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Abstract

Alkali atomic vapor cells are the key components of all kinds of atomic sensors, including
atomic clocks, atomic gyroscopes, atomic magnetometers, Rydberg atom sensors, etc.
With the miniaturization and integration trends of these atomic sensing devices, compact
alkali vapor cells, particularly micromanufactured vapor cells with high performance, are
urgently needed. The development history from glass vapor cells to MEMS vapor cells
is reviewed. The bonding methods for macro-fabricated alkali atomic vapor cells, such
as anodic bonding, metal film thermocompression bonding, glass—frit bonding, epoxy
glue bonding and laser bonding, are analyzed and summarized. The alkali metal filling
techniques for vapor cells are also discussed, including the physical methods of direct
filling and wax package filling, and chemical methods of the reaction of alkali chloride with
BaNg, ultraviolet (UV) light decomposition of RbNg and CsNg, electrolysis of alkali-rich
glass, and laser decomposition of alkali dispensers. Compared to traditional vapor cell
dimensions, vapor cells with long laser paths are emphasized, and the corresponding
design and realization processes are discussed. Finally, the vapor cells with inner anti-
relaxation coatings and passivation coatings aimed at achieving long reaction times and
long lifetimes are analyzed.

Keywords: core component; microfabrication; atomic sensing devices; alkali atomic vapor
cell; anodic bonding; alkali filling; inner wall coating

1. Introduction

Quantum sensors based on laser-atom interaction can accurately measure physical
quantities, including frequency, angular velocity, magnetic field and electric field [1].

To date, frequency references based on laser-atom interactions have realized fractional
uncertainties down to the range of 10717-10~18 or even lower [2,3]. Magnetometers based
on optical pumping are able to measure sensitive neuronal activity [4]. By designing a
bi-planar coil system and combining it with a reference sensor array, the residual magnetic
field of the magnetoencephalography in the subject’s head movement area is controlled
to be within +1 nT [5]. High-sensitivity terahertz electric field imaging is becoming a
compelling atomic device. By collecting THz-induced optical fluorescence and using
atomic properties for the calibration of field strength, a real-time THz standing wave image
is demonstrated [6].

With the appropriate design of optics and electronics, and with developing fabrication
and assembly technologies, versatile atomic devices including atomic clocks [7-10], atomic
magnetometers [11-19], atomic gyroscopes [20-23], and Rydberg atom sensors [24-29] have
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been investigated and realized. Some of the devices have already been commercialized
and have numerous prospects [30]. Furthermore, the laser—atom reaction technologies
are also used for some other novel devices, including laser spectrometers [31], optical
isolators [32], magneto-optic traps [33], optical interfaces [34], photonic crystals [35,36],
and some cutting-edge physics experiments, including systematic effect analysis in gas
spin comagnetometers [37], searching for topological defect dark matter [38], constraints
on exotic spin-velocity-dependent interactions [39], etc.

The vapor cells are the locations where stable atomic reference transitions are provided.
They hermetically isolate the alkali metals from the surroundings while providing laser
transparency. For atomic clocks and magnetometers, buffer gases are also added to the cells
along with the alkali atoms. The intentional addition of a buffer gas reduces wall-induced
collisional decoherence of the atoms as well as the Doppler broadening effects so as to
improve the transition quality factors [40].

As the most important parts of atomic sensing devices, alkali vapor cells have an
obvious influence on the performance of the devices. The geometry of the cell contributes
to determining important device parameters, such as beam size and orientation [41], optical
path length [42], the alkali atom-wall collision rate [43,44], etc.

Traditional vapor cells are fabricated via the glass-blowing technique [45,46]. This
process can easily produce discrete vapor cells with moderate volume and high hermeticity.

With the miniaturization and integration trends of atomic sensors, alkali vapor cells
are required to be miniaturized accordingly because their dimensions directly limit the
final size of the entire sensing device. Studies have been carried out to miniaturize the
glass-blowing alkali vapor cells [47,48], but it is still difficult to integrate MEMS technology
into the glass vapor cell process to realize wafer-scale fabrication of atomic sensing devices.

In recent years, MEMS atomic vapor cells have received increasing attention due to
their compatibility with integrated circuit (IC) technology and ease of miniaturization.
Compared with glass vapor cells, they have the advantages of high uniformity and batch
manufacturing, making them more suitable for applications in developing chip-scale atomic
sensing devices.

The main purpose of this study is to systematically review the fabrication technologies
of miniaturized atomic vapor cells, including glass cells but mainly MEMS cells. The
technologies include wafer bonding methods, alkali metal packaging methods, cell inner
coating technologies, etc., with a detailed discussion on their strengths and weaknesses.
Based on these technologies, vapor cells with different structures for different application
scenarios can be realized.

2. Classifications
2.1. Glass Vapor Cells

Alkali metal vapor cells based on glass-blowing techniques are the first type of vapor
cells applied in atomic sensors. This unique and versatile method for vapor cell fabrication
is illustrated in Figure 1.

A batch of empty glass cells are connected to a manifold through thin glass capillaries.
The manifold provides access to alkali metal sources, a high-vacuum pump, buffer gas
cylinders and, in some cases, a source of paraffin for vapor cell inner coating [49]. The
whole system is first pumped down to a vacuum condition for alkali metal filling. The
alkali metal, for example, rubidium, is usually produced through a chemical reaction
process in which rubidium chloride and calcium are put together in a phial connected to
the manifold and then heated to a temperature of about 400 °C. As a result, rubidium atoms
are replaced by calcium and then diffuse as a vapor in the cell manifold. After the cells are
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filled with alkali metals and buffer gases, the fused sealing is achieved by heating the thin
glass capillaries, and the cells are pinched off from the manifold [50].

Pumping Alkali metal Paraffin Buffer gas

i H‘de

Glass manifold
Sealing & eallng
Pinch-off Plnch off

Vapor cell Vapor cell Vapor cell Vapor cell

-l

Figure 1. Methods for filling glass-blowing alkali vapor cells.

With the developed glass-blowing technique, glass vapor cells with different shapes
can now be readily fabricated, as shown in Figure 2.

Figure 2. Different alkali vapor cells fabricated via glass blowing.

Because of the high-vacuum conditions and isolated sources, these centimeter-scale
macroscopic vapor cells can meet stringent quality and purity specifications for alkali
metals. Furthermore, glass-blowing cells can readily incorporate internal anti-relaxation
coatings, which is beneficial for achieving superior performance [51].

Hollow-core glass fibers and laser heating sealing are used in conventional glass-
blowing techniques so as to miniature the vapor cells. The use of thin glass fibers allows
for very small cell size, and the highly localized laser heating of the glass has a negligible
thermal effect on the adjacent alkali metal. Based on these related techniques, vapor cells
with millimeter-scale or even smaller dimensions can be realized [52,53].

However, glass-blowing techniques present distinct drawbacks. Beyond the relatively
large volume, vapor cells fabricated via this method typically feature a “cold finger”, which
hinders integration with other miniature components. Additionally, individual cells have
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slight differences in shape, size, and buffer gas pressure, making it difficult to realize mass
production with good consistency. Moreover, the cells must be fabricated one by one,
making it really time-consuming for the production of large quantities.

Some alternative bonding techniques have been employed in vapor cell fabrica-
tions to overcome the limitations of the glass-blowing process, including epoxy glue
bonding [54,55], glass fusion bonding [56], optical contact bonding [57], edge welding [58],
hot wire cutting [59], and even glass—glass anodic bonding by using a thin silicon nitride
interlayer [60].

More recently, the additive manufacturing approach and ultrafast laser welding have
also been utilized to fabricate vapor cells. By using digital light processing technology, F.
Wang et al. demonstrated a 3D-printed glass vapor cell. This vapor cell can be evacuated
to a vacuum pressure of 2 x 10~? mbar and filled with alkali vapor. The printed vapor
cell exhibits high transparency and polarization stability, allowing for the observation of
atomic spectroscopy [61].

Ultrafast laser welding technology has excellent localized thermal melting character-
istics and holds broad potential applications for welding various transparent materials.
Through real-time in-site monitoring and welding defect diagnosis, welding strength and
stability can be significantly improved [62].

The aforementioned techniques have demonstrated vapor cells with volumes ranging
from the centimeter scale down to the micrometer scale for diverse applications. However,
apart from the anodic bonding method, other manufacturing approaches are still difficult
to scale up for high-efficiency mass production.

E.]. Eklund et al. proposed a wafer-scale fabrication process for arrays of glass shells.
This process is mainly based on established microfabrication techniques, such as etching
and bonding; however, the three-dimensional spherical shells are still formed by glass
blowing [63]. The detailed process is illustrated in Figure 3.

Alkallapor Alkalilyapor
() (d)

Figure 3. Fabrication process of spherical alkali vapor cell arrays. (a) Etching and bonding;

(b) thermal expansion; (c) etching and filling of alkali metal; (d) sealing bonding.

Cylinder-shaped cavities are initially fabricated in a silicon substrate via lithography
and a subsequent etching process. Then, a glass wafer is covered on the etched silicon
cavities and anodically bonded. And, then, the bonded structure is heated to extreme
temperatures to soften the glass. With the high temperature, the air pressure in the cavities
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increases, and spherical glass shells are formed under the expansion pressure. Following
this, patterned etching is performed on the backside of the silicon wafer to introduce alkali
metals and buffer gases. Finally, the etched opening on the silicon wafer is hermetically
sealed through a secondary anodic bonding process.

Y. Ji et al. co-fabricated these spherical alkali vapor cells alongside planar vapor cells
on a single wafer and compared their performance in miniaturized atomic magnetometers.
The results show that the atomic magnetometers utilizing spherical alkali vapor cells
exhibit superior sensitivity to those with planar cells, attributed to the increased optical
path length [64].

However, the microfabrication of spherical cell arrays demands rigorous process
control. Furthermore, the spherical geometry introduces challenges in backside sili-
con etching and the subsequent anodic bonding process, rendering it a non-universally
applicable technology.

Although the application of conventional glass blowing of vapor cells in atomic sensing
devices is a relatively mature technology, it is associated with inherent drawbacks such
as poor consistency, low fabrication efficiency, and high cost [65,66]. Consequently, alkali
vapor cells fabricated using MEMS technologies are preferred in most chip-scale devices.

A notable exception is found in Rydberg detection applications, where glass-blowing
vapor cells remain the standard. The reason is that the low background gases in vapor
cells are suitable for the sustaining of Rydberg states, and the glass walls of the cells have
minimal impact on microwave transmission. In contrast, the silicon materials typically
used in MEMS vapor cells always possess high dielectric constants, which can result in
significant conductive losses [67-69].

A. B. Artusio-Glimpse et al. proposed a wafer-scale microfabrication process of all-
glass vapor cells, in which high-temperature and high-pressure direct bonding is used
to realize hermetical sealing cells containing embedded alkali metal dispensers and non-
evaporable getters, alongside laser activation for alkali loading. This all-glass approach has
been proven effective for creating mm scale to cm scale vapor cells suitable for Rydberg
detection [70].

Traditional, bulky glass-blowing vapor cells restrict the miniaturization of atomic
sensors and often exhibit slight inconsistencies in parallelism, flatness, wall thickness, and
gas pressure. Consequently, MEMS-based fabrication processes for vapor cells have been
developed and are favored for the majority of chip-scale atomic sensing devices.

2.2. MEMS Vapor Cells

Alkali vapor cells utilizing MEMS techniques were first introduced by J. Kitching
et al. [71]. These typically feature a glass-silicon—glass triple-layer stacked architecture. By
integrating these microfabricated vapor cells with other optical components, the volume of
the atomic clocks was drastically decreased [72].

The typical fabrication process for alkali metal vapor cells based on MEMS technology
is illustrated in Figure 4.

A double-side polished silicon wafer is first patterned and etched to form an array of
through-holes. Subsequently, the silicon wafer is anodically bonded to a borosilicate glass
wafer to create a preform carrier array. Alkali metals and buffer gases, formulated with
specific compositions and pressure, are then introduced into the cavities. Finally, a second
anodic bonding process is carried out to hermetically seal the filled cavities. Examples of
MEMS vapor cells fabricated using this process are shown in Figure 5.
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Figure 4. Fabrication process of MEMS alkali metal vapor cells. (a) Silicon via etching; (b) bottom
bonding; (c) alkali metal (red ellipse) and buffer gas filling; (d) sealing bonding.

(b) - ©

Figure 5. MEMS fabricated alkali metal vapor cells. (a) Vapor cell arrays on a full wafer; (b) two types
of cells of different sizes alongside a penny for scale; (c) a vapor cell next to a one-dime Chinese coin.

Although the fabrication process described above is widely adopted, it is really a flexi-
ble methodology that often requires adaptation for different cell structures and application
scenarios [73-77].

Silicon cavities can be formed using either deep reactive ion etching (DRIE) or wet
chemical etching; both techniques possess distinct strengths and weaknesses. Wet etching
is a relatively simple process capable of producing clean cavity sidewalls. However, it is
not an easily controllable process, and it is difficult to fabricate silicon cavities with high
consistency across an entire wafer. Furthermore, the lack of fully anisotropic etching results
in tilted sidewalls, rendering this method unsuitable for preparing cylindrical cavities [78].

DRIE is a highly anisotropic etching technique comprising a series of cycles, each
including an etching step and a passivation step. The passivation step forms sidewall
protection, while the etching process removes silicon material vertically. DRIE is suitable
for fabricating consistent silicon cavity arrays with high aspect ratios and steep sidewalls
in thick (mm scale) silicon wafers. Nevertheless, the alternating etching and passivation
cycles in DRIE often generate ridge-like defects on the sidewalls. These defects can trap
passivation contaminants that react with and consume alkali metals, thereby compromising
the stable operation of the vapor cells [50].

Solutions have been proposed to mitigate the effects of the sidewall defects and
contaminations in the DRIE process. By utilizing a KOH alkaline polishing solution, R.
K. Chutani et al. reduced scallop-shaped micro-defects, achieving a sidewall surface
roughness (Ra) of 50 nm [79].

Alternatively, acidic polishing solutions are effective for obtaining smooth silicon
sidewalls. Using a chemical polishing solution containing hydrofluoric acid and nitric acid,
Y. Wang et al. improved the sidewall surface quality, achieving a roughness value as low as
20 £ 5 nm [80].
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In vapor cell fabrication, wafer bonding is a critical step for achieving the high her-
meticity required for the stable operation of MEMS vapor cells. Currently, anodic bonding
is the most prevalent bonding technique for MEMS vapor cells [32,33]; however, other
bonding methods, including epoxy glue bonding, glass—frit reflow bonding, and ther-
mocompression bonding, have also been developed and adopted. The principles and
characteristics of wafer bodings for vapor cells are detailed in Section 3.

Alkali metal filling methods include direct injection, the chemical reaction method, the
ultraviolet (UV) decompression method, the alkali dispenser method, the paraffin package
wrapping method, and the photolysis method. Each method presents specific advantages
and disadvantages, which are discussed in detail in Section 4.

The wafer-scale batch manufacturing of MEMS vapor cells enables miniaturized size,
higher consistency and lower cost. These factors allow corresponding atomic sensing
devices to achieve smaller dimensions and lower power consumption compared to conven-
tional devices. Consequently, MEMS vapor cells have become the mainstream components
for chip-scale atomic sensing devices [81,82]. A notable drawback, however, is the limited
laser path length, which may affect atom-laser interaction efficiency in certain applications.

Challenges remain in achieving consistent fabrication quality during the wafer-scale
production of MEMS alkali vapor cells. The dimensional uniformity of the vapor cells is
primarily determined by the silicon through-hole etching process. Wet chemical etching
always results in poor uniformity due to limited process controllability, while the DRIE
process can produce uniform hole arrays. However, the DRIE process is often accompanied
by chemical polishing to smooth silicon sidewalls, a step that requires precise control. The
bonding reliability of vapor cells is mainly influenced by the surface conditions of the
two wafers, in addition to the appropriate selection of methods and the careful control
of process parameters. Rigorous cleaning is required prior to wafer bonding to eliminate
surface contamination, and surface activation is often beneficial. For vapor cells with
pre-filled alkali metals, excessive evaporation and migration of alkali metals to the bonding
interface must be minimized during the bonding process. The alkali filling consistency in
vapor cells is closely dependent on the filling method. In general, manual dispensing of
alkali metal droplets using micropipettes tends to result in slight variations in the amount
of alkali metal loaded. For other filling methods, such as chemical reaction and thermal
decomposition of alkali compounds, the quantity of solid precursor can be well controlled;
however, incomplete reaction or decomposition within individual vapor cells is likely the
primary cause of filling inconsistency. This issue is typically attributed to nonuniform local
heating or activation.

3. Bonding Methods
3.1. Anodic Bonding

Currently, the most prevalent method for fabricating MEMS atomic vapor cells is
anodic bonding. First developed in the 1960s [83], this technique was introduced to atomic
device fabrications in 2004 due to its superior hermeticity and high reliability [72,84,85].

The anodic bonding in MEMS atomic vapor cell fabrication connects borosilicate
glasses with silicon wafers utilizing temperature, pressure and an electric field. The
fundamental principle of anodic bonding is illustrated in Figure 6.

The silicon wafer and borosilicate glass are placed together and compressed by two
electrodes while being heated. As the temperature rises, the mobility of Na* ions within
the glass increases. Driven by the electric field, these Na* ions drift toward the negative
electrode, creating an O?~-rich depletion layer near the glass contact surface. Simultane-
ously, Si**-positive charges are induced in the adjacent silicon. The O?>~ and Si** attract
each other, forming a firm electrostatic bonding force between the two wafers. Because the
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Na™ ions are neutralized at the negative electrode, this electrostatic force persists even after
the removal of the external electric field. Additionally, at high bonding temperatures, the
O?~ in the depletion layer reacts with the silicon to form strong Si-O-Si chemical bonds.
These two mechanisms work in tandem to bond the silicon wafers and glass.

Na* Na* Na* Na* Na*
borosilicate glass -

Si4+ Si4+ Si4+ Si4+ Si4+ +
silicon

Figure 6. Anodic bonding principle of silicon and borosilicate glass.

Anodic bonding is critical for creating hermetic vapor cells. Insufficient bonding
strength can lead to minor gas leaks at the interface, resulting in operation instability or
total failure of the vapor cells [86,87].

While high bonding temperatures are fundamental for achieving high bonding
strength, they present a significant drawback for vapor cell fabrication. Typical anodic
bonding requires heating structures to approximately 300 °C. At these temperatures, bond-
ing materials must possess similar thermal expansion coefficients to prevent cracking
in the bonding process. Furthermore, the use of anti-relaxation coating is hindered, as
polymer coatings typically have much lower melting points [88,89]. Direct filling of alkali
vapor is also complicated, due to the excessive evaporation of alkali metals at such high
temperatures [90]. Moreover, if the bonding temperature exceeds 300 °C, alkali metal pene-
tration into the glass may occur [91,92], reducing the available alkali metal and adversely
affecting optical properties.

Surface activation methods have been adopted to lower bonding temperatures while
maintaining bonding strength [93-95]. Wet or dry treatments are all investigated to alter
surface properties of the bonding materials. However, effective temperatures generally
cannot be reduced to or below the melting point without compromising bonding strength
and hermeticity.

Y. Wang et al. proposed a specialized anodic bonding process to mitigate temperature
effects. The process includes two steps: in the first pre-bonding step, the upper electrode
is heated to approximately 280 °C while the lower electrode is maintained at 20 °C. This
temperature gradient prevents the excessive evaporation of alkali metals. In the second
final bonding step, both the electrodes are heated to 280 °C. The second high-temperature
bonding enhances the initial bond, ensuring high hermeticity and reliability [80].

Another limitation of anodic bonding is the requirement for high voltage in either
vacuum or buffered gas environments, as inappropriate parameters may cause discharge
between the wafer edge and the pole plate. Several studies have been carried out to address
this issue.

X. Li et al. proposed a two-step anodic bonding process, in which a lower voltage of
800 V was first used in a buffered gas environment to minimize discharge risk, and then the
chamber was pumped to high vacuum and the voltage was increased to 1200 V. The second
high-voltage bonding further improved the hermeticity of the vapor cells and realized high
bonding strength, achieving leakage rates of 1.0 x 10~!3 Pa-m3/s and bonding strengths in
the range of tens of MPa [78].

L. Zhang et al. described an anodic bonding process with gradually increasing volt-
ages. The bonding voltage was ramped from 0 V to 1000 V in 200 V increments. This
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research indicated that complete bonding at each step significantly influences the eventual
hermeticity of vapor cells [96].

Beyond high-temperature and -voltage requirements, anodic bonding also suffers
from intrinsic oxygen contamination within the cavity. Oxygen released during the bonding
process can react with the internal alkali metals, reducing the alkali vapor density and
limiting the lifetime of vapor cells.

Despite the aforementioned drawbacks, anodic bonding remains a mature technology
well-suited for MEMS vapor cell fabrication. It can realize firm bonding with low residual
stress, and the vapor cells fabricated via this method typically exhibit excellent hermeticity,
ensuring long-term stability.

3.2. Thermocompression Bonding

Metal film thermocompression bonding is a wafer-scale compatible alternative tech-
nique to anodic bonding for vapor cell fabrication. Different from anodic bonding, this
method requires an intermediate layer, as shown in Figure 7. The fundamental principle of
thermocompression bonding is the mutual diffusion of two identical metals under high
temperature and high pressure [97].

intermediate layer —
— y

. silicon .

borosilicate glass

Figure 7. Thermocompression bonding of alkali metal vapor cells.

R. Straessle et al. proposed the use of indium thin films as the intermediate layer
in the bonding process [98]. To mitigate weak adhesion to silicon and prevent oxidation,
a chromium adhesion layer is utilized, with a gold film deposited over the indium as a
protective layer. These metals were selected because they can facilitate strong and hermetic
bonding, with minimal disturbance to atomic device operation. Furthermore, this process
reduces the bonding temperature to <140 °C, allowing the integration of anti-relaxation
wall coatings in alkali vapor cells [99].

A rubidium vapor cell featuring an octadecyltrichlorosilane (OTS) anti-relaxation
coating was fabricated by R. Straessle et al. to verify the effectiveness of this 140 °C
indium bonding. Spectroscopic examinations of the vapor cells indicated that the OTS
coating preserved narrow double-resonance (DR) linewidths, demonstrating the application
potential of the method in atomic sensing devices [100].

A significant drawback of low-temperature indium-bonded vapor cells is that the
bonding structure cannot withstand subsequent high-temperature post-processing due
to the low melting point of indium [101,102], while the post-processing steps are often
essential for the fabrication of complete MEMS atomic sensing devices.

Y. Wang et al. proposed an Au-In transient liquid-phase bonding technique with
a bonding temperature as low as 200 °C. The bonded structures can withstand post-
processing temperatures of up to 490 °C, maintaining a bonding strength of 31.68 MPa and
a leakage rate of 5 x 107! Pa-m3/s. The results indicate that the technology is suitable for
the reliable batch fabrication of alkali vapor cells [103].
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Copper is also an ideal material for thermocompression bonding due to the ease of
mutual diffusion [104]. A distinct advantage of Cu-Cu bonding is that copper does not
react with most alkali metals commonly used in vapor cells [105].

S. Karlen et al. reported wafer-scale hermetic sealing of alkali vapor cells using Cu—Cu
thermocompression bonding, incorporating rubidium, and an Ar-Ne buffer gas mixture
was filled. In their study, tantalum and chromium were investigated as the adhesion layer,
respectively [106,107]. With bonding temperatures ranging from 350 °C to 400 °C, bonding
strength ranged from several MPa up to over 35 MPa. Spectroscopic characterizations
confirmed that these vapor cells are suitable for chip-scale atomic clocks.

A surface activation technology for Cu-Cu thermocompression bonding was devel-
oped by K. Tanaka et al. using atomic hydrogen treatment. Compared to conventional wet
chemical oxide reduction, this method reduces the bonding temperature from 350 °C to
300 °C without compromising quality. The bonded device exhibited leakage rates below
10~ Pa-m3/s, indicating significant practical potential [108].

Compared to anodic bonding, metal film thermocompression bonding offers two
primary advantages: it generates no residual gas during the bonding process and allows
for a wider variety of material combinations. The disadvantages are also obvious: indium
can react with alkali metals, leading to contamination or reduced device lifetime, while
copper can generate thermal magnetic noise, which may be incompatible with specific
applications such as miniature magnetometers.

3.3. Other Bonding Methods

Numerous other wafer-scale bonding techniques have been developed for hermetic
packaging in MEMS fabrications.

Silicon fusion bonding, for instance, is a common process in MEMS device
manufacturing [109]. However, it is unsuitable for vapor cell fabrication due to the
requisite high process temperature (up to 1000 °C or higher) and the opaque nature of
silicon wafers.

As noted in the fabrication of miniaturized glass vapor cells, low-outgassing epoxy
can be employed for sealing. The epoxy-gluing process is relatively simple, and it avoids
the high temperatures and specialized equipment required for anodic bonding. However,
even slight outgassing can cause gas contamination, potentially causing the vapor cells to
fail during subsequent high-temperature treatments [110,111].

Glass—frit bonding is also utilized in the MEMS field for hermetic sealing due to
its ease of operation. However, the bonding temperature typically exceeds 400 °C, and
the glass—frit bonding frame usually requires a width of >100 um. These factors present
significant constraints for the miniaturization of alkali metal vapor cells [112].

K. Tsujimoto et al. proposed a simplified bonding approach combining microchannel
fabrication with a glass reflow sealing process. Micro sacrificial channels fabricated at the
bonding interface facilitate vacuum pumping and buffer gas filling, after which reflow
sealing encapsulates the vapor cells. Through the microchannels, the vapor cells can be
pumped down to a vacuum, and the buffer gases can be precisely controlled. The drawback
of the method is that the structures must be heated to a high temperature to soften the
material, which is detrimental to both the vapor cells and the bonding equipment [113,114].

To summarize, both anodic bonding and thermocompression bonding are compatible
with the established IC process and can realize vapor cells with controllable lateral dimen-
sions ranging from the millimeter to the centimeter scale (or larger). These methods achieve
high bonding strengths (from several MPa up to several tens of MPa) and low leakage
rates (from 10~ Pa-m?®/s to 10~'% Pa-:m3/s). In comparison, anodic bonding requires a
high bonding temperature of 300-400 °C, which has a significant influence on the prefilled
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alkali metal in the preform cavity and is incompatible to anti-relaxation coating technology.
In-In thermocompression bonding mitigates the high-temperature issue with a bonding
temperature as low as 140 °C; however, the indium bonding layer can react with certain
alkali metals. Cu-Cu thermocompression bonding operates at similar bonding temperature
and can achieve similar results comparable to anodic bonding. While the copper bonding
layer is harmless to alkali metals, it can induce thermal magnetic noise.

Although the alternative wafer-bonding methods discussed above possess distinct
characteristics, they remain less attractive for vapor cell fabrication when compared to
anodic bonding or thermocompression bonding technologies.

4. Alkali Filling Methods

Alkali metal filling is one of the most critical steps in vapor cell fabrication. Volatile
alkali metals are inclined to react with environmental oxygen or water vapor, or escape
from the cells during high-temperature bonding due to their low melting point. These
issues must be carefully mitigated during the filling process. Commonly utilized alkali
metal packaging methods can be categorized as follows.

4.1. Direct Filling Method

The first category involves directly inserting pure alkali metals into cell preforms,
either using a pipette or via an evaporating method [74,115,116]. The method was first
utilized by Liew et al. [72]. To prevent oxidation caused by air or water vapor, the process
is conducted in an environment flushed with inert buffer gas.

R. Lutwak et al. presented a hybrid process combining conventional alkali filling with
microfabrication specifics. In this method, a typical glass-silicon—glass cell is microfab-
ricated via a drilled hole. This hole is connected to standard vacuum apparatus, which
supplies alkali metal vapors and buffer gases through a glass capillary. Once filling is com-
plete, the capillary is sealed with a gas torch [117]. This method combines the advantages
of conventional glass blowing and the microfabrication technique, ensuring high-purity
alkali metal vapors and buffer gases with well-controlled composition and pressure. A
significant drawback of the method is that the process is not fully compatible with MEMS
technology, making batch production difficult.

S. Knappe et al. employed a chemical reaction to generate alkali vapors for the direct
filling technique. A specialized heating apparatus was utilized to induce a chemical ex-
change reaction, forming small liquid alkali metal droplets externally. These droplets were
then introduced into the preform and encapsulated via anodic bonding. This method has
been applied to the fabrication of spherical vapor cells [118] developed for gyroscopes [119].

Y. Pétremand et al. used a specialized tool equipped with a wire dispenser to produce
small alkali metal droplets, which were then jetted directly into the perform to fabricate
vapor cells [120]. This filling process is relatively simple, but the surfaces intended for
anodic bonding may be contaminated by the jetted alkali vapors.

The direct filling method allows for high-purity loading of alkali metals into small
vapor cells, making it particularly suitable for miniaturized and low-power atomic
sensing devices.

However, a significant drawback of this method is the technical difficulty of manipulat-
ing alkali metal droplets. This process must be implemented in oxygen-free environments
to prevent rapid oxidation. Additionally, direct filling of alkali metals also requires careful
design of the subsequent bonding process. Elevated bonding temperatures risk causing the
evaporation of alkali metals, while low temperatures often result in weak bonding strength
and poor hermeticity.
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4.2. Wax Package Method

S. Radhakrishnan et al. utilized a wax-wrapped method to introduce alkali metals
into vapor cells [121]. In this process, a specifically fabricated wax container encapsulating
a small amount of alkali metal is placed into the cell preform. Following encapsulation,
a laser is used to ablate the container membrane, thereby releasing and evaporating the
alkali metals inside the cell.

The encapsulation of alkali metal is still challenging. A. Lal et al. proposed a patented
method and apparatus for encapsulating reactive alkali metals within a protective wax
matrix to form micro-packets. This approach enables safe handling and wafer-level batch
integration into chip-scale atomic devices. The fabrication process employs silicon molds
to pattern paraffin wax cavities, fill them with precise quantities of alkali metal, and
hermetically seal the cavities at low temperature [122].

S. Chen et al. proposed a molding method for the fabrication of wax package [123],
utilizing both cavity and needle molds to create paraffin blind holes for alkali metal
encapsulation. The obtained paraffin packages ranged in size from 0.9 mm?3 to 1.6 mm?,
containing a minimum alkali metal volume of 0.2 pL.

Based on the mold method research of S. Chen et al., X. Li et al. proposed a reusable
manufacturing mold for the wax package, which significantly reduces both fabrication cost
and processing time [124].

One advantage of the wax package method is that it enables simultaneous alkali
metal filling and the anti-relaxation coating. However, this method is not suitable for
batch processing due to the complex fabrication process and the difficulty in controlling the
melting time of the wrapping wax. Furthermore, the paraffin coating cannot withstand high
temperatures, which strictly necessitates the use of low-temperature bonding techniques.

4.3. Chemical Reaction Method

Chemical reaction between alkali compounds and reductants can also produce alkali
metals. A prominent example is the reaction between alkali chlorides and barium azide,
which typically occurs within the 150 °C to 250 °C range. In this process, barium is initially
released from barium azide at temperatures below 200 °C. Subsequently, the barium
displaces the alkali metal from alkali chloride as a reductant at approximately 250 °C.
Consequently, the reaction yields alkali metal, barium chloride, and nitrogen gas. The
equation for the chemical reaction is as follows [125]:

Ba(N3); + 2MeCl — BaCl; +2Me + 3N, 1 (high temperature) (1)

Here, “Me” refers to the alkali metal. In the fabrication of vapor cells, the chemical
reaction between alkali chloride and barium azide within the glass—silicon preform involves
two phases. First, the reaction mixture is heated to approximately 120 °C, causing the
barium azide to decompose into barium and nitrogen. Next, a glass cap is covered on the
preform, and the temperature is raised for anodic bonding. As the temperature gradually
increases to about 300 °C, the silicon—glass bond forms, and the second phase is completed
during this heating process [81].

A. Brannon et al. utilized anodic bonding combined with the reaction of BaNg and
RDbCl for the fabrication of Rb vapor cells with a volume of 1 mm?3. The atomic clock
employing these vapor cells demonstrated robust performance, achieving a frequency
stability of 6 x 10712 at 1000 s and 5 x 107! over one day [126].

Similarly, J. Su et al. described microfabricated 8°Rb vapor cells for atomic clocks,
adopting an in situ chemical reaction to generate pure 8*Rb metallic drops. These vapor
cells possessed internal volumes of several mm?>. At an operation temperature of 90 °C,
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the optical absorption spectrum and CPT resonance were detected; the signal contrast was
approximately 1.5%, with a CPT linewidth of about 1.7 kHz [73].

S. L. Li proposed a physics package for CSAC by integrating critical MEMS compo-
nents. In this approach, 8Rb vapor cells were batch-fabricated using a chemical reaction
and anodic bonding process. The resulting CSAC exhibited a short-term frequency stability
as low as 7 x 10710t=1/2[127], where © represents the averaging time.

Chemical reaction methods have significantly improved the fabrication of MEMS alkali
vapor cells [51,72]. The process is straightforward and well-suited for batch production.
It eliminates the need for alkali metal transfer, thereby avoiding oxidation from exposure
to air. However, the reaction process may produce solid residues that reduce the optical
transparency of the vapor cells. Consequently, chemical reaction methods are commonly
employed in dual-cavity designs, where one cavity is dedicated to alkali metal generation
and the other to atom-laser interaction.

4.4. UV Decomposition Method

Alkali azides are relatively stable at room temperature but can be decomposed via
thermal activation or ultraviolet light (UV) radiation. In the photochemical process, the
azide group absorbs photon energy from UV irradiation, causing the cleavage of N-N
chemical bonds and the subsequent decomposition of the alkali azide. This reaction yields
nitrogen gas and alkali metal [128,129]. The equation of the chemical reaction is as follows:

2MeN3 — 2Me + 3N, T (ultraviolet illumination) (2)

L. A. Liew et al. demonstrated the thin-film deposition of cesium azide and the pho-
todecomposition technique for the fabrication of vapor cells [130]. In this method, cesium
azide was deposited into fabricated cell preform arrays via vacuum thermal evaporation.
Following encapsulation, UV radiation was used to irradiate vapor cells for in situ pho-
todecomposition. This UV decomposition technology enables the simultaneous realization
of vapor cells with high optical transparency and high alkali purity.

S. Woetzel et al. demonstrated a cesium azide filling method using an aqueous
solution [131]. By carefully controlling the solution, both the quantity of cesium azide and
the resulting buffer gas pressure could be adjusted with high precision. This pipetting
method is straightforward, safe, and easily reproducible.

Both physical depositing [132,133] and aqueous solution pipetting [131,134] of alkali
azide have been employed in vapor cell fabrication. Through a simple UV photodecom-
position process, alkali metals and nitrogen buffer gas can be generated within the cell in
desired quantities under ideal conditions.

However, despite the extended UV activation period required, the decomposition of
alkali azide can be reversible. Unreacted solid residues may compromise the transparency
of the cell, and the unstable nitrogen pressure can adversely affect the sensitivity of the
vapor cells.

4.5. Laser-Inducing Method

Alkali molybdates and alkali chromates can react with reactive metals such as alu-
minum, titanium, zirconium, or silicon at high temperatures to produce alkali metals [135].
The equation for the chemical reaction is as follows:

Me,CrOy4 + ZrzAly — Crp + Alb,O3 + 3ZrO; + 4Me  (above 500 °C) 3)

In the fabrications of MEMS vapor cells, solid pills of alkali chromates or molyb-
dates dispensers are typically used, which are activated only after being sealed inside the
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cells [75,88]. Because of the high temperature required for the reaction, alkali release from
these dispensers is commonly achieved via laser irradiation. The wavelength of the laser
for alkali releasing is not strictly critical, and the alkaline vapor release process is controlled
primarily by irradiation time and laser power [136,137].

Recent studies indicate that the laser-inducing activation of an alkali dispenser for
MEMS fabrication is becoming more popular [138]. Since alkali dispensers maintain
chemical stability at temperatures up to 500 °C, the high-temperature bonding process can
be adopted to achieve vapor cells with superior hermiticity and bonding strength.

The fabrication process of MEMS vapor cells using the laser inducing of a cesium
dispenser involves four steps: cell preform formation, dispenser pill filling, anodic bonding,
and final laser activation. In this process, the typical anodic bonding temperature is
approximately 400 °C, while the activation temperature reaches about 700 °C. Because the
laser spot is focused exclusively on the dispenser, the high activation temperature does not
adversely affect the remainder of the vapor cell [139].

However, the conventional method typically involves placing pill dispensers indi-
vidually. It is slow and inefficient, and the pills may absorb environmental humidity
and decompose in this process. R. Vicarini et al. developed a semi-automated setup to
address this [75]. This setup allows for the wafer-scale activation of alkali dispensers using
a high-power fiber laser, facilitating batch production of vapor cells. Additionally, the
setup incorporates linear spectroscopy to estimate alkali metal vapor density and buffer
gas pressure.

To further overcome these challenges, V. Maurice et al. proposed the use of alkali
metal dispensable pastes for filling microfabricated vapor cells [8]. These pastes can
be conveniently patterned to the desired dimensions using standard techniques such as
mesh printing, inkjet printing or spray coating. Consequently, standard paste dispens-
ing tools can be utilized, significantly reducing fabrication complexity compared to the
pill-based method.

M. Gozzelino et al. developed an automatic system for the wafer-scale activation and
characterization of alkali metal vapor cells. Two separated optical sources are employed in
the system: one is for alkali metal pill activation and the other is for spectroscopic analysis,
enabling real-time characterization of alkali metal content and signal contrast. This system
is extremely effective in promoting the mass production of atomic sensors based on MEMS
vapor cells [140].

Laser-inducing alkali dispensers possess unique advantages for vapor cell fabrication.
The high activation temperature and the absence of residual gas byproducts facilitate
flexible bonding designs, resulting in improved hermeticity and precise control over buffer
gas pressure. Furthermore, micro-dispensers are commercially available. The small pills
have a diameter of 1 mm and a height of 0.6 mm, which is beneficial for the miniaturization
of vapor cells.

However, in practical laser-inducing processes, precise control of laser power and
irradiation time remains challenging. Insufficient irradiation leads to incomplete activation,
whereas excessive irradiation generates excessive alkali metal, thereby degrading the
performance of the vapor cells.

Another limitation of this method is that alkali dispensers can absorb non-noble
gases due to the gettering compounds inside. M. Hasegawa et al. demonstrated that Cs
dispensers significantly absorb nitrogen, resulting in unstable buffer gas pressure [88,141].
The research suggests that nitrogen is unsuitable as a buffer gas in cells containing alkali
dispensers, while noble gases such as neon and argon are preferred.
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Furthermore, similar to the chemical reaction method, non-alkali solid residues from
dispenser pills can obstruct laser penetration. Consequently, the laser-induing method is
primarily applied to the fabrication of dual-cavity vapor cells.

4.6. Electrochemical Decomposition Method

Alkali metals can also be extracted from other materials, such as glass. The mechanism
is analogous to that of a lithium-ion battery: when an electric current passes through hot
alkali-rich glass, alkali metals are released via an electrolytic effect [142].

F. Gong et al. described an electrolytic method for alkali filling in vapor cells [46]. The
basic electrochemical decomposition process is as follows: a specially fabricated alkali-rich
glass piece is placed in a cell preform, which is then anodically bonded in a buffer gas
environment. The vapor cell is heated to melt down the alkali-rich glass, and an electrolytic
voltage is applied across it. During electrolysis, an external NaNOj electrode serves as the
positive electrode, while the silicon substrate acts as the negative electrode. At temperatures
around 500 °C and an electrolytic voltage of approximately 700 V, the NaNOj electrode
melts, releasing Na* ions and initiating current flow. These Na* ions displace the alkali
metals within the glass, generating alkali vapor.

The electrochemical decomposition method enables precise control of alkali metals
and supports wafer-cale batch manufacturing of vapor cells with high bonding strength
and hermiticity.

Although the method is relatively straightforward, the operational procedure is com-
plex. Careful control of the electrolytic current is critical. Due to strong reverse polarization,
a large accumulation of Na* ions at the interface during electrolysis can weaken the anodic
bond [143,144]. Additionally, because the alkali-rich glass and the borosilicate glass cover
have mismatched thermal expansion coefficients, the process requires meticulous handling
to prevent structural failure.

Due to these limitations, the electrochemical decomposition method has not been
widely adopted in recent years, and related research has gradually declined.

A brief comparison of alkali metal filling methods for MEMS vapor cells is presented
in Table 1.

Table 1. Comparison of alkali metal filling methods for MEMS vapor cells.

Alkali Filling Method Advantages Disadvantages
. _— Simple operation; high-purity alkali metals; Requires an anaerobic environment; necessitates
Direct filling . Lo .
beneficial for miniaturization careful low-temperature bonding
Simple filling operation; no specialized Complex wax package fabrication; requires careful
Wax package environment required; enables simultaneous low-temperature bonding; requires precise laser

anti-relaxation coating

ablation of wax package

Chemical reaction

No specialized environment required; easy control
of alkali metal quantity; simultaneous release of
alkali metal and nitrogen during bonding;
compatible with high-temperature bonding

Requires precise control of bonding temperature;
produces solid residues; may result in low
transparency or bulky structures; uncertainty in
reaction completeness and nitrogen pressure

UV decomposition

Simple operation; no solid residues; enables
simultaneous generation of pure alkali metal and
buffer gas

Long photolysis duration; reversible reaction may
lead to unstable buffer gas pressure

Laser-inducing

Commercially available alkali metal precursors;
compatible with high-temperature bonding; fast
and well-controlled laser activation

Produces solid residues; may result in low
transparency or bulky dual-cavity structures;
precursor may absorb non-noble gases

Electrochemical decomposition

Compatible with high-temperature bonding; readily
available alkali-rich glass; easy control of alkali
metal quantity

Complex and tedious fabrication process; requires
careful control of process parameters; risk of
bonding degradation during electrolysis
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5. Vapor Cell Structures
5.1. Single- and Dual-Cavity Structures

The simplest vapor cells consist of a single operation cavity, such as the initial designs
proposed by L. A. Liew [72]. This single-cavity vapor cell features a glass—silicon—glass
stacked structure containing alkali metal and buffer gas, as shown in Figure 8.

operation cavity

borosilicate glass

silicon

Figure 8. Schematic diagram of a single-cavity vapor cell.

Single-cavity vapor cells offer distinct advantages. By eliminating the need for complex
processes such as multi-cavity bonding and channel fabrication, they simplify manufac-
turing and reduce cost, making them well-suited for wafer-level mass production. The
entire glass window serves as the optical path, facilitating direct laser-atom interaction
and improving optical efficiency. Compared to dual-cavity designs, single-cavity cells
are more compact, as they do not require additional space for reaction chambers or by-
pass channels. This compactness makes them ideal for wafer-scale miniaturization and
low-power applications.

However, single-cavity vapor cells impose restrictions on alkali filling methods, par-
ticularly for chemical reaction and dispenser-based filling. When alkali metal generation
occurs directly within the operation cavity, residual reaction byproducts can contaminate
the atomic interaction zone. Even with direct filling methods, extremely precise dosing
of alkali metal is required, because an excess can compromise the optical transparency of
the cell. Furthermore, single-cavity vapor cells exhibit limited resistance to environmen-
tal interference; the atomic vapor density in such small volumes is highly susceptible to
fluctuations in temperature and airflow.

Dual-cavity vapor cells were developed to address these limitations. These cells
consist of two sealed cavities connected by narrow filtration channels, as shown in Figure 9.
One cavity, containing the alkali source, is dedicated to generating alkali vapor, while the
other serves as the operation cavity, containing only pure alkali metal and buffer gas. The
filtration channels typically have very small cross-sections, allowing only alkali atoms
to diffuse into the operation cavity while blocking solid residues generated during the
production process [81].

micro-channels

source operation
cavity cavity

Alkali silicon
source .

borosilicate glass

Figure 9. Schematic diagram of a dual-cavity vapor cell.
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However, dual-cavity vapor cells occupy a significantly larger volume than their single-
cavity counterparts. The additional space required for the alkali source cavity and filtration
channels renders them less suitable for miniaturized atomic sensing devices. The structure
complexity necessitates high-precision micromanufacturing processes, such as dual-cavity
precision bonding and microchannel fabrication. Consequently, the manufacturing process
is more complex, and the yield is lower than that of single-cavity structures, making them
less suitable for large-scale, low-cost mass production.

Traditional etching processes for defining the internal volume of dual-cavity vapor
cells typically involve two separate stages: one to form the through cavities and another to
create shallow channels. Correspondingly, this requires two process cycles, each involving
multiple steps, such as deposition, photolithography, mask removal, pattern alignment,
and silicon etching.

To address the complexity of traditional dual-cavity fabrication, I. Komarevtsev et al.
developed a single-step etching process capable of forming filtration channels and through
cavities simultaneously [145]. This method relies on the anisotropic silicon etching of the
silicon <100> surface, where the etch rate of the <111> plane is negligible (<100> and
<111> are Miller indexes of Si crystal). By optimizing the etchant and incorporating the
compensating structure in the photomask design, both through cavities and V-groove
trenches can be formed in a single etching step.

Although dual-cavity vapor cells perform well in laser transmission, their larger
volume compared to single-cavity designs remains a drawback. To address this issue,
several fabrication techniques originally developed for dual-cavity vapor cells have been
adapted to produce compact single-cavity vapor cells.

D. G. Bopp et al. proposed a wafer-scale fabrication method for single-cavity vapor
cells involving thermal evaporating, lateral translation and anodic bonding [146]. In this
process, an array of cavity pairs is fabricated across the entire wafer: large cavities serve
as operational vapor cells, while smaller cavities are loaded with alkali precursors. A
representative cavity pair is shown in Figure 10 to illustrate the fabrication process.

| =) ¥

! o operation T operation
! ! . silicon :
Sl | s'licon cavity alkali cavity
source source
borosilicate glass borosilicate glass

(@) (b)

Figure 10. Fabrication process of vapor cells using lateral translation. (a) Evaporation and lateral
translation; (b) sealing via bonding.

First, the wafer is heated to evaporate the precursors from the small cavities onto an
upper glass wafer, forming an array of alkali droplets. The upper glass is then laterally
translated to align these droplets with the large cavities before being anodically bonded
to the stack to seal the vapor cells. This process is compatible with commercial bonding
equipment and allows precise control over buffer composition and pressure.

Similarly, H. Nishino et al. proposed a wafer-scale method to physically separate the
operational and dispenser cavities. This process utilizes a custom-designed cover glass and
a two-step anodic bonding technique, as shown in Figure 11 [147].

https:/ /doi.org/10.3390/mil17111230


https://doi.org/10.3390/mi17111230

Micromachines 2026, 17, 1230

18 of 32

*

alkali
source

silicon

source operation operation
cavity cavity cavity
silicon

alkali
‘ source ,

borosilicate glass borosilicate glass

() (b)

Figure 11. Fabrication process of vapor cells via two-step bonding. (a) Peripheral bonding and alkali
release; (b) center sealing via bonding.

An array of cavities is first fabricated using the standard microfabrication and bonding
process, and only a subset of these cavities is loaded with alkali dispensers. A specialized
glass cover is then assembled using weak anodic bonding at a reduced voltage. The center
region of this cover glass is etched to a depth of several micrometers, ensuring that only
the peripheral regions are bonded in this step, thereby maintaining a small gap above the
cavities. Upon heating, the alkali dispensers release vapor, which diffuses into the adjacent
empty cavities. Subsequently, strong anodic bonding is performed at a higher voltage.
Driven by the pressure differential between the interior and exterior of the structure, as
well as the mismatch in thermal expansion coefficients between silicon and borosilicate
glass, the center part of the glass membrane deflects and forms a hermetic anodic bond
with the silicon, thereby completing the sealing of the vapor cells [148,149].

In general, single-cavity vapor cells can achieve lateral dimensions of 1-2 mm, making
them well-suited for miniaturized, low-power atomic sensors. However, they traditionally
require direct alkali filling and careful encapsulation at relatively low temperature. In
contrast, dual-cavity vapor cells typically have lateral dimensions 2-3-times larger than
single-cavity structures due to the additional alkali source cavity. Nevertheless, they can
achieve high bonding strength and hermeticity through robust high-temperature bonding
processes. Therefore, it appears to be a superior approach to realize single-cavity vapor
cells by adopting the methods discussed in [146,147].

5.2. Long Laser Path Structure

The laser path length significantly influences the performance of chip-scale atomic sen-
sors. Insufficient path length reduces the signal-to-noise ratio in thermal vapor devices [71]
and limits the number of trapped atoms in laser-cooled atomic systems [150].

Considering the two common fabrication technologies for vapor cells, the glass-
blowing technique can easily produce vapor cells with laser path lengths of several mil-
limeters. However, achieving precise geometric control or flat window surfaces is difficult
with this method. Y. Ji et al. proposed forming a structured glass wafer using a glass
reflowing technique, which are then anodically bonded to the silicon wafer with etched
cavities to enable wafer-scale fabrication [151]. Vapor cells with a 3 cm optical path length
were realized and tested in a miniaturized atomic magnetometer. However, this fabrication
process is complex, and achieving consistent structural shapes remains challenging.

Glass-silicon—glass stacked vapor cells, fabricated via micromachining and anodic
bonding, have been under development for over 20 years. Nevertheless, most such vapor
cells still feature limited optical paths of approximately 1.5 mm or less [152-155]. The pri-
mary obstacle is the etching depth of the silicon wafer. Using standard MEMS technologies
based on DRIE or KOH etching, it is difficult to form through-holes with lateral dimensions
suitable for miniaturized vapor cells on silicon wafers thicker than 2 mm.

T. Dyer et al. utilized a high-pressure water jet cutting process to create though-holes in
thick silicon wafers. This cost-effective and straightforward method enabled the fabrication
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of silicon via structures with thicknesses of 5-6 mm. However, because the minimum
lateral feature size achievable by water jet cutting is limited to approximately 1.5 mm,
the filtration channel connecting the dispenser and operational cavity was designed as
a ~25 mm meandering channel [44,156]. Consequently, due to the relatively large lateral
dimensions, water jet cutting is unsuitable for the fabrication of miniaturized vapor cells.

Since anodic bonding technology for multi-stack structures has been proven feasible
for achieving stable and hermetic seals [157,158], multilayer vapor cells are considered an
effective approach for increasing the laser path length.

Y. Pétremand et al. proposed a novel five-layer vapor cell structure [120]. It consists of
a 3 mm thick glass core containing an array of through-holes formed by mechanical drilling.
On each side, a 525 um thick silicon wafer, also featuring through-hole arrays, is bonded to
the core, creating hollow cavities with a length of 4.05 mm. These cavities are sealed on
both outer sides with glass lids to form the vapor cells containing alkali metals. Such vapor
cells are of significant importance for compact atomic clocks, whether based on CPT or the
double-resonance (DR) approach.

Q. Yang et al. proposed an innovative design for wafer-scale MEMS vapor cells
featuring a silicon—glass—silicon stack structure, as shown in Figure 12 [159]. These vapor
cells have precise dimensions of 14 mm x 14 mm x 4.3 mm, with a horizontal optical
path length of up to 10 mm. This design differs from the traditional glass—silicon—glass
configuration, offering new perspectives for the development of chip-scale atomic sensors,
particularly optical atomic clocks. The primary challenge of this technique lies in achieving
highly polished sidewalls within the operational cavity to ensure efficient laser transmission;
however, sidewall polishing remains a serial, time-consuming process.

borosilicate operation cavit
laser P y
glass
silicon

Figure 12. An alkali vapor cell with a silicon—glass—silicon structure.

Traditional mechanical drilling and water jet cutting technology are readily applicable
for through-hole processing on thick wafers. However, these techniques may severely
contaminate the wafer surface or induce cracking, which is detrimental to subsequent
anodic hermetic bonding of vapor cells.

Even in compact vapor cells, multiple laser reflection can effectively increase the laser
path length. R. Chutani et al. proposed an elongated silicon vapor cell structure. As shown
in Figure 13, the vapor cell incorporates symmetrical reflective walls fabricated via a wet
etching process. These reflective walls direct the incident laser along the long axis of the
vapor cell, achieving an effective laser path length of 7 mm [160].
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Figure 13. Alkali vapor cell with a multiple-reflection laser path.

A limitation of this structure is that the reflection angle is fixed at 54.7° relative
to the <100> surface of the silicon wafer due to anisotropic chemical etching [161]. To
achieve horizontal laser transmission within the vapor cell, diffraction gratings must be
integrated to adjust the beam trajectory. Although this structure offers a novel concept for
vapor cell design, the requirement for optically smooth walls, the inclusion of glass-etched
grating structures, and the critical alignment of the incident laser beam all increase process
complexity and cost.

R. Han et al. proposed using reflective mirrors instead of grating structures in vapor
cell fabrication. Although this process eliminates the need for complex glass-etched grat-
ings, challenges in controlling wet etching and the fixed 54.7° etching angle still render it
unsuitable for precise wafer-level manufacturing [162].

To address the 54.7° etching angle and the resulting complexity in laser path align-
ment, H. Nishino et al. developed vapor cells incorporating internal 90° and 45° reflective
mirrors [163]. The 45° mirrors were fabricated via anisotropic etching on a <011> sili-
con substrate with a 9.74° cut-off, while the 90° mirrors were formed using the DRIE
method [164]. These vapor cells have been successfully employed in compact atomic clocks,
significantly reducing the overall device footprint.

For certain specific applications, laser access from multiple directions is required. The
presence of opaque silicon layers within the vapor cells complicates both the structural
design and fabrication process, often necessitating a five-layer architecture rather than
the typical three-layer configuration [165]. Notably, vapor cells with a five-layer structure
inherently provide a longer laser path length.

Due to higher atomic vapor efficiency and more compact packaging, atomic vapor
cells featuring longer laser paths and chip-scale integration capabilities offer significant
advantages for atomic sensing devices, enabling higher sensitivity and facilitating on-chip
engineering design. While numerous new technologies have been proposed to meet these
evolving requirements, challenges remain. Whether by increasing the absolute physical
length of laser path or by employing multiple-reflection schemes, these methods still face
obstacles such as technological immaturity, process complexity, and a heavy reliance on
traditional manufacturing techniques.

6. Inner Wall Coatings

The functional coating on the inner wall is a critical component of atomic vapor cells,
primarily consisting of anti-relaxation and passivation layers.

Prior to the coating process, the inner surfaces of the vapor cells typically require
cleaning and polishing to enhance coating adhesion. This is particularly important for
silicon sidewalls fabricated via the DRIE process. The most common approach for chemical
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polishing of silicon involves the use of a potassium hydroxide (KOH) solution. According
to the optimal parameters proposed by R. K. Chutani, fine grass-like defects on silicon
sidewalls resulting from the DRIE process can be effectively reduced [79]. However, for
large ridge-like defects, an acidic polishing solution containing hydrofluoric acid (HF)
and hydrogen peroxide (H,O;) is preferred [166,167], as it provides superior polishing
performance compared to KOH solutions.

6.1. Anti-Relaxation Coating

In many atomic sensing devices, such as atomic clocks and magnetometers, it is
desirable to prepare sample atoms in a specific quantum state and maintain that state for as
long as possible, since longer relaxation times directly contribute to higher device precision.
However, as vapor cell dimensions decrease, alkali-wall collisions become a dominant
mechanism limiting relaxation time [168,169].

Two primary strategies have been proposed to mitigate this effect: filling the cell
with buffer gases and depositing anti-relaxation coatings on the inner walls [49]. Buffer
gases can effectively prolong the average relaxation time; however, they may broaden the
resonance linewidth, affect operational stability [170-172], increase temperature-dependent
frequency shifts [173], and interfere with efficient atomic spin alignment [174].

As an alternative, anti-relaxation coatings can achieve performance comparable to that
of buffer gases [175]. Macroscopic glass vapor cells with anti-relaxation coatings have been
successfully implemented in sensing devices such as magnetometers and atomic clocks,
with their effectiveness well established [176]. The application of anti-relaxation coatings in
MEMS is also attractive [71], and extensive research has been conducted to identify optimal
coating materials [177,178].

Paraffins and organosilanes represent the two main classes of anti-relaxation coatings
for vapor cells. Paraffin coatings have enabled resonance linewidths of a few hertz in
glass vapor cells, indicating that alkali atoms can undergo at least several thousand wall
collisions before relaxation [171,179-182]. However, the low melting temperatures of
paraffins limit their applicability, because elevated operating temperatures can significantly
degrade coating performance. Paraffins typically melt between 70 °C and 90 °C, whereas
the most common operating temperatures for vapor cells range from 70 °C to 100 °C [183].

As a representative organosilane, octadecyltrichlorosilane (OTS) can be prepared as
self-assembled monolayers or multilayers. OTS multilayers generally exhibit superior
properties but require more complex preparation processes [177,184]. OTS monolayers
can be readily formed by immersing the structures in an OTS solution, based on chemical
adsorption [185]. For silicon walls, surface polishing and a SiO; transition layer are typically
required to ensure adequate adhesion; otherwise, weak adsorption and poor coverage may
compromise coating performance [186,187]. Other metal oxides, such as Al,O3 and TiO»,
can also serve as transition layers to improve adhesion [188].

R. Straessle et al. demonstrated the fabrication of OTS multilayers inside vapor cells
using an indium-bonding process [100]. The coating procedure was conducted within a
laminar chamber containing ambient atmosphere and OTS precursor vapor. Atmospheric
water vapor serves as a catalyst, promoting the high-quality formation of the multilayers.
Comparative results indicated that vapor cells coated with OTS multilayers exhibited
significantly narrower intrinsic resonance linewidth than those containing only buffer
gases, a characteristic highly desirable for miniature atomic sensing devise.

R. Pandiyan et al. proposed a low-temperature bonding process compatible with the
formation of OTS monolayers in vapor cells [189]. In this method, glass and silicon wafers
were initially bonded via van der Waals forces, followed by a strengthening step. This
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second step resembles anodic bonding but is performed at a temperature as low as 140 °C,
thereby preventing damage to the preformed OTS monolayers.

OTS coatings exhibit chemical stability up to 230 °C in ambient atmosphere and can
withstand temperatures up to 170 °C within alkali vapor cells, representing a significant
improvement over paraffins [100,190]. Nevertheless, OTS coatings typically suffer from
poor coverage and lower efficiency, permitting a maximum of approximately 2000 wall
collisions before depolarization occurs [184].

High-performance inner coatings can undoubtedly enhance the atomic polarization
rate and relaxation time of alkali vapor cells. Paraffins allow for several thousand atomic
bounces before relaxation, provided the operating temperature remains below their melt-
ing point of 70-90 °C. In comparison, OTS coatings can withstand temperatures up to
170 °C in alkali vapor cells but are limited to approximately 2000 wall collisions before
depolarization. Crucially, both coating materials are incompatible with standard MEMS
fabrication processes, and they cannot endure the high temperature (~300 °C) and high
voltage (~1000 V) required for hermetic encapsulation of vapor cells [71,177,191]. Conse-
quently, the applications of anti-relaxation coatings in MEMS alkali vapor cells continue to
face significant challenges.

6.2. Passivation Coating

For most vapor cells used in atomic sensing devices, a fundamental requirement
is the ability to maintain sufficient quantity of alkali metal throughout the operational
lifetime. The loss of the alkali metal is generally attributed to two mechanisms: chemical
reactions with Na,O or SiO, present in the glass envelope, and direct diffusion into the glass
matrix [192,193]. Passivation layers are, therefore, employed to prevent these reactions and
diffusion processes, thereby mitigating the depletion of alkali metals [194].

Metal oxides are commonly considered as passivation materials due to their higher
Gibbs free energy of formation compared to alkali metal compounds. S. Woetzel et al. inves-
tigated several metal oxides, including SiO,, TiO,, and Al,O3 [195]. The passivation layers
in this study were fabricated using atomic layer deposition (ALD), a technique capable of
producing conformal, pinhole-free films, even on complex surfaces. The results indicated
that Al;O3 and SiO; coatings had minimal adverse effects on the subsequent anodic bond-
ing process. Notably, vapor cells with Al,O3 coatings exhibited a significant improvement
in alkali metal retention, with depletion reduced by a factor of approximately 100.

S. Karlen et al. developed rubidium vapor cells featuring a 20 nm Al,O3 inner coating
deposited via molecular vapor deposition (MVD). A novel characterization technique
based on Raman spectroscopy and image analysis was employed to monitor alkali metal
depletion during high-temperature, long-term aging tests [196]. Based on these monitoring
results, the lifetime of the Al,O3-coated vapor cells was estimated to exceed 10 years [197].

H. Raghavan et al. implemented Al,O3 passivation coatings in alkali vapor cells
designed for miniature magnetometers. The 20 nm Al,O3 layers were deposited on both
the glass window surfaces and the inner sidewalls of the cells. Zero-field resonance
/2 in the
frequency range of 10 Hz to 100 Hz, confirming the practicability of Al,O3 coatings [154].

magnetometry utilizing this vapor cell demonstrated a sensitivity of 18 fT/Hz

Thin Al;Oj3 films have traditionally been employed to prevent alkali metal depletion
in vapor cells [195,197,198]. Recent research further indicates that Al,O3 coatings can also
reduce the permeation of noble gases into the vapor cells [199]. The composition and
pressure of buffer gases are critical to the stability and accuracy of atomic sensors; gas
permeation can disrupt the internal equilibrium of the vapor cells, thereby degrading
sensor performance [200]. For instance, helium permeation has been shown to signifi-
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cantly impact the long-term stability of optical and microwave alkali vapor cell frequency
standards [201,202].

Aluminosilicate glass has been adopted in the fabrications of MEMS vapor cells be-
cause it exhibits helium permeation rates approximately two orders of magnitude lower
than those of commonly used borosilicate glass [199]. However, aluminosilicate glass can-
not be easily anodically bonded with silicon wafers, and the suitable wafers are expensive
and difficult to source.

C. Carlé et al. investigated the relationship between helium permeation and the
thickness of Al,Os films fabricated by atomic layer deposition [203]. When the Al;,O3
film thickness reached 20 nm or greater, a significant reduction in helium permeation was
observed. The fractional frequency stability of a CPT atomic clock employing an Al,Os-
coated vapor cell was measured at 4 x 10~!2 over one day, verifying the practicality of
this technique.

The aforementioned studies collectively demonstrate that appropriate passivation
coatings are effective not only for retaining alkali metals but also for stabilizing buffer gas
pressure within vapor cells. A 20 nm Al,Os coating has been shown to reduce alkali metal
depletion by a factor of approximately 100, with the lifetime of such passivated vapor
cells estimated to exceed 10 years. Furthermore, Al,O3 coatings can significantly suppress
noble gas permeation: applying coatings of 20 nm or greater thickness on borosilicate
glass reduces the permeation rate from the order of 1071 m2.s~1.Pa~! to the order of
1072 m2.s~1.Pa~1.

7. Conclusions

High-performance miniaturized atomic vapor cells are attracting increasing attention
due to the growing demands of the sensing industry, which specifically requires atomic
sensing devices with high precision and high integration capability. Based on various bond-
ing technologies, alkali vapor cells with high surface flatness, high optical transparency, and
high hermeticity can be achieved. Through different filling methods, sufficient quantities
of high-purity alkali metals can be efficiently encapsulated within the vapor cells without
contamination. Leveraging mature MEMS platforms, the wafer-scale batch production of
alkali vapor cells with improved consistency and reduced cost can be realized.

Single-cavity vapor cells are well suited for miniaturized, low-power atomic sensing
devices due to their compact size; however, their fabrication process is generally incom-
patible with high-temperature anodic bonding. Dual-cavity vapor cells enable hermetic
encapsulation and high-purity alkali metal filling through a convenient and controllable
process, but their relatively large footprint conflicts with the miniaturization trend of atomic
devices. Vapor cells with extended laser paths can enhance atom-laser interaction efficiency
and thereby improve device performance; however, their fabrication, whether based on
thick cores or multiple reflective mirrors, remains complex and difficult to control, making
it challenging to produce such structures with high quality.

Inner wall coating technologies have been widely implemented in alkali vapor cells.
Anti-relaxation coatings perform effectively in macroscopic glass cells but are currently
unsuitable for MEMS-scale cells. This limitation arises because common coating materials,
such as paraffins and organosilanes, exhibit relatively low melting points that are signifi-
cantly below the temperatures required for anodic bonding during vapor cell fabrication.
To overcome this obstacle, either new anti-relaxation coating materials with higher thermal
stability must be developed or alternative low-temperature bonding technologies must be
established. In contrast, passivation coatings have proven effective in enhancing both the
performance and lifetime of vapor cells. Although aluminosilicate glass offers superior
passivation performance for preventing alkali metal depletion compared to commonly
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used borosilicate glass, it presents challenges for anodic bonding with silicon and is difficult
to source commercially. Borosilicate glass coated with Al,O3; demonstrates passivation
performance comparable to that of aluminosilicate glass; it effectively prevents alkali
metal reactions with, and diffusion into, the glass substrate, while also mitigating helium
permeation typically observed through bare glass windows.

With the advancement of atomic gyroscopes, atomic clocks, atomic magnetometers,
and Rydberg atom sensors across diverse application scenarios, microfabricated alkali
metal vapor cells are expected to deliver novel capabilities beyond high efficiency and
long operational lifetimes. These include maintaining high buffer gas pressure (exceeding
one atmosphere) for enhanced atom-laser interaction efficiency, sustaining high-vacuum
conditions (better than 0.1 Pa) for interference-free environments, and integrating heat-
ing components, thermal insulation enclosure, and feedthrough electrodes to achieve
more compact volumes and lower power consumption. Realizing these features presents
significant challenges but also offers compelling opportunities for future research.

It is worth noting that the present work is primarily based on Markovian system
frameworks. However, in practical systems, a critical transition exists between Markovian
and non-Markovian regimes. When the photon travel time between adjacent coupling
points significantly exceeds the inverse of the bare relaxation rate of the giant atom, the
system enters a non-Markovian regime [204-206]. Therefore, investigations into non-
Markovian effects and open quantum dynamics will help clarify the limitations of the
Markovian framework and provide new directions for future research.
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