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Microfabricated alkali vapor cells are key to enable miniature devices such as atomic clocks and optically pumped
magnetometers with reduced size, weight and power. Yet, more versatile fabrication methods are still needed to further
expand their use cases. Here, we demonstrate a novel approach to collectively fill and seal microfabricated cesium cells
using locally-sealed microchannels patterned within one of the glass substrates comprising the cells. Unlike current
methods that rely on wafer-level anodic bonding as the last sealing step, an approach based on local sealing opens
the path to features so far limited to traditional glass-blown cells, including the ability to deposit temperature-sensitive
antirelaxation coatings, reaching lower background gas pressure without an additional gettering material or filling with

diverse atomic or molecular species.

The ability to exploit the accurate and stable nature of the
atomic structures in practical instruments has opened new
pathways in many field applications such as positioning, nav-
igation, timing and sensing. Benefiting from the ability to
build chip-integrated components through micro and nan-
otechnology processes, chip-scale atomic devices have made
significant progress over the past two decades!. In particu-
lar, microfabricated alkali vapor cells built at the wafer level
have been proposed to achieve small, low-power and, ulti-
mately, accessible devices?. Since the first demonstration of
an atomic clock exploiting such cells®, numerous advances
have been made. For instance, integrated optically-pumped
magnetometers are now offering an appealing alternative to
SQUIDs for magnetoencephalography®, optical clocks featur-
ing sub-megahertz linewidths in microfabricated cells have
been shown® and quantum memories based on chip-scale cells
have recently been proposed®.

As opposed to conventional glass-blown cells, whose fabri-
cation remain labor-intensive, prone to variations and difficult
to downsize, wafer-based microfabrication processes have al-
lowed making small, repeatable and low-cost cells with the
ability to co-integrate features such as coils, heaters and op-
tics”?. The reported fabrication methods mostly consists in
assembling glass and silicon substrates by anodic bonding to
form the core of the cell, after having introduced raw alkali
metal'? or a chemical precursor such as Cs/Rb azide or molyb-
date that can decompose into pure metal after a reaction 2,
Over time, improvements have been proposed to scale up and
improve the fabrication yields. For instance, dispensing pure
Rb from BaNg/RbCl, as reported in early chip-scale atomic
clocks!, has been turned into a wafer-level process with in-
creased throughput!*"14, Molybdate-based cesium dispensing
pills have been demonstrated to fill cells produced on 150-
mm-diameter wafers™ and a paste-like compound has been
developed to make the deposition process scalable!®.

In spite of these advances, the reliance on anodic bond-
ing as the last sealing step in the methods reported above
brings limitations that traditional glass-blown cells do not suf-
fer from. Indeed, anodic bonding releases parasitic gases and

prevents thorough outgassing, which limits the purity that can
be reached without additional getters® 718, Besides, as anodic
bonding involves elevated temperatures (250 to 350°C), it
precludes the use of temperature-sensitive antirelaxation coat-
ings, which could be beneficial to mitigate the decohering ef-
fect of atom-wall collisions'. Finally, it also limits the use of
gases or molecular species that do not offer practical chemi-
cal precursor or that cannot be easily delivered during anodic
bonding.

While several workarounds have been studied, no solution
as versatile as in conventional cells has been proposed yet.
Low-temperature (140 °C) bonding based on indium thermo-
compression has been investigated, but the reaction between
In and Rb caused the cells to fail prematurely?’. Cu-Cu ther-
mocompression has also been reported in an attempt to reach
a higher purity but the high temperature (400 °C) remains un-
practical for many use cases and was found to lead to out-
gassing of residual gases?!. We recently proposed a laser-
actuated sealing structure based on a glass membrane that de-
flects to close an underlying channel, thereby locally sealing
the inlets of an array of microfabricated cells*?. Despite the
given ability to share one alkali source for several cells within
the stack, anodic bonding was still used as the last sealing step
and dispensers were enclosed within the stack to provide a ce-
sium source.

Here, we demonstrate a significantly simpler approach
based on locally-sealed glass channels to fill and seal micro-
fabricated cells from an external source. Illustrated in Fig. [I]
the approach is conceptually similar to the sealing process
used in conventional vapor cells and it could offer ways to cir-
cumvent some of the limitations that current microfabricated
cells are facing.

This approach consists in structuring in the cell’s top glass
window a channel designed to collapse when locally melted.
Sealing is achieved through surface tensions, which causes the
melted glass of the channel’s inner surface to flow inward until
it eventually closes. Such channels are patterned at the wafer
level and subsequently integrated in the glass/silicon/glass
stack constituting the cells. After migration of cesium into
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FIG. 1. Microfabricated cells filled through microchannels from an
external cesium source and sealed locally with a CO» laser.

the cell cavity from an external source, the glass channels are
sealed by exposure to a focused CO; laser beam whose in-
frared radiation is absorbed by glass. The cells are fabricated
at the wafer level and diced in 19 mm x 25 mm clusters, each
gathering 9 cells. This form factor allows performing multiple
filling/sealing development runs for a single wafer-level fabri-
cation run while still experimenting with parallel filling. Since
the cluster is attached to a vacuum chamber flange during the
filling and sealing steps, this cluster size also accommodates
smaller size off-the-shelf vacuum components, more practical
at an early development stage. Yet, the process is expected
to scale up to allow filling complete 100 mm diameter wafers
with custom vacuum components.

The setup used to fill and seal the cells is shown in Fig.
It uses a CO; laser head integrating galvanometer scanners
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(Keyence ML-9110) allowing to steer the laser beam onto
each collapsible channel of the cluster. The laser features
a power up to 12W, a work area of 100mm x 100mm and
a work distance of 190 mm. Most of the vacuum apparatus
comprises components with conflat flanges (CF) joined by Cu
gaskets. The main chamber is a stainless steel cube with 6
CF-40 ports. The cell cluster is clamped onto a custom-made
flange featuring a through-hole facing the glass window with
etched channels of the cluster. The aperture is surrounded
by a groove hosting a fluorocarbon rubber (FKM) o-ring and
a clamp bolts on top of the cluster to compress the o-ring.
Temporary sealing based on o-rings has previously been em-
ployed to study antirelaxation coatings in potassium vaporm.
The entire chamber is heated using polyimide flexible heaters
clamped onto the flanges. The microfabricated cell windows
facing the outside of the vacuum chamber are chilled with a
thermoelectric cooler (TEC) so that temperature gradients fa-
vor cesium migration inside the cavities of the cells. A sili-
cone foam sheet is wrapped around the chamber and the all-
metal valve to provide thermal insulation. The source of al-
kali metal, here cesium, is a wire-shaped dispenser composed
of aluminum, zirconium and cesium salt (Cs/MNF serie from
SAES Getters, Lainate, Italy). One or multiple dispensers can
be installed on a flange with electrical feedthroughs. Two vac-
uum viewports are installed to provide optical access and per-
form absorption spectroscopy for assessing the cesium den-
sity. Finally, cesium being highly reactive, notably with O,
and H;O, we aim for the best possible vacuum levels to avoid
over-consuming the alkali metal and ensure saturation of the
chamber later on. For this purpose, an all-metal valve con-
nects the chamber to a turbomolecular pumping station and a
full range pressure gauge.
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FIG. 2. Schematic of the setup used to fill and seal clusters of cells.
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Microfabrication of cells with collapsible channels. (a) Microfabrication flowchart, each fabrication step in realised on a 4-inch

wafer, which is saw-diced into clusters to be compatible with the filling setup. (b) Collapsible channel realised by laser assisted etching with a

diameter of ~100 um. (c) Saw-diced cluster of 9 cells.

With the cluster of cells placed at the bottom of the cubic
vacuum chamber, the CO; laser needs to go through the cham-
ber and a vacuum viewport transparent at 10.6 um (wave-
length of the laser) must be installed at the top of the chamber.
ZnSe is commonly used in optics for applications operating at
this wavelength, however we found it to react and degrade un-
der exposure to warm cesium vapor. Instead, we turned to
a germanium window, which transmits 40 % of the 10.6 um
radiation and up to 95 % with an antireflective (AR) coating.

Since the laser exhibits large power fluctuations, a servo
loop is implemented to stabilize its output power within 1 %
and prevent fast temperature changes, which could generate
excessive stress in the glass and hurt repeatability. For this
purpose, a zinc selenide (ZnSe) window angled at 45° was
added to reflect around 25 % of the incident power into a
power meter. The cell cluster is imaged by reflecting light
from a mirror onto a camera, allowing to precisely aim the
laser at the microchannels and monitor the sealing process.

The flowchart describing the microfabrication of the clus-
ters is presented in Fig. 3] The 4-inch wafer design ac-
commodates 11 clusters, each featuring 9 individual cells.
The top substrate of the cells is a 200 um borosilicate glass
wafer, which includes cylindrical channels with a ~100um

diameter obtained by laser-assisted selective etching, particu-
larly suited to pattern precise geometries (subcontracted from
Workshop of Photonics, Vilnius, Lithuania). The cell cavity
is through-etched by deep reactive ion etching (DRIE) in a
500 um thick silicon wafer. The silicon wafer is bonded to
both the 200 um thick borosilicate wafer in which the chan-
nels have been etched beforehand and a plain 500 um thick
borosilicate wafer by anodic bonding.

After a cluster has been loaded, the chamber is baked under
vacuum for a few days at 120 °C. The vacuum level, read by a
gauge located between the valve and the pumping station, typ-
ically reaches 10~/ mbar. After outgassing the dispensers, the
all-metal valve is closed, and the dispensers are activated until
saturation is observed in the chamber through spectroscopy.
By applying a cold spot with a TEC placed against the outer
surface of the cells, a temperature gradient is established, in-
ducing the migration of cesium and the formation of conden-
sation inside the cells (typically within one hour). After mi-
gration, the channels are sequentially locally heated with a
CO; laser positioned so that the beam width spans 1 mm to
seal the cells. The galvanometer scanners are driven in order
to aim precisely at the channel. The laser power is increased
until collapse is observed, usually after a few seconds. Finally
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FIG. 4. Saturated absorption spectrum of the 133Cs D1 transition.
The measurement was conducted at a temperature of 75°C with a
path length of 0.5 mm. The saturated absorption spectra is fitted by
a Gaussian line for the absorption peak and a Lorentzian line for the
saturated peak, the resulting full width at half maximum (FWHM) is
60 MHz for the Lorentzian.

the power is slowly ramped down to minimize stress and pre-
vent the formation of cracks.

To evaluate the quality of the sealed cells, the residual gas
pressure and the stability of the absorption contrast were as-
sessed. Saturated absorption spectroscopy gives Doppler-free
resonances, which helps characterize more finely the influence
of the other broadening mechanisms such as residual gas pres-
sure. The saturated absorption spectra shown in Fig. []is fitted
by a Gaussian for the absorption peak and a Lorentzian for
the saturated peak. The zero-power linewidth I’y is derived
from the linewidth from the Lorentzian fit I' being 60 MHz
and the expression I' =9/ 1 4 I /Iy;;. Considering the power
of the pump beam being 4.14 mW /cm?, we estimate Iy from
which we retrieve the natural linewidth of the 33Cs D; line
I',, which leads to I'g — I';, equal to 19.89 MHz. We consider
N; to be the primary contributor to the residual gas. Consid-
ering a pressure broadening coefficient of 16.55 MHz/Torr at
75°C# we estimate the residual gas pressure to be around
1.2 Torr. This estimation is an upper limit since the zero-
power linewidth encompasses both magnetic field broadening
and the laser linewidth, which were not taken into account in
the calculations.

The stability of the atomic density was then evaluated to
assess the robustness of the sealing over time and ensure that
sufficient material was present to maintain a saturated vapor
over an extended period. One cluster of cells has been mon-
itored on an automated linear absorption spectroscopy setup
for 60 days at 70 °C (Fig.[5). The presence of cesium was ob-
served in three cells. One unsaturated cell (WG1A7), whose
initial contrast was nearly measured at 5 %, does not provide
absorption anymore. This cell corresponds to a case where no
condensation was migrated. The two saturated cells (WG1AO,
WG1AS), have been showing a stable atmosphere with a con-
trast ranging between 30 and 40 % and a constant linewidth
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FIG. 5. Long-term evolution of the absorption contrast and
linewidth. The cluster is kept at a temperature of 70 °C.

at 400 MHz. The contrast difference can be attributed to a
variation in temperature.

Compared to the sealing structures based on membranes
demonstrated previously?Z, the method demonstrated here in-
volves a simpler fabrication process. Unlike membranes, col-
lapsing channels do not rely on a difference of pressure to
operate. They could therefore be used to seal cells with any
buffer gas pressure, which is of particular interest to reach
high pressures. However, the volume of heated glass is larger,
which may lead to the consumption of a greater amount of al-
kali metal after sealing and limit the purity. The make-seals
based on membrane and collapsing channel are complemen-
tary and will be both further investigated in the future.

In conclusion, we have presented a novel method for the
microfabrication of alkali vapor cells. It relies on local seal-
ing, making it potentially suitable for the deposition of an-
tirelaxation coatings that would otherwise degrade at the high
temperature involved in anodic bonding. Make-seals based
on collapsible glass channels were successfully demonstrated
and two cells with saturated Cs vapor were obtained. Their
lifetime is currently being evaluated through long-term linear
absorption spectroscopy which has already been stable for 60
days. Further outgassing could lead to purer cell and make
them suitable for applications requiring high vacuum levels.
Developments are ongoing to improve the success rate, the
main challenge being the consumption of cesium limiting the
duration over which cells can effectively be filled.
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