for device amalgama-
tion into a chip-scale laser cooling platform. Since the light is guided
through the waveguide with minimal loss, the structural geometry
can vary from direct path channels to the use of meandering
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waveguides to increase the absorption path length over a relatively
small device area.'”” The meandering waveguide approach demon-
strated a cell length of 14 cm while having a cross-sectional area of
~x0.5 mm?. While this particular demonstration was machined
into aluminum, it is an interesting prospect for future silicon based
waveguide adaptations.

As well as hollow-core waveguides, significant efforts have been
made in the miniaturization of atomic wavelength referencing via
the evanescent interaction from a micro-fabricated waveguide.'”’
The narrow, solid core waveguide enables a strong atom-light
interaction light confined within the SiN structure, while the trans-
parency of the core material allows a spectroscopic measurement
from the alkali vapor cladding surrounding the waveguide. These
narrow waveguides are capable of providing saturated spectroscopy
of Rb using nano-watts of optical power in an absorption path
length of 1.5 mm. Subsequently, meandering SiN waveguides were
fabricated with a 17 mm long path length, demonstrated for
applications in the near-IR?’ and telecommunications’’! wave-
length ranges. This technology provides a significantly reduced
SWaP, while remaining fully micro-fabricated and capable of
systems integration for on-chip laser locking.

IV. ATOMIC DEPOSITION AND REGULATION

The purity of the alkali vapor content in cold-atom experi-
ments is of critical importance to reduce contaminant collisions
and vacuum degradation. As such, the alkali is typically provided
by an ampoule source or resistively heated alkali-metal dispensers
(AMDs) due to the low level of background gas release during
sourcing.”**”*"”” While these methods have proven useful in the
past, the inclusion of electrical feedthroughs to activate AMDs, as
well as the difficultly of handling alkali ampoules in air, make these
unattractive options when reducing the cold-atom apparatus down
to the chip-scale. Alternatively, existing literature has shown the
compatibility of azide and chloride compounds with MEMS cells
due to their dispensing simplicity during cell fabrication."”*"* After
dispensing an aqueous mix of the azide solution, the compound is
decomposed under UV light to form 2RbN3; — 2Rb +3N,. While

(b)
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the natural abundance of N, can prove favorable for applications in
vapor cell clocks and magnetometers, the presence of the buffer gas
would be detrimental in a cold-atom system. A recent experimen-
tal technique outlined by Bopp et al. has shown that a combination
of wafer displacement and localized alkali condensation prior to
bonding could enable azide to be used in a manner that could
potentially be free from N, buffer gas.”*!

In this section, we outline recent research into cold-atom com-
patible atomic sources and density regulators that would remain
suitable with micro-fabricated components and simple fabrication
routines.

A. Alkali sourcing

A simple and effective approach to atomic sourcing is the
commercially available solid alkali pill, capable of in-air handling
and external activation with no significantly reactive atomic species
produced.”” Based on a chemical reaction of 2Rb,CrO4 + ZrAl,
— 2Rb + Cr,03 + AL O3 + 3ZrO,, the pill source provides a means
to release a substantial alkali vapor density with minimal reactant
by-products.”’® The reduced complexity of incorporating the pill
into the pre-bonded cell, as well as the ability to avoid an electrical
feed-through in favor of laser heating,”® make this approach a
promising candidate for chip-scale sensors.”’” Potential activation
routes are highlighted in Figs. 9(a)-9(c). The first option is the
activation of the Rb pill prior to cell closure. The pill is placed inside
the pre-bonded glass-silicon cavity and laser heated. During acti-
vation the cell is kept at a lower temperature than the surrounding
vacuum to enable Rb condensation within the cell, while the non-Rb
contaminants (N, and CO) are pumped away by the larger vacuum.
This approach is similar to that outlined in Refs. 204 and 208.
The upper glass is then brought into contact with the Si wafer and
bonded. If anodic bonding is used for this stage, an unspecified
amount of O will be released from the edges of the bonding inter-
face, where free oxygen atoms do not join with the Si substrate.”"”
This unwanted oxygen content will rapidly deplete the neutral Rb
vapor density by forming Rb,O. It is worth noting that this activa-
tion method risks contamination of the bonding surface, which can
potentially impact the yield and hermeticity of the cell. To avoid such

(©)
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FIG. 9. Rubidium cell deposition options. (a) Pill is laser heated before the cell is hermetically sealed. Temperature gradients between the external vacuum and MEMS cell
walls can then be used to evacuate the non-Rb contaminants (N»,CO in this example) while condensing the metal Rb within the cell. Anodic bonding then seals the cell
closed with a Rb vapor density. The anodic bonding process provides an additional O, contaminant into the cell. (b) The cell is anodically bonded for a hermetic seal prior
to pill activation. Once sealed, the pill is laser heated, releasing both the Rb and non-Rb elements into the vapor. (c) A non-evaporable getter (NEG) and pill combination
are deposited into the cell prior to cell sealing. Both the pill and NEG are laser heated, such that the non-Rb and O, produced during the bonding process, diffuse into the
NEG bulk and form stable chemical compounds that are irreversible to diffuse back out of the bulk. This leaves a pure Rb vapor density behind in the cell.
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contamination, the pill can be activated post-bonding, as shown in
Fig. 9(b). However, in this scenario there is no clear route to remove
the non-Rb elements released during pill activation, which will ulti-
mately limit the vacuum pressure and device stability. A simple route
to overcome these issues, shown in Fig. 9(c), is the addition of a non-
evaporable getter (NEG) pill to sorb the unwanted contaminants
from pill activation and the oxygen released during bonding. This
enables post-bonding activation while providing a simple route to
alkali deposition on the wafer-scale.

A notable drawback to the pill dispenser is the required silicon
“real-estate” for pill inclusion. Necessary to be held firmly in place
for activation and ensuring the pill does encroach on the optical
access, the pills are typically located in a dedicated cavity, connected
to the main cell via micro-channels etched in the silicon.*” These
micro-channels have been demonstrated for chevron,'*’ curved,'®?
and line-of-sight*!’ geometries, with the predominant purpose being
a fluid connection for vapor density to the main cell, while mini-
mizing contaminant spray during activation and particle mobility
that could hinder the optical access.'®” A recent work has advanced
the use of narrow silicon etched channels between the source
and cell to form collimated thermal beams in micro-fabricated
cells.”!!

Recently, the pill composition has been simplified to a paste
form, providing a method for simple wafer level deposition using
more conventional liquid dispensing techniques.”’” Most impor-
tantly, the deposition of the paste enables fine control over the
size of the deposited amount, such that the paste can be placed
directly into the main cell without the necessity for an additional
pill cavity. Maurice et al. demonstrated that cells fabricated with
the paste and subsequently laser activated could achieve a clock
fractional frequency stability of 1 x 107'! at one day integration
time. It is likely that the advantages demonstrated with the alkali
paste deposition may supersede the pill dispensers in the future.
However, it remains that due to the simplicity of pill inclusion in
chip-scale apparatus, alkali sourcing from solid state pills is now
widespread in vapor cell fabrication, ”**"***"*"* with recent indus-
trial transfer of vapor cell technology that incorporate an alkali pill
source.”

Alternative atomic sources exist in the form of the recently
demonstrated graphite reservoirs.”’° Highly oriented pyrolytic
graphite (HOPG) is an attractive candidate for atomic sourcing
due to its species selective intercalation of alkali atoms, enabling
the diffusion of Rb into the bulk of the graphite when heated. It
has been shown that common vacuum impurities such as nitrogen
and hydrogen do not intercalate into the graphite bulk. This enables
the HOPG to effectively filter the vacuum environment to pro-
duce a clean alkali source that could meet the needs of cold-atom
applications. Atomic sourcing with HOPG bulk has been recently
demonstrated in a laser cooling apparatus for a clean alternative to
alkali sourcing in compact systems.”"” In this scenario, the HOPG
was loaded with Rb by submergence in an ampoule source under
heat, to encourage alkali diffusion into the graphite reservoir.”’?
Once the HOPG was cooled down, the chamber was evacuated of
the alkali vapor. Localized heating of the HOPG then encourages
diffusion of the alkali metal back out of the graphite and into the
vacuum vapor for clean vacuum sourcing. Since the HOPG is not
vacuum encapsulated, particular care needs to be taken to avoid
oxidization.

REVIEW scitation.orgljournal/rsi

B. Alkali density regulators

While a clean atomic source is essential to aid the longevity
of an isolated vacuum system, the ability to regulate and poten-
tially recycle the alkali density is crucial to increase the device usable
lifetime, as well as for stabilizing the impact of temperature depen-
dent density shifts,”'® fluctuating atom numbers’!” and variations
in the optical density of the interrogating light.”'® In larger vac-
uum apparatus, density control has been demonstrated with pulsed
alkali-metal dispensers’**"*"" or light-induced-atomic-desorption
(LIAD).”"*”” In recent years, LIAD has been demonstrated in par-
allel with a MEMS vapor cell as a non-thermal solution to increase
the vapor density for a 2 mm absorption path length.””> While
the apparatus requires an additional light source in the ultraviolet,
a 395 nm light emitting diode (LED) provides an efficient and
low-SWaP solution to atomic desorption.””*

An interesting development related to density regulation from a
graphite source is the alkali-ion battery (AIB). The AIB utilizes elec-
trode plated electrolyte connected to a graphitic reservoir as a voltage
controllable source of neutral alkali atoms.””” The reversible elec-
trochemical dissociation/recombination at the electrode-electrolyte
interface enables sourcing and sinking of the alkali content from the
reservoir and vacuum environment, permitting a micro-fabricated,
solid-state solution to alkali recycling, and density regulation. The
sinking process relies on the adsorption of Rb from the vacuum
vapor. This Rb then diffuses on the upper device surface to the elec-
trode interface, where electrochemical disassociation occurs. The
Rb™ is then conducted through the Rb-$" -alumina to the lower elec-
trode where electrochemical recombination occurs to neutralize the
Rb that can then diffuse into the heated graphite reservoir for stor-
age. The voltage across the electrodes is reversed, in this process,
with the addition of a final surface evaporation stage to trans-
port the Rb atoms from the device’s upper surface into the vapor
phase.

The capabilities of the AIB have demonstrated the sourcing
of a MOT directly from the device’s internal graphite reservoir,”'®
with sourcing and sinking time constants on the order of 1 s.*!”
Interestingly, the graphite reservoir within the AIB has been shown
to survive atmospheric exposure. The lack of oxidization of the
Rb with the graphite reservoir provide a simple route to the fab-
rication of pre-loaded AIBs that can be implemented in vacuum
chambers and load MOTs directly from this source without the
necessity for additional alkali sources to load the AIB once in
vacuum. If coupled to a small vacuum volume, the AIB could
both potentially extend the vacuum lifetime by providing a clean
alkali source and simultaneously enable a wider field of deploy-
ment by regulating the density against environmental temperature
fluctuations.

A simple approach to density regulation in a MEMS vapor
cell is the previously demonstrated inclusion of Au micro-disks
for controllable, local vapor condensation.’'® Patterned onto the
borosilicate glass wafer with a 50 nm Au layer over a 10 nm Ti
adhesion layer, eight micro-disks of 100 ym diameter are placed
around the circumference of the MEMS cell. The authors demon-
strated that when used in conjunction with a Rb micro-pill dispenser
and heating the cell temperature to 180 °C for 1 h, the alkali would
favor condensing on the Au disks, providing a vacuum window clean
from alkali vapor condensation.'®> While this first demonstration
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has shown the initial condensation of the alkali vapor into the solid
state with external temperature control on a 1 h time scale, future
generations could incorporate local temperature control at the Au
micro-disks for real-time vapor density regulation.

V. CHIP-SCALE OPTICAL COMPONENTS

A sizable volume of the cold-atom apparatus is due to the large
number of optical components that are essential for control of the
optical alignment, polarization, and beam shaping. In recent years,
there has been a drive to bring a number of these components down
to the chip-scale to facilitate a platform for compact laser cooling.
This section will highlight key advancements that have been made in
the micro-fabrication of optical components for cold-atom systems.

A. Pyramidal MOT

The first component to be discussed is the pyramidal MOT
(PMOT).**® Using a pyramidal mirror structure, these systems
are capable of reducing the traditional six-beam MOT down to
a single laser beam, incident upon the mirror structure to form
the additional beams required from the mirror reflections. Unlike
the six beam MOT, where the polarizations of the three counter-
propagating pairs must be set to ensure the coil axis has the opposite
circular handedness to the other axes, the pyramidal mirror MOT
(MMOT) realizes all the necessary polarizations and k vectors
required to achieve a MOT. First demonstrated with Al machined
mirror structures,”” the pyramidal MOT held an estimated 107
atoms within the mirror structure when illuminated with a 2.1 cm
diameter beam and 6.5 mW of optical power. Since then, the pyra-
mid MOT has been widely implemented in cold atom applications,
including cold atom flux sources,””’ gravimetry,””* >’ and atomic
clocks.””!

Although this provides a significant reduction on the scalability
of critical optics for laser cooling, the pyramidal system is not free
from flaws. The optical overlap volume resulting from the reflected
mirror orders and single incident beam is six times smaller than
would be expected from a traditional six-beam MOT with the same
incident beam waists.””° Additionally, the cold atom sample forming
within the conical structure hinders imaging and probing of the cold
atom sample made more difficult by the reflected MOT images and
scattered light.

Many of the issues limiting the incorporation of the pyramidal
MOT can be circumvented by raising the angle of reflection into
a tetrahedral MOT configuration.””” This improved geometry has
been demonstrated in the tetrahedral mirror MOT.>**> Here, the
optical overlap volume exists above the surface of the mirror struc-
ture such that there is available optical access for imaging and
interrogation of the atoms, but critically this enables the mirrors
to be held outside of vacuum for simplicity of alignment and opti-
mization. While the tetrahedral pyramid MOT has circumvented
a number of restrictions from the original MOT, it remains a
device that requires hand assembly and careful alignment of bespoke
components.

Contrary to this, the scalability of the pyramidal structure has
been reduced to a micro-fabricated component, by wet etching
silicon to form reflective optical structures capable of trapping small

atom clouds,”****" illustrated in Fig. 10(a). As has been discussed
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FIG. 10. (a) A micro-fabricated pyramid MOT chip, etched into 3 mm thick sili-
con and coated in gold, adapted from Ref. 234. A MOT and reflected images of
the MOT can be seen due to the position of the trap within the pyramid and the
reflectivity of the gold. (b) Dominant reflection contribution to laser cooling in the
micro-fabricated pyramid with a 70.5° apex angle.

in previous sections, the wet etching process for {100} silicon will
follow the crystal plane at 54.74° such that the apex angle of the
silicon etched pyramid is restricted to (90° —54.74°) x 2 = 70.5°,
shown in Fig. 10(b). Additionally, due to etch rates for KOH on the
order of ~1 ym/min, a 3 mm deep pyramid structure would require
a 50 h etch period, placing a limitation on the pyramid size due to
time constraints and costs within clean-room facilities. Additionally,
the long etch times can degrade the surface quality of the reflec-
tor wall and hence the optical quality of the reflected beam. As is
outlined by Pollock et al., an apex angle results in three main reflec-
tion types, where the dominant contribution to laser cooling, type
1 reflections, are highlighted in Fig. 10(b). The overlap volume of
the PMOT from the type 1 reflections forms deep within the silicon
substrate, restricting the imaging axis. Importantly, the position of
the overlap volume also frustrates the ability to differentiate the true
PMOT from the image reflections on the angled walls that are in
close proximity to the cold atoms.”**

B. Grating MOT

While the pyramid MOT has provided a clear route to
micro-fabricated cold-atom components, the atom number that
is achievable, hindered by the attainable etch depth, remains
unfavorable for atomic sensors. A novel approach that aided the
miniaturization further was the reduction of the angled mirrors to a
planar diffraction grating, to demonstrate the first grating magneto-
optical trap.”’® Rather than utilizing the reflections from the angled
mirrors of the pyramid MOT, the grating MOT diffracts light at
an angle relative to the grating period, dictated by the Bragg con-
dition nA = dsin(6), where n is the order of diffraction, d is the
grating period, and 8 is the angle of diffraction with respect to the
normal. A key difference to the tetrahedral and pyramidal MOTs,
the diffraction process results in a compression of the diffracted
beam waist, W, to produce an effectively larger intensity in the
diffracted order Iy, relative to the incident beam waist, W, and
intensity, I1,, such that I; /I, = nW,, /W1 = 5 sec(0), where 7 is the
diffraction efficiency. To satisfy a good radiation pressure balance
for optical molasses, the diffraction efficiency should have the value
# =1/N, where N is the number of diffracted beams contribut-
ing to the cooling process. In its first demonstration, the grating
MOT utilized x3 blazed gratings with d = 1200 nm and 12 x 12 mm
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surface area, positioned around the grating plane at 23—” rad relative
to each other. The incident beam is expanded to a 20 mm diameter
to equally fill the three grating surfaces, with an ideal radial balance
of Niheory = % = 33% being achieved when including reflection losses,
to achieve a first order diffraction efficiency of #;« = 32%. This
initial proof-of-principle atomic trap was capable of bringing
10° ¥Rb atoms down to 30 uK, proving highly advantageous to the
miniaturization of cold-atom sensor platforms.

To further drive the miniaturization and scalability of this
technology, the footprint of the grating MOT was reduced further
by micro-fabricating the optical components into silicon.””” The
micro-fabricated grating chips were patterned with e-beam lithogra-
phy, and etched with RIE to a depth of 1/4 to destructively interfere
the zeroth diffraction order. The binary grating profiles were etched
with periods between 1000 and 1400 nm with 50:50 duty cycles
(etched:unetched ratio).”””*** Following etching, the chips reflective
metals, typically Al and Au, are evaporated onto the surface at
100 nm thickness. Two of the predominantly used grating chip
geometries are shown in Fig. 11.

The 1D binary grating structure, illustrated in Fig. 11(a), is
made of three distinct segments, rotated around the chip by 2?”, as
was shown with the macroscopic blazed grating MOT. The second

Wiy
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FIG. 11. Surface patterned grating chips and corresponding overlap volumes,
adapted from Refs. 237 and 239. (a) 1D tri grating chip, with three-distinct seg-
mented regions that meet at the chip center. The e-beam grating pattern is written
with a 1 um period and is coated with 100 nm of Al. The optical overlap volume is
shown above the grating surface. (b) lllustration of the grating optical overlap vol-
ume for the linear segmented chips. The intersection point of the grating segments
are represented at the center of the 1D illustration, pinning the point of symmetry
for grating alignment with the incident beam. (c) 2D Checkerboard grating chip,
with a uniform etched pattern across the full surface. The e-beam grating pattern
is written with a 1 um period and is coated with 80 nm of Au. The optical overlap
volume is shown above the grating surface. (d) lllustration of the grating optical
overlap volume in the checkerboard geometry. The holographic structure of the
grating results in an overlap volume that is largest at the grating surface and has
no central point of symmetry. Scanning electron microscope images of both chips
are provided in insets (i) and (ii).
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chip [Fig. 11(b)] uses a 2D structure, composed of two binary, linear
gratings on orthogonal planes superimposed on top of each other to
form a “checkerboard” design. The profile of the grating is shown in
scanning electron microscope images in insets (i) and (ii). The for-
mation of the optical overlap volumes for these chips are illustrated
in Figs. 11(b) and 11(d) for the tri and checkerboard, respectively.

A key difference in the overlap volumes between the chips is the
point of symmetry that exists in the segmented tri grating, requiring
critical alignment from the incident beam to this point, forming the
center of the optical overlap volume above this location. Contrary to
this, the checkerboard possesses no point of critical alignment since
the grating profile is uniform across the full chip surface. This results
in the optical overlap volume of the checkerboard extending to, and
being largest at the chip surface, whereas the overlap volume of the
tri is instead largest at a height H = ; m 7

In the case of both grating geometries, chips fabricated with
a 2 x 2 cm?® area provide optical overlap volumes on the order of
1 cm?, greatly exceeding the achievable overlap volume of previ-
ously micro-fabricated pyramidal MOTS on the order of 0.01 cm’.
It is worth noting that the trapped atom number measured in the
micro-fabricated PMOT and GMOT systems scale differently with
the optical overlap volume, with the PMOT scaling with N oc V2234
and the GMOT scaling as N oc V*2.*7**" The exponential term
with the PMOT changes to V'? for incident beam diameters larger
than ~7 mm. However, the micro-fabricated PMOT devices were
restricted well below this for reasons previously highlighted.

Although the micro-fabricated PMOT has a better scaling with
the optical overlap volume, trap volumes larger than 0.01 cm® have
not been achieved experimentally. This is primarily due to the long
fabrication times and difficulty maintaining an optically smooth
surface over such a deep wet etch without resist breakdown.

As a result of the large optical overlap volume that can be
achieved with the micro-fabricated GMOT, 10° ¥Rb atoms have
been trapped,” with experimental demonstrations showing laser
cooling down to 3 uK.®* The success of this component at minia-
turizing cold atom systems has led to GMOT chips being used in
clocks,”*! ion sources,”” pressure sensors,””"’ gradiometer arrays,"”
high flux atomic sources,”** and interferometers.”*> Additionally,
GMOTs have now been used for laser cooling a number of atomic
species including Rb,”*” Li,**® and, more recently, S, 247248

C. Mirror MOT

With an optical configuration closer to the standard six-beam
MOT, the mirror MOT (MMOT) uses an in-vacuum reflector to
form an optical overlap volume close the chip surface such that only
four incident beams are required, with the additional two provided
by the reflected orders.”*’ As a result, the optical overlap volume is
reduced by ~1/2, with the optimum atom number found a few mm
from the substrate surface. While this degrades the achievable atom
number, the MOT formation in close proximity to a substrate sur-
face is advantageous for applications that require atomic interaction
with surface deposited wires, such as chip traps.”’

A common configuration used for the MMOT is for two axes of
incident light reflecting at 45° with respect to the substrate surface.
To ensure the correct polarizations in such an optical configuration,
the quadrupole field orientation is aligned along the axis of one of
the 45° beams. Alternatively, a U wire configuration can be etched
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in the substrate surface to realize a near ideal quadrupole field to
greatly simplify the apparatus required for the MMOT.”"!

Recently, more novel geometries for MMOTs have been
explored that enable cooling from a single optical access vacuum
window.”” However, the non-trivial alignment reduces the
potential for this approach to be successfully implemented in the
future chip-scale cold atom sensors. Additionally, the large vacuum
window diameter required for four beams to enter degrades the
SWaP when compared to the PMOT and GMOT configurations.

D. Micro-fabricated lenses

Optical elements are of critical importance in atomic sensors
for beam alignment, shaping, and polarization. While refractive
optics, illustrated in Fig. 12(a), are widely implemented in cold-
atom experiments, the physical size of standard mirrors and lenses
can constrain the sensor scalability. The miniaturization of refrac-
tive optics to diffractive optical elements (DOEs), illustrated with a
Fresnel zone plate in Fig. 12(b), has provided a routine to further
device simplification and component mass production of lenses,
gratings, and mirrors. In this scenario, the lens curvature is brought
down onto a planar surface and replaced with a ramped binary
pattern to spatially modulate the amplitude or phase of the incident
light. The transmitted light will diffract at an angle relative to the
local period of the surface geometry, such that arbitrary patterns can
be generated following propagation of the beam. As such, the focal
point is strongly tied to the incident wavelength. The step to DOEs
has been demonstrated in compact atomic sensors for cold-atom
waveguides,””’ atom embedded quantum optical elements,’' chip-
scale alignment,'*® and grating magneto-optical traps.””’

In recent years, meta-surface lenses, illustrated in Fig. 12(c),
have grown in popularity for implementation in atomic experi-
ments. While these metamaterials still rely on diffraction, the phase
accumulation is not a direct product of path length difference
between the peak and trough of the etched material. Instead, the
phase of the meta-surface component is induced by the micro-
structures etched on the substrate surface, which act as local
phase retarders.””* This pillar-orientation dependent phase shift on
the incident light enables the generation of custom phase in the
output beam from the meta-surface. Additionally, unlike a stan-
dard DOE, the meta-lens is composed of sub-wavelength features,
positioned in a sub-wavelength quasi-periodic pattern. Typically
formed from silicon and glass, the nano-features can be positioned
such that the phase accumulation permits beam shaping, '’
polarization control,”*””” angle of diffraction,”” focusing, and
multifocal point generation.””

Importantly, these properties have been demonstrated with
meta-surface devices in cold atom experiments. Highlighted in
Ref. 152 and shown in Fig. 12 inset (ii), McGehee et al. fabricate a
planar dielectric metasurface lens, based off of Pancharatnam-Berry
phase accumulation, to expand and shape the beam profile of the
cooling light for optimal coupling to a GMOT chip. In other recent
work, a meta-surface chip has been used to simplify the six-beam
MOT optics”*® and generate optical tweezer arrays.” "'

VI. ULTRA-HIGH VACUUM CELLS

As previously outlined, laser cooling relies on ultra-high
vacuum environment to avoid thermal collisions and reactions

REVIEW scitation.orgljournal/rsi

FIG. 12. lllustration of optical elements for focusing light. (a) Refractive optical
lens. (b) Diffractive optical element. Inset (i) Microscope image of a transmissive
Fresnel lens, reprinted with permission from Li et al., Sci. Rep. 6, 25348 (2016).
Copyright 2016, Springer Nature.®'” (c) Meta surface lens. Inset (i) Scanning
electron microscope image of a dielectric silicon pillar based metasurface lens,
reprinted with permission from McGehee et al., New J. Phys. 23, 013021 (2021).
Copyright 2021, original content from this work may be used under the terms of
the Creative Commons Attribution 4.0 licence. Any further distribution of this work
must maintain attribution to the author(s) and the title of the work, journal citation
and DOI.152

with contaminant gasses. In the past, this has been achieved
primarily with off the shelf, modular and generic components;
constructed with metal chamber bodies, power feedthroughs, atomic
sources, active pumping mechanisms, and optical access with flange
adapted windows or glass cuvettes. These inclusions have previously
restricted the vacuum apparatus to the liter scale, placing a dominant
constraint upon the miniaturization of cold-atom sensors. Recent
work has looked at methods to circumvent the scalability of this
apparatus through innovative developments and transitional tech-
nologies, such as MEMS components, ceramic bodies, and machined
titanium cores.

A. Chamber body

Recent investigations into the miniaturization of cold-atom
packages have diverged through a number of potential solutions
to the ideal component selection for vacuum encapsulation. Rang-
ing from micro-fabricated silicon frames, to 3D printed chamber
cores, the benefits and limitations of the proposed vacuum solu-
tions are evaluated with an outlook to remaining chip-scale and mass
producible.
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1. Machined metal

In the context of cold-atom UHV cells, the two primary
challenges that require addressing are the scalability and ensuring
that the vacuum longevity meets the requirements of deployable
cold-atom sensors. Standard laboratory based UHV chambers are
typically constructed from stainless steel bodies, with appropriate
optical access for cooling and probing.*® These standard machined
metal chambers have been shown to offer a clear route to chip-scale
platforms with reduced vacuum volumes for portable sensors.”*>*"’
Due to its low out-gassing and permeability, while remaining
machinable and tough, titanium is an ideal vacuum body for
UHYV applications. Although stainless steel is also helium imper-
meable and a competitive candidate for chamber construction,
titanijum possess a significantly reduced hydrogen out-gassing
rate.”**

A recent work has demonstrated a cubic titanium chamber,
machined with ~41 mm width and total vacuum volume of 70 ml,
for laser cooling applications.”*” Optical access is provided from
sapphire windows, braised into titanium frames and laser-welded
onto the chamber body. The scalability of machined titanium has
also demonstrated a 1 cm® vacuum chamber for ion trapping appli-
cations.”®® This package again utilizes sapphire windows for optical
access and makes use of high temperature co-fired ceramic (HTCC)
electrical feed-throughs. The 11 x 12 x 6 mm® vacuum dimensions
of the chamber are comparable to the optimum silicon laser cooling
dimensions. However, the machining and adhesion process involved
in the chamber encapsulation do not currently meet the needs of
mass production nor parallel fabrication.

2. Silicon

Chip-scale thermal atom sensors have driven the integra-
tion of photonic and MEMS components to enable semiconductor
foundry-level scalability in vapor cell processing. The amalgamation
of micro-engineering and atomic physics has greatly reduced the
volume and cost of vapor cell fabrication, while providing a means
to mass production and simplified manufacturability.

While the pre-existing hot atom vapor cells are not suitable
for sustaining cold-atom samples, the fabrication process can be
easily adapted to meet the needs of laser cooling, as was first shown
by McGilligan et al”*> In this Review, the authors demonstrated
the ability to laser cool 10° atoms in a micro-fabricated vapor cell,
based on a glass-silicon-glass anodically bonded stack, shown in
Fig. 13. To achieve UHYV, the upper glass wafer was drilled and the
hole was bonded to a silicon washer and borosilicate glass tube. The
glass tube was adhered at the opposite end to a standard vacuum
flange, connected to a UHV chamber and ion-pump. The cell was
initially evacuated to a pressure of 107 mbar using a turbo/roughing
pump combination. Following this initial pumping stage, the larger
pumping apparatus was disconnected and the vacuum pressure was
sustained by an ion pump.

While this micro-fabricated cell has remained connected to a
larger vacuum apparatus, simple methods of cell isolation (outlined
in later sections) remain available to reduce the vacuum volume
and improve the scalability of the device. The initial demonstra-
tion with the micro-fabricated cell made use of a six-beam MOT,
requiring careful alignment of the cell due to the silicon frame
restricting the optical access. To simplify the platform further, the
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FIG. 13. Micro-fabricated UHV cell composed of a glass-silicon—-glass stack.
Upper glass is drilled and anodically bonded to a silicon washer and borosilicate
glass tube. The cell is aligned with a GMOT chip and trap coils to demonstrate a
chip-scale laser cooling platform. Image adapted from Ref. 265.

authors coupled the cell with pre-existing GMOT technology for a
fully micro-fabricated laser cooling system.”®>

Although the amalgamation of this technology facilitates a
reduced scalability of the cooling system, the reduced optical access
from the silicon frame hindered standard fluorescence imaging.
The difficulty in imaging was found to be caused surface scatter
from the glass and grating surfaces when viewing the system at a
non-orthogonal angle.

More recent research has utilized a central hole in the grating
chip as an imaging axis for absorption imaging. This central region
plays a minimal role in the optical overlap volume from the grat-
ing chip, thus having little impact on the achievable atom number.
However, the authors found that the 3 mm thick silicon frames
restrict the optical overlap volume that the atoms experience,
reducing the achievable trapped atom number.>*’

3. Ceramic

An advantageous material for the fabrication of cold atom
chambers are low-temperature co-fired ceramics (LTCC). Com-
monly used for vacuum sealing’®® and a component in the body
of optical cavities, the LTCC is non-reactive with alkali atoms and
capable of sustaining UHV.

Recently, a ceramic body for a cold-atom vacuum cell was
demonstrated, with preliminary helium permeation rates proving
negligible for time scales over a year.”” While LTCC cannot be
scaled as easily as silicon fabrication, it has an advantage of sim-
ple manufacturing with less restriction on the cell dimensions over
silicon. As such, the ceramic body could be formed into a cubic
geometry with 32 mm sides to permit optical window adhesion on
each axis. The bonding of the ceramic body to vacuum windows
and copper pinch off for vacuum pumping will likely involve

Rev. Sci. Instrum. 93, 091101 (2022); doi: 10.1063/5.0101628
© Author(s) 2022

93, 091101-17


https://scitation.org/journal/rsi

Review of
Scientific Instruments

multiple step processes at high temperatures to ensure hermetic
sealing. However, the form-customization of the ceramic body
provides a key advantage over alternative materials for the fabrica-
tion of bespoke vacuum bodies, making this material a promising
candidate for the construction of future cold-atom sensors.

4. Additive manufacturing

An exciting recent development in the miniaturization of
UHYV equipment is the fabrication of metal alloy chambers through
additive manufacturing.”****” Using a laser powder bed fusion
technique, the 3D printing of AlSi10Mg has been demonstrated for
the fabrication of custom UHV chamber bodies, with a 70% reduced
mass to an equivalent metal machined chamber. The achievable
surface roughness of the 3D printed chamber walls is critical to
minimize virtual leaks and ensure hermeticity from traditional
knife-edge sealing to the chamber walls. However, optical and elec-
tron microscopy of the 3D printed AlSi10Mg chamber have revealed
a surface roughness of 5.3 + 0.1 ym, which combined with mass
spectrometry measurements to quantify the absence of out-gassing
from the chamber walls, results in a material that remains suitable
for UHV applications.”**

The 3D printed chamber was manufactured with standard
conflat ports, enabling the body to be later connected to vacuum
windows and other standard vacuum components. The suitability
of this technology to atomic sensors has been emphasized by the
production of 2.5 x 10° #Rb atoms inside the 3D printed chamber
when connected to an ion pump through the conflat flanges in the
chamber body.

While the first demonstrations of this developing technology
have remained on the liter volume scale, the ability to rapidly proto-
type new geometries and sizes could enable this fabrication method
to realize chambers with milli-liter vacuum volumes for chip-scale
apparatus.

B. Vacuum windows

While the miniaturization of the chamber body sets the scal-
ability of the vacuum cell, the chamber must incorporate optical
access for laser cooling and measurement of the atomic signal.
However, the inclusion of optical access must have a limited degra-
dation of the chamber performance. Ideally, the windows would (1)
remain impermeable to noble gasses, (2) meet the requirements of a
mass producible bonding method for adhesion to the chamber body,
and (3) have a suitable transmission at the atomic wavelength while
not being birefringent.

1. Borosilicate glass

The manufacturability and size of atomic vapor cells are made
possible with the pioneering anodic bonding of silicon and hard
glass. One such hard glass, historically used for glass blown vapor
cells due to the relatively low softening point, borosilicate glass
(BSG) is now widely used at the wafer level for cell fabrication with
its commercially available Pyrex and SCHOTT Borofloat.

Made popular by its high optical transmission across the
ultraviolet, visible and infra-red, as well as possessing a well
matched coefficient of thermal expansion (CTE) to silicon, BSG
has been demonstrated in a number of chip-scale atomic vapor
cells.”®? 14220425 Tymically made up of 81%SiO; + 13%B,03 + 4%
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Na,O/K;0 + 2%Al,03, the BSG wafers have an ideal chemically
composition for anodic bonding.'”> However, the significant helium
permeation rate of Kpyrex = 3 x 1071 cm?/s at 96 °C measured in
BSG fabricated cells””’ greatly limits the transfer of this material
from thermal atom sensors to a cold atom platform, without a
sufficient means of pumping the permeated helium.*’

2. Aluminosilicate glass

Another hard glass, with a CTE well matched with silicon for
bonding, is aluminosilicate glass (ASG). As well as sharing many of
the promising properties of BSG, recent literature has highlighted
that ASG exhibits a significantly reduced helium permeation rate of
Kasg = 1.4 x 1072 cm?/s at 91°C,”"" attributed to the ~20%Al,03
content within the glass.””'”” The low permeation rate makes ASG
an attractive candidate for the development of MEMS cells with
reduced long-term frequency drifts and UHV cell longevity.

Among the existing options for ASG, the SD2 material
produced by Hoya has been used for successful cell fabrication
and demonstrated with laser cooling applications.”*"**” This work
indicated that the alkali ion content within a 700 ym thick glass
wafer is sufficient for anodic bonding at temperatures around 300 °C
for an applied voltage of 800 V across the silicon-glass interface.
However, low-temperature anodic bonding is favorable to avoid
atomic diffusion into the windows at higher temperatures, which
would reduce the vapor density and increase the opacity of the
cell window. Importantly, a lower bonding temperature also allevi-
ates the risk of damage to integrated components and circuitry.'”
Recent studies have investigated the use of lithium doped ASG to
increase the ionic content for a sufficient charge transfer at a lower
temperature to achieve a hermetic seal between the glass and sil-
icon substrates.””! Such doped ASG has been anodically bonded
for UHV MEMS cells at temperatures as low as 150 °C.>* Inter-
estingly, the authors note that the increased ion content within the
doped glass produced a x6 larger initial bonding current and x8
faster bonding time at 300 °C compared to BSG under the same
conditions.

While this glass has a significantly reduced helium perme-
ation rate when compared to borosilicate, the remaining rate of
permeation places a limit on the vacuum longevity on the order of
1 year.””””" To extend the vacuum longevity, additional optical coat-
ings, such as graphene”’” and AL,Os,””* could be used to reduce the
diffusion rates of alkali and noble gasses through the glass.””*

3. Sapphire

Another optical material that is a suitable candidate for integra-
tion into chip-scale sensor platforms is sapphire. Attractive prop-
erties of sapphire include a broad optical transparency, resistance
to alkali diffusion, and an expected low-to-no helium diffusion.””
However, sapphire is a notoriously difficult material for incorpo-
ration into chip-scale devices due to the hard crystalline structure
hindering its compatibility with common etching methods. Impor-
tantly, sapphire does not meet the three objectives we have outlined
for idealized vacuum windows, being that it is has a birefringent
crystalline structure. However, the uniaxial birefringence of sapphire
can be overcome by machining the bulk such that a single optical
axis will be unaffected, enabling its inclusion for optical applica-
tions with a single k vector along the material axis. With this being
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said, sapphire has been used to demonstrate cm-*"° and mm-sized”’”
atomic vapor cells. However, due to the relatively large mismatched
CTE with silicon, and low alkali ion content, sapphire bonding
to silicon with anodic or thermo-compression bonding is not
possible.'® Instead, sapphire cells are typically composed solely of
sapphire, with a hermetic seal provided from an Au-Au thermo-
compression bond, deposited in atomically thin layers (12 nm) to
reduce the formation of alkali-Au alloys.”””

Sapphire vacuum windows have also been used in a range of
cold atom and ion applications.””””*" Due to the incompatibility
with wafer level bonding techniques, the sapphire windows require
being brazed into titanium sleeves and adhered to the vacuum bod-
ies with a laser weld. Unlike the adhesion to silicon, the conjunction
of sapphire and titanium joints do not break under thermal stress
due to a good match between the CTE of the two materials.

As well as existing as a bulk window material, the amorphous
form of sapphire, Al,O3 is commonly implemented cell coating
for reduced alkali diffusion in atomic vapor cells.””>””* A number
of chip-scale vapor cells have been fabricated for thermal atom
applications with Al O3 deposited on the inner walls by atomic-layer
or molecular-vapor deposition.'*

4, Ceramic

Among the available optical materials for vacuum construc-
tion are the transparent ceramics, such as spinel, MgAl,03.””"*
With a wavelength dependent optical transparency that is com-
parable to sapphire,””’ spinel could potentially be integrated into
a broad range of atomic species based sensors. The authors note
that while there was no literature on the helium permeation rates
of spinel that they are aware of, its chemical composition could
indicate a helium permeation rate that is also comparable to sap-
phire. The optical properties of MgAl, O3 ceramics have led recent
research to develop optically smooth vacuum windows based on this

280

technology.”

5. Silicon

To circumvent significant efforts being placed on a reduced
helium permeable optical material, certain crystalline materials that
meet the outlined requirements for optical windows exist with no
measured helium permeation, such as silicon carbide. Silicon car-
bide, SiC, possesses a number of interesting properties that support
its integration into atomic sensors such as its compatibility with
anodic bonding for wafer level manufacturing.””"""* The attractive
transmission a 780 nm (~93 %) and favorable thermal behavior
of SiC have been utilized for in-vacuum, transparent atom chip
experiments with cold Rb atoms.” However, the narrow optical
transmission range of SiC would restrict such cells from expanding
to other alkali metal based sensors.

As well as there being particular interest in SiC for vacuum
optical access, recent work has looked at the fabrication of sili-
con nitride, SiN, windows.”** Following the nitride deposition, the
silicon wafer is wet etched straight through to reveal the 50 nm
thick SiN membrane on the opposite surface. While commonly used
as a waveguide material for atomic sensors, *”'”? SiN membrane
windows have been used in vacuum window formation,”® with
polycrystalline cubic silicon nitride, c-Si3Ny, being demonstrated
with a wide optical transparency and material toughness comparable
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to diamond.”*® Importantly, SiN is compatible with anodic bond-

ing, and its simple deposition from low-pressure chemical vapor
deposition (LPCVD) favors integration with silicon frame based
cells.”®’

Vil. VACUUM PUMPS

With the vacuum bonding, components and materials selected,
particular care must be taken in the selection of a chip-scale compat-
ible vacuum pump. While certain vacuum pumps remain suitable to
macro-size vacuum systems, many have not translated the bound-
ary to a low SWaP version for chip-scale systems. One such example
is a titanium sublimation pump, where a filament wire is heated to
T > 1000°C to sputter titanium particles into the vacuum.”*® The
highly reactive Ti then reacts with the vacuum contaminants to
remove them from the vacuum. However, the power consumption
for heating, combined with the high temperature not being suitable
with many potentially incorporated technologies, the sublimation
pump remains unattractive to chip-scale platforms. This section will
evaluate the scalability of technology that has been demonstrated in
micro-scale components.

A. lon pumps

A commonly used device for the maintenance of UHV pres-
sures is the ion pump. A schematic of the ion pump composi-
tion and description of its pumping mechanism is provided in
Figs. 14(a)-14(d). Encapsulated under vacuum in a stainless steel
body, the ion pump can operate with a background pressure on
the order of 107 mbar, achieved with a mechanical roughing and
turbo pump. Mounted externally to the vacuum encapsulated body
are two ferrite permanent magnets. At its core, the ion pump is
formed of an anode tube stack at the device center, placed between
two titanium cathode plates. An applied voltage across the cathode
and anode will attract free electrons to the anode voltage potential.
However, the strong magnetic field, provided from the permanent
magnets induces the electrons into a circular orbit around the anode
tube. This increases the mean-free-path of the electron, increasing
the probability of colliding with other atomic species within the vac-
uum, highlighted in blue within Fig. 14(b). These collisions ionize
the contaminant atomic species, producing an additional free elec-
tron, while the ionized atom is fired toward the titanium cathodes,
as shown in Fig. 14(c). Upon collision with the titanium plate, the
ion embeds into the plate, removing itself from the vacuum vapor
while sputtering titanium into the vacuum, shown in Fig. 14(d).
The sputtering of titanium into the chamber acts as a secondary
pumping mechanism by chemical reaction with contaminant gas
and chamber coating. The current drawn across the anode and cath-
ode is then calibrated as a gauge of the total vacuum pressure at the

pump.

B. Micro ion pumps

While standard ion pump volumes are typically on the order of
1000 cm®, compact pumps have been demonstrated in 2.5 cm® pack-
ages.”*” More recently, micro-pumps with a total volume of 0.08 cm®
have been shown to achieve a self-pumping limit of 3 x 107" mbar
in a 25 cm® chamber.””” Based on a Penning cell architecture, the
pump is micro-fabricated into a glass-silicon stack and anodically
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FIG. 14. lllustration of the components and working of a typical ion pump. The ion pump is formed of an anode tube stack, placed between two titanium cathode plates.
The cathode and anode are vacuum encapsulated in a stainless steel body, with two permanent ferrite magnets placed immediately outside the vacuum. (a) At a starting
pressure of 10=° mbar, the ion pump voltage will draw free electrons to the anode. The magnetic field through the body causes electrons to orbit around the anode tube.
(b) As foreign gas species enter the chamber there is a high probability of colliding with the energetic free electrons and ionizing the gas in the process. (c) The ionized gas
is now drawn to the cathode plates, while their ejected electron contributes to further collisions. (d) The ionized gas collides with the titanium cathode plate and chemically
sorbed. Additionally, the collision sputters titanium atoms into the vacuum, acting as an additional vacuum getter.

bonded for a hermetic seal. Permanent magnets are placed outside
either cathode to increase the mean free path of electron collisions
within the vacuum. The compatibility of fabrication techniques to
scale down the micro-pump to these extremes while maintaining
pressures in the 1077 mbar range is extremely advantageous to
chip-scale cold-atom platforms. Interestingly, the authors noted that
the deflection of the upper silicon cathode membrane could be
used to infer the pressure reading from within the pump. While
this is only used for low vacuum pressures, it can be combined
with an ionization sensor to provide an increased pressure read-out
range.””!

However, the application of miniaturized ion pumps in cold-
atom systems is made difficult for two main reasons. First, reducing
the size of the cathode and anode components limits the mean free
path of the free electrons, in turn reducing the pumping efficiency.””
Second, as the volume of the vacuum apparatus is reduced, the
ion pump is placed closer to the science cell, where the permanent
magnets perturb the cold-atom sample, degrading the performance
of the atomic sensor.””> With the large magnetic field of the ion
pump being a dominant constraint to the precision of the atomic
sensor, it would be preferred if this could be intermittently removed
during precision measurements by using an electromagnet in place
of the permanent magnets. However, since the ion pump requires a
magnetic field on the order ~10 T, the required power consumption
restricts this option for compact metrology.”*’

To overcome the impact of the large magnetic field, recent
research has focused on the demonstration of novel, chip-scale
ion pump architectures that do not require a magnetic field.””* To
mitigate the necessity of a magnetic field, the electron source
is instead provided by field emission from an electrostatic plate.
Charged plates are then used to manipulate the trajectory of the
free electrons around a pump cavity to increase their effective
mean free path and probability of an ionizing gas collision. The
field emission cavity demonstrated by Basu et al. achieved vacuum
pressures as low as 10~° mbar in a 25 cm® vacuum chamber, show-
ing a clear compatibility with on-chip cold-atom systems. Providing
a clear means of pumping vacuum contaminants, including helium,
the miniaturization of the ion-pump is a clear favorite for vac-
uum maintenance in the next generation of chip-scale cold atom
sensors.”*

C. Non-evaporable getters

While the miniaturization of the ion pump has an opti-
mistic outlook for the active pumping of UHV systems, alternative
solutions exist that possess a significantly reduced size-weight-
and-power, such as non-evaporable getters (NEGs), as men-
tioned in Sec. IV A. The commercially available NEG pills (SAES
ST172/WHC/4-2/100) and getter tubes (SAES ST172/H1/7.5-7) are
composed of a Zr powder and a SAES manufactured metal alloy
(ST707) containing a blend of Zr, V and Fe’”*° to form a porous
bulk with a large effective surface area for vacuum pumping. A thin
oxide layer remains on the NEG surface after the manufacturing
process, enabling the pill to be handled in air and inserted within
the vacuum environment prior to encapsulation. The deposition
simplicity is complemented by the ease of NEG activation, achiev-
able by laser’””” or resistive heating’*” to a temperature of ~900°C
for 10 min. Once the activation temperature has been reached, the
NEG can sorb vacuum elements, such as CO, CO;, O,, and N,
into its bulk, where they undergo chemical reactions to form stable
compounds, such as ZrC, ZrN, and ZrO,.””” The decomposition of
these newly formed compounds does not occur below the activation
temperature such that their pumping can be regarded as irreversible.
On the contrary, H, can diffuse into the NEG bulk, but does not
undergo an irreversible chemical reaction, such that its sorption
process is reversible. Common vacuum elements, such as water
vapor, are pumped through the disassociation of H;O — H; + O,
on the NEG surface. Additionally, the NEG pills do not pump
alkali from the vapor, making them compatible for inclusion in
cold-atom sensors. However, a key weakness of the NEG pill is the
inability to pump He from the vacuum such that particular care
must be taken to restrict the He permeation to the inner vacuum
environment.””

The attractive properties of NEGs have been utilized in cold
atom experiments as a solution to passive pumping in stan-
dard glass-cell,””” chip-scale,”” ceramic,’® and compact titanium
platforms.”®” In these experiments, both the larger resistively heated
and micro-pill NEGs demonstrated the need to purge the oxide layer
at high temperature, noting a significant degradation of the vacuum
pressure by ~2 orders of magnitude. Following the initial cleaning
of the surface, the getters were found to contribute to the vacuum
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pumping. In the case of the micro-pills, the authors described
a MOT survival time that improved by 5 orders of magnitude
following the laser heating of four pill pumps.””® The authors noted
that the MOT survival time provided from the NEG could poten-
tially be longer than was demonstrated, due to the MOT survival
time being limited by He permeation in the experimental appara-
tus. While NEG pills are best suited to chip-scale apparatus, where
the inclusion of electrical feed-throughs are not favorable, other
compact systems can benefit from the larger resistively heated NEG
tubes, where activation is simpler and a larger pumping rate can be
attained.

Recent work on passive pumping in a compact vacuum cell
has demonstrated that the MOT can survive timescales exceeding
200 days in an isolated vacuum cell with only the resistively heated
NEG for pumping.”*’ In this scenario, the initial UHV pressures
within the cell were achieved with a standard vacuum and ion pump
combination prior to cell closure. Following cell isolation, a total
vacuum pressure, measured from the MOT loading time, of ~1077
mbar was sustained by the NEG pill over 200 days. Unlike the
micro-ion pump, the NEG has no direct readout to the end-user
of the inner vacuum pressure. However, as has been highlighted
in literature, the MOT rise time **?%"??>?% or magnetic trap
lifetime " of the cold atoms can be used to back out the total
background pressure from the vacuum system, circumventing the
necessity for further component inclusion.

D. Vacuum isolation

While the discussion thus far has focuses on the maintenance
of UHV pressures, the method for achieving an initial pressure that
is suitable for laser cooling has yet to be discussed. Here, we will
review the previously used methods to achieve UHV pressures in
compact cold atom systems, outlining the applicability to chip-scale
integration. The three main experimental techniques are highlighted
in Fig. 15 and discussed below.

1. In-vacuum encapsulation

A well-established technique for vacuum encapsulation in
micro-fabricated vapor cells is the fabrication of the cell within a
controlled vacuum environment, such as a bell chamber or com-
mercially available bonding station."”""*!%>?*1 The wide-spread
implementation of this method for vapor cell fabrication is due to
the total pressure and partial buffer gas pressure that can be well
controlled within the inner chamber environment.”'*"*”” With an
in situ pressure gauge, the chamber pressure can be well tracked at
the onset of the cell sealing process. After cell closure, the bonding
chamber can be vented to atmosphere, with the previous vacuum
pressure theoretically retained within the now hermetically sealed
cell.

While this method can be adapted for cold-atom systems, a
number of issues have thus far limited its suitability to the appli-
cation. First, if anodic bonding were to be used to close the cell,
the inner pressure of the cell would be degraded from the measured
control pressure by the O, released into the inner cell environment
as a by-product of the bonding process.”’ Additionally, the issue of
released O, combined with the difficulty in clean atomic deposi-
tion with anodically bonded cells”’* as outlined in Sec. I'V, makes
control of the alkali vapor density within the cell post-bonding
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FIG. 15. lllustrated methods for vacuum closure and isolation. (a) Cell bonding
within a UHV environment, such as a bonding station or Bell chamber with UHV
capabilities. (b) Internal cell plug to isolate the cell from an external pumping sta-
tion. The example given is that highlighted in Ref. 174 for the laser heating of a
glass membrane to provide a hermetic seal between the glass and silicon sub-
strates. (c) Mechanical cold weld sealing of a copper pinch off tube, adhered to
the cell with a fluid connection, to isolate the cell from an external pumping station
once the required UHV pressures have been achieved within the cell.

difficult to pre-establish as being suitable for the formation of
a MOT.

However, if instead of anodic bonding, a more suitable tech-
nique, such as thermo-compression bonding, were used for this
encapsulation stage, the cell inner vacuum parameters are more
likely to be that of the bonding chamber initial conditions, with the
increased likelihood of compatibility with laser cooling.

2. Vacuum seal

A second method outlined in Fig. 15(b) is the routine of seal-
ing a cell post pumping. This method involves the cell initially
having a direct connection to a vacuum pump, where the inner
vacuum dynamics can be well characterized and optimized to the
end-user application. Once the vacuum characteristics meet the user
requirements, a seal is applied to isolate the cell from the larger
pump apparatus. A key advantage to this approach is the ability to
implement laser cooling prior to cell isolation and separation, such
that the temporal vacuum pressure can be tracked to optimize the
process, ensuring critical information can be extracted for feedback
to the isolation process.

A well-known process that utilizes this approach is the “hot-
torch” sealing of glass-blown atomic vapor cells. For this process,
a number of macro-scale glass vapor cells would be glass blown in
borosilicate stems, connected internally to a ampoule reservoir of
the selected alkali. The localized heating of the ampoule and glass
is used to dictate the vapor pressure in each connected glass-blown
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cell by carefully directing the alkali source down the stems and into
the designated cell volumes. Once the required pressure and density
was sufficient within the cell, a hot torch would be used to bring the
borosilicate stem above the glass working temperature (~1270°C*"),
where it can be mechanically pinched, to close and separate the indi-
vidual cells from the larger system.”’"”"* While this technique has
had widespread success in the manufacturing of glass-blown atomic
reference cells,”” ** its methodology has not been directly applied
to the fabrication of MEMS vapor cells.

A notable micro-fabricated routine that has been inspired by
this classical approach is the glass membrane closure, outlined by
Maurice."”*”"° Here, the author locally heats a thin glass membrane
of the MEMS cell upper window with a CO; laser to soften and
deflect the glass. The pressure differential between the cell inner
pressure and outer atmospheric pressure encourages the glass to
sag and close a 40 ym diameter channel etched into the silicon
frame. This procedure has been demonstrated to isolate the micro-
fabricated cell from the rest of the substrate, which can then be
diced without evidence of a substantial vacuum leak. The transfer
of this technology to a larger vacuum conductance channel for cold
atom systems would enable laser cooling demonstrations in the cell
prior to isolation, which has been shown to have success in UHV
characterization for passive pumping.’®

3. Cold weld

A widely used method for the hermetic isolation of UHV
vacuum components, shown in Fig. 15(c), is the cold weld sealing
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of copper tubes.”**"""" The technique of copper pinch-off involves

the compression of a hollow copper stem under vacuum, where the
inner surfaces are clean from oxide build up, such that when pres-
sure is applied between the surfaces, the individual atoms can diffuse
into the opposing wall, forming a hermetic seal that can sustain the
inner vacuum at UHV pressures.’”’

In recent years, this method has been used in the manufacturing
of compact cold atom systems, initially pumped down by a larger
vacuum apparatus prior to pinch off and device isolation.”*"*%>*”
The advantages provided by the isolation of the system after pre-
establishing laser cooling within the cells have enabled these systems
to extract critical information to the longevity of the instruments and
optimize the performance of passive vacuum pumping.

Unlike the methods for vacuum sealing previously discussed,
such as the glass melt technique, the ability to close the vacuum
via copper pinch off requires a larger footprint for the inclu-
sion of the copper stem. Additionally, the inclusion of a copper
stem is not easily adapted to micro-fabricated components. While
previous chip-scale vacuum cells have included a copper stem
adhered to the cell surface using vacuum compatible epoxy,”*’
the longevity of the cell may ultimately be limited by the out-
gassing of the epoxy over time. Instead, if the cell surface is
coated with an evaporated layer of suitably smooth copper, the
copper stem could be adhered with Cu-Cu thermo-compression
bonding. This would provide the ability to later pinch off the
cell without the potentially degrading the inner vacuum from
out-gassing.

FIG. 16. (a) lllustration of the planar
coil design for a quadrupole magnetic
field used for laser cooling in Ref. 316.
(b) Magnetic field simulation for the coil
design shown in (a), where the outer
coil has 13 turns and a mean radius of
12.2 mm. The inner coil, with opposite
current polarity has 13 turns and a mean
radius of 5.2 mm. A current of 0.9 A is

(c) I/'

used for this simulation. (c) Planar coil
design for a standard anti-Helmholtz pair,
formed on to separate chips and sep-
arated by d the diameter of the coil.
(d) Magnetic field simulation for the coil
design shown in (b), where each upper
and lower coil in the anti-Helmholtz pair
have 13 turns and a current of 0.9 A.
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VIIl. MAGNETIC FIELD GENERATION
A. Planar coil solutions

A remaining component that is essential for the realization of
an unambiguously chip-scale cold-atom sensor is a micro-fabricated
solution to the generation of a quadrupole magnetic field. The need
for a low-power and compact solution to trapping geometries for
magnetic fields has been explored with additive manufacturing of
novel coil structures for portable quantum technology.’'’ While
this process of fabrication has demonstrated the ability to gener-
ate a suitable gradient magnetic field for laser cooling in a MOT,
the device requires in-vacuum implementation that greatly restricts
the available optical access for cooling and interrogation of the
atomic ensemble. Importantly, the demonstrated generation of the
device does not meet the requirements of chip-scale components
and would not have a direct compatibility with existing technology.

An alternative approach that has been used for the imple-
mentation of current carrying wires in chip-scale devices are litho-
graphically structured coil arrays. Surface deposited wires have been
implemented in atomic sensors for applications ranging from static
RF magnetic fields,”""" magnetic guides for atomic traps,' *'* cell
heaters,’"* and atomic chip-trap geometries.”*"**"?!**1>

Recent work has used printed circuit board (PCB) with sur-
face deposited copper wires, using a thickness, width, and period of
70, 200, and 200 ym to achieve a ~10 G/cm gradient trapping field
with an applied current of 0.9 A.”'® The compatibility of this tech-
nology with other chip-scale quantum devices was emphasized by
the integration with a GMOT chip, demonstrating a planar stacked
cooling and magnetic field generating chip capable of confining
2 x 10* ¥Rb atoms in a MOT. While this is an advantageous study
to address the miniaturization of the coil configuration for chip-scale
cold atom instruments, the authors elected to use a single planar coil
chip, with a small and large coil of opposite current polarity to gen-
erate the gradient magnetic field, shown in Figs. 16(a) and 16(b).
Ultimately, the reduced saddle potential from the gradient field will
reduce the achievable number of atoms that can be trapped in the
reduced trapping region.

Alternatively, this technology could be used in a standard
anti-Helmholtz configuration if used in conjunction with a GMOT-
MEMS cell, where the vertical separation between the planar coil
stacks can be reduced to the millimeter scale, enabling low power
consumption and a reduced footprint for device amalgamation. An
illustration of the coil and generated field lines are shown in Fig. 16.

IX. OUTLOOK

Laser cooled atoms have revolutionized our capabilities in pre-
cision measurement, redefined the second, paved the way to the
creation of new states of matter, and driven research in fundamental
physics. At the core of this Review, we have examined the potential
for cold-atom systems to reach out beyond the laboratory envi-
ronment where the precision and stability of ultra-cold ensembles
can have the largest social and economic impact by facilitating a
step-change in our technological capabilities.
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