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Abstract: This paper is a review that surveys work on the fabrication of miniature alkali vapor cells
for miniature and chip-scale atomic clocks. Technology on microelectromechanical systems (MEMS)
cells from the literature is described in detail. Special attention is paid to alkali atom introduction
methods and sealing of the MEMS structure. Characteristics of each technology are collated and
compared. The article’s rhetoric is guided by the proposed classification of MEMS cell fabrication
methods and contains a historical outline of MEMS cell technology development.
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1. Introduction

Atomic time and frequency standards based on the absorption of microwaves by Cs/Rb vapors
were discovered in the 1950s [1,2]. They soon became the most accurate frequency references for time
and frequency measurements, playing a very important role in today’s technology [3–5].

Miniaturization of atomic clocks became a hot topic in the late 1990s after a series of publications
showed technical and phenomenological fundamentals of fully optical coherent population trapping
(CPT) atomic clocks [6–8].

The first technical realizations of microelectromechanical systems (MEMS) miniaturized Cs/Rb
atomic clock were achieved by Kitching [9,10]. Several conceptual works paved the way for obtaining
a laboratory prototype of the chip-scale atomic clock (CSAC) [11–30]. Microsemi Corporation provides
the CSAC SA.45s miniature atomic clock, which is the only commercially available clock of its type.
In 2015, Seiko Epson Corporation revealed the AO6860LAN model CSAC [31], although detailed
information about the solution, including technical and sales documentation, are not available.

The operational principles and the detailed description of CSAC have been widely shown in the
literature relating to the subject and therefore will not be discussed here [3,6,32–40].

This article concentrates on the fabrication problem of one of the most important parts of CSAC,
i.e., the MEMS Cs/Rb cell. The cell has to be small and hermetically sealed to protect the alkali vapors
and buffer gases. The cell structure must allow light to pass to and from atoms. The material from
which the cell is made cannot react with the atoms and cannot be magnetic. The wafer-scale fabrication,
including the cell filling, should be possible [34].

The first realization of the miniature atomic clock cesium MEMS cells gave very promising results.
However, not long afterward, it was noted that the parameters of the cells were more problematic than
expected. The cells have shown significant instabilities of time parameters. Moreover, some of the very
perspective and technological solutions and methods of cesium fabrication and rubidium MEMS cells
for miniaturized atomic clocks have appeared to be a technical dead end.

The cell fabrication and alkali metal introduction methods have been reported in many articles
(description and references will be given later). Other review works [35,41] contain published
information. The main goal of this article is to review the methods of fabrication of MEMS cells
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for CSAC, with a discussion on their advantages and disadvantages. In contrast to the previously
mentioned review works, a classification of the alkali vapor cell technologies is proposed, and each
technology is described in detail. The newest technological concepts are also included in the discussion.

2. Methods of MEMS Vapor Cell Fabrication

Several methods of MEMS cell fabrication are applied in microfabrication techniques and inner
atmosphere generation, including buffer gas and the introduction of alkali metal vapor. These methods
are based on three main principles: evaporation of pure liquid alkali metals, chemical reaction of alkali
chemical compounds, and dispensing of alkali vapor from solid-state dispensers (Figure 1).

Presented here are cells fabricated with MEMS technology, including silicon and glass micromachining
(reactive-ion, deep reactive-ion, or potassium hydroxide etching), anodic bonding as the sealing process,
or thin films deposition. The term “MEMS cell” is used intentionally as it fully reflects the fabrication
methods, the small size of the cells, and the pursuit of mass and cheap production.
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Before presenting the fabrication methods of the integrated Cs/Rb optical version of microcells,
the glassblowing technique, a well-known method for fabrication of mesoscale and macroscale glass
alkali vapor cells, must first be presented. The basic configuration of the technical set-up applied in
that technique is shown in Figure 2a.
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Figure 2. Set-up of the glassblowing technique, which allows fabrication of macroscale cells:
(a) visualization of the set-up, (b) macroscale cell after cutting out, (c) an example of glass macroscale
commercial cell.

The set-up is built on the basis of a standard vacuum apparatus equipped with a specialized glass
section. The section consists of a glass tube connected to a vacuum pump and a gas introduction line.
A melting pot with alkaline metal (historical first) or a wire dispenser is located inside the glass tube.
The glass macroscale cell (Ø = 19 mm or 25.4 mm, length—75 mm or 100 mm) is connected to the glass
tube through a glass capillary.

In the first step, all parts are pumped to about 10−5 Torr, which is then followed by the introduction
of a buffer gas, or mixture of buffer gases, inside the glass tube and the cell. Cs/Rb vapor is delivered
by the evaporation of pure liquid metal or by dispensing atomic Cs/Rb from a wire dispenser, with
the latter of the two methods being seemingly more popular. Alkali vapor diffuses to the cell kept at
ambient temperature and condenses inside the cell, forming liquid drops. Next, the connecting glass
capillary is cut out using a gas torch, and the cell is separated from the glass tube (Figure 2b,c).

The glassblowing, meso/macro method is, as previously mentioned, commonly applied for
fabrication of reference alkali cells. This technique also allows for the manufacturing of cells with
antireflective and/or “antirelaxation” layers. There are plenty of manufactures offering reference cells
made of quartz or borosilicate glass filled up with Cs or Rb atoms as well as with a composition of
buffer gases made on request [42–44]. Even though the glassblowing technique yields excellent results
and is widely used, it cannot be directly applied in MEMS-integrated alkali cell technology.

2.1. Introduction of Pure Alkali Metals

2.1.1. Pipetting

The fabrication of glass–silicon-integrated MEMS cesium vapor cell, which is historically the
oldest process of its kind, was proposed by Kitching and his group [45]. The fabrication procedure
consists of three main steps (Figure 3):

(1) fabrication of glass–silicon preform (deep reactive-ion etching, high-temperature anodic bonding),
(2) direct alkali metal introduction through pipetting, and
(3) final encapsulation by low-temperature, long-lasting anodic bonding.

The cell consists of deep reactive-ion (DRIE)-etched silicon body and two glass covers bonded
anodically to the body. First, anodic bonding is performed under optimal conditions (temperature of
about 400 ◦C, polarization of about 1 kV) (Figure 3a).
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pipetting to silicon–glass preform, (b) cross section of the cell.

The final encapsulation is done inside a high-vacuum chamber (10−5 Torr or better). The preform is
placed onto a hotplate at room temperature and filled with liquid cesium via pipetting. This is followed
by buffer gas, introduced under absolute pressure between 50 and 200 Torr. Glass cover 2, previously
distanced from the silicon–glass preform, is placed onto the preform, and low-temperature, long-lasting
anodic bonding is done. First, the polarizing voltage is applied, and the temperature of the process is then
elevated slowly to the desired level (below 350 ◦C). The process lasts several hours (≤24 h).

This procedure, in this case, produced good results at the preliminary stage of inventing a
physical package of microatomic clocks [15,18,46], but several negative features of the proposed
technology ruined the long-term properties of the cell. As is common knowledge, the optimal
anodic bonding process needs a reasonably high process temperature ranging from 400 ◦C up to
450 ◦C. Bonding between silicon and glass is done by the formation of a siloxane bond (Si–O–Si
groups), resulting from dehydration and dissociation of molecular water covering hydrophilically
bondable surfaces. The resulting residual gas particles (O2, H2O, OH−, hydrocarbons) are reactive to
alkali metals. Lowering the encapsulation temperature below 350 ◦C preserves alkali vapors against
unwanted reactions with products of anodic bonding chemistry, but the bonded silicon–glass interface
remains chemically unstable and generates oxidizing agents. This leads to significant deterioration
of the alkali atom atmosphere and optical absorption properties of the cell. Detailed discussion of
anodic bonding chemistry and optimization of the process is commonly accessible in the literature
relating to the subject [47,48], but there is a common consensus that good anodic bonding needs high
temperatures and sufficient time.

Losev et al. [49] proposed a glass cell fabrication method that utilized direct introduction of rubidium
metal and glass fusion with CO2 laser. The technology is interesting, but it is based on precision mechanics
rather than MEMS technology; therefore, this solution will not be discussed further in this review.

2.1.2. Glassblowing in Microscale

The hybrid process of glassblowing and microfabrication, presented in Reference [50], is a
combination of the conventional vapor cell fabrication methods and specifics of microfabrication.
The process starts with the etching of two via holes, 1.5-mm external diameter each, in a silicon wafer.
The holes are connected by a 1-mm-wide and 100-µm-thick channel, made separately. In the next step,
the top and bottom Pyrex wafers are attached via anodic bonding. The top wafer has a 0.5-mm via
hole drilled above one of the holes (Figure 4a). The connecting pipe is attached to the vacuum line
where alkali is dispensed, as described earlier (Figure 4b).
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Next, the cell is filled with alkali metal and buffer gas, and the tabulation is cut off with a gas torch.
This method of fabrication presents all the advantages of the conventional glassblowing technique and

ensures optimal, high-temperature anodic bonding of the glass and silicon parts of the cell, resulting in pure
cesium vapor and extremely well-controlled composition and pressure of buffer gas. However, the process
is not fully compatible with MEMS technology, so mass-scale production may prove problematic.

2.1.3. Wax Pockets

The other method of fabrication of MEMS cesium cells is shown in Reference [51].
First, a micromachined silicon–glass preform is manufactured, with one side covered by a thin silicon
nitride layer and filled with a desired buffer gas atmosphere (Figure 5a). After that, a wax container,
with a small amount of pure alkali metal sealed inside, is attached to the preform (Figure 5b). In the
“hot stage” of cell fabrication, 355-nm laser light ablates the silicon nitride’s thin membrane and
evaporates the liquid cesium, forming a gaseous atomic cesium atmosphere inside the cell.

This method may not be applicable industrially due to the easy permeation of the external
atmosphere through wax into the cell, but the proposed technique is a very good illustration of creative
inventions at the laboratory level.
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cross-sectional view of the MEMS structure, (b) laser-induced cesium introduction.

2.2. Chemical Compound Reactions

2.2.1. On-Chip Chemical Reactions of Alkali Metal Chloride and Barium Azide

Several serious negative features of low-temperature anodic bonding to seal cells filled with liquid
alkali metal, as well as difficulty accommodating the glassblowing technique in MEMS technology, turned
the attention of researchers toward a new method of cesium/rubidium miniaturized cell fabrication
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based on the generation of alkali metal vapor inside the sealed MEMS structure by the chemical reaction
between alkali metal chloride and barium azide. These substances are stable in the air, making them more
convenient to handle. The reaction with rubidium chloride can be described as follows [45,52]:

BaN6
200 ◦C−−−→ Ba + 3N2 ↑ (1a)

2RbCl + Ba 250−300 ◦C−−−−−−→ 2Rb ↑ +RbCl2 (1b)

The reaction with cesium chloride, by analogy, is as follows [44]:

BaN6 + 2CsCl→ BaCl2 + 3N2 ↑ +2Cs ↑ (2)

The utilization of the chemical reaction as alkali vapor introduction allows for significant
improvements of the fabrication of MEMS Cs/Rb cells [45,53]. The process consists of the fabrication
of a glass–silicon preform, placing a mixture of alkali chloride (CsCl or RbCl) and barium azide inside
the preform, and final encapsulation in the buffer gas atmosphere (Figure 6).

The final encapsulation step comprises three phases. Phase one is preheating at 120 ◦C, which
induces a reaction in which barium azide decomposes into barium and nitrogen (nitrogen is then
pumped out). After that, a top glass cover is placed onto the silicon–glass preform, a polarizing voltage
is applied, and the temperature is elevated to 300 ◦C. During the thermal ramp, silicon–glass bond is
formed, and the second stage of the chemical reaction is done.
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CsCl (RbCl) ring, (b) cross section of the cell.

This process seems suitable for mass-scale production of MEMS cesium/rubidium cells.
However, alkali chloride may be redeposited onto the inner surfaces of the cell, significantly influencing
its transparency. The presence of chlorides can act as a buffer gas, among others buffer gases, but this
effect has not yet been discussed.

2.2.2. Off-Chip Chemical Reaction of Alkali Metal Chloride and Barium Azide

The modified method, which combines chemical reaction for the generation of alkali vapors and
their direct introduction into the MEMS preform, has been presented by Knappe et al. in Reference [54].
The method utilizes the chemical exchange reaction forming of liquid cesium or rubidium in the form
of small drops outside the preform, followed by the low-temperature anodic bonding procedure of the
final encapsulation of the cell (Figure 7).

The first step consists of baking the silicon–glass preform and the glass cover at 300 ◦C inside a
vacuum chamber (P = 10−4 Pa) in order to eliminate water vapor, which could react with the alkali
metal. In the next step, a 30 × 4 mm2 glass ampoule with a nozzle that is 700 µm in diameter is used.
The ampoule is filled with a mixture of barium azide and alkali chloride. The reaction between the
two substances is induced by heating them to 180 ◦C (heater surrounds the ampoule). As a result
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of reaction (1), a small “ball” of pure liquid cesium/rubidium is formed at the end of the nozzle.
Afterward, the nozzle is placed inside the preform cavity to insert drops of liquid Cs/Rb.
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Finally, after the nitrogen has been pumped out (nitrogen also being a product of the reaction)
and the chamber has been filled with the appropriate mixture of buffer gases, the preform is sealed by
low-temperature anodic bonding of the glass cover.

The method described in this paragraph has been implemented in the fabrication process of
glass-blown spherical microcells [55]. The cells have been developed for a nuclear magnetic resonance
(NMR) gyroscope [56] or other three-dimensional MEMS.

2.2.3. UV-Induced Chemical Reaction of Alkali Azide On-Chip

Another method applies the use of the physical deposition process to deposit a layer of alkali
azide [45,57–60] or pipetting of water solution of alkali azide [61–63] on the inner side of the cell window.
Compound decomposition is induced by exposing encapsulated cells to ultraviolet (UV) radiation. As a
result, metallic cesium and nitrogen are obtained inside the cell. The steps of the process are shown in
Figure 8.
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The procedure consists of compound deposition through a shadow mask, sealed via anodic
bonding and UV exposition. The UV radiation is provided by a 254-nm lamp. Several exposition time
periods have been tested, ranging from 8 to 100 h. Despite long activation periods, some amount of
the alkaline compound was left unreacted inside the cells.

2.3. Electrolytic Alkali Metal Introduction

Another interesting process of cesium MEMS cell fabrication has been proposed in Reference [64].
First, the so-called Cs-glass is formed by melting cesium carbonate and boron oxide at 900 ◦C and
cooling it down to ambient temperatures to form a small, flat piece. The fabrication of the MEMS cell
starts from drilling a shallow hole (blind hole) in the glass cover and bonding the substrate to the
silicon micromachined body with an intentionally made via hole (Figure 9a). Next, small fragments
of the alkali-enriched glass are placed inside the silicon–glass preform, and final encapsulation in
the vacuum or another proper gas atmosphere is done. The bonding process is made under optimal
parameters (500 ◦C, 1 kV) so that the formed sandwich is hermetically sealed, and the unwanted
emission of postprocess gases is minimized.

In the next step, the structure is heated by a gas flame in order to melt the alkali-enriched glass
and allow good contact with the Pyrex glass.

Following the previous step, the cell is placed on top of the copper stem with melted NaNO3

(melting temperature of about 300 ◦C), and the stem is placed on a hotplate heated to 540 ◦C. When the
alkali-enriched glass is positioned directly above the reservoir and the temperature is stabilized, high
voltage (700 V) is applied across the structure, initiating the electrolytic current flow. Under such conditions,
ionic Na+ current is induced. Na+ ions flow toward the cesium-enriched glass and replace the Cs+ ions.
As the end result of this procedure, an atomic cesium vapor is formed inside the MEMS cell.
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The invention of this fabrication process has generated a high potential for its functional
application in microatomic clocks (Reference [64], published in 2006), but the process has not yet
been applied on a wider scale because of the negative features of the method described herein.
This includes, among others, cracking as a result of the high mismatch of the thermal expansion
coefficient of cesium-enriched glass inside MEMS cell and the Pyrex cover; the formation of ionic
channels in the bulk of the bottom glass as a result of sodium ion transportation from NaNO3; and
possible bond degradation, or even delamination of bonded layers under high-reversed polarization
and a large amount of Na+ ions generated by electrolysis of NaNO3.
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2.4. MEMS Vapor Cells by Off-Chip Dispensing of Alkali Vapors

2.4.1. Off-Chip Dispensing and Eutectic Bonding

MEMS alkali vapor cell technology, utilizing eutectic bonding, has been investigated for
years [65–70]. According to this technology, the silicon–glass preform and glass cover, kept at a
distance, are located in the vacuum chamber. Next, rubidium is evaporated from the liquid phase
filling up the inner volume of the chamber and silicon–glass preform. The rubidium vapor condenses
inside the preform, forming small, metallic drops of the alkaline metal. This is followed by the
thermocompression bonding of the preform and the top glass cover through an indium layer, conducted
at 140 ◦C for 30 min under a pressure of 400 kPa (Figure 10).
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This method seems simple and reliable, but vacuum-proof qualities of eutectic sealing of the cell
are, at the very least, problematic [71]. There is no data concerning a wider application of the described
method in the industry.

The method is relatively simple and repeatable and ensures easy generation of an alkaline-vapor
atmosphere, but the Rb vapor generated inside the vacuum chamber makes the surface of the bonded
materials passive. Hence, the typical anodic bonding procedure cannot be applied.

2.4.2. Off-Chip Dispensing and Anodic Bonding

In this solution [72], the MEMS cell consists of five layers of glass and silicon (Figure 11).
First, wafer-scale fabrication of the cell preform is carried out. Two silicon micromachined rims are
anodically bonded from both sides to a 3-mm-thick glass wafer with drilled via holes. The first anodic
bonding is done under an optimal, high-temperature procedure. The bonded silicon–glass wafer sandwich
is then again anodically bonded to a bottom glass cover. In the following step, the glass–silicon/glass–silicon
wafer-scale sandwich is sawed into single pieces (Figure 11a), i.e., preforms of cells.

The introduction of rubidium and the final structure encapsulation is done chip-by-chip.
The single preform is placed inside a vacuum chamber. A small drop of rubidium metal is delivered
by a specialized tool with a wire Rb dispenser into a cooled preform (Figure 11b). Rubidium dispensed
from the wire dispenser condenses at the end of the tip, forming a small portion of liquid metal, which
is finally inserted inside the preform by an atomic jet. The preform is cooled down, which causes rapid
formation of liquid metal, a stable form of rubidium. Next, buffer gases are introduced, and a final
anodic bonding of the glass top cover is done at a temperature lower than 300 ◦C (Figure 11c).
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According to the process described in Reference [72], a low-temperature anodic bonding of the
final encapsulation procedure is performed without an additional interlayer polarizing electrode.
The authors have stated that polarization is placed only at the bottom and top glasses (ion current
flows through all wafers of the sandwich). This is probably the biggest drawback of the technology
described herein. As is common knowledge [47], the so-called reversed anodic bonding, which mostly
occurs in this procedure, influences the sealing quality of all layers of the cell. The possible destruction
of the silicon–glass bond is caused by the reduction of Na+ ions to Na and NaOH, which can cause
irreversible damage to the structure. This may involve problems with the long-term stability of the
seal and may significantly increase the permeation of the gaseous external atmosphere and degassing
from the bonded interfaces. All of this may influence the long-term run of the cells.

Rubidium/cesium vapors can passivate the surfaces in order to be bonded. The method of
rubidium delivery by jet is interesting but raises doubts about the purity of surfaces intended for the
anodic bonding.

2.5. MEMS Vapor Cells by On-Chip Dispensing of Alkali Vapors

The most promising MEMS cell technology is based on laser-induced alkali metal vapor
dispensing done inside the sealed cells [73–78]. The MEMS cell consists of a micromachined silicon
body, which has both sides covered with anodically bonded glass wafers (borosilicate glass). The cell
contains an optical chamber, a connection channel, and a technical container for a small, pill-like
solid-state cesium dispenser from SAES Getters (Milano, Italy) (Figure 12a).
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Figure 12. Cell fabrication utilizing solid-state dispenser: (a) silicon–glass preform with the dispenser,
(b) laser-induced on-chip dispensing of alkali vapor.

First, silicon wafers with wet/dry-etched structures are anodically bonded to bottom glass
wafers, forming the MEMS preforms. This process is performed using optimal anodic bonding.
Next, the dispenser is placed inside the container, and the glass cover is anodically bonded at
approximately 400 ◦C in a buffer-gas atmosphere. After that, atomic cesium is dispensed by heating
the solid-state dispenser using a near-infrared spectroscopy (NIR) laser. The dispensing is done
cell-by-cell. The laser light spot (980 nm wavelength) is only focused on the dispenser (Figure 12b).
It becomes hot while the rest of the cell remains cold. The temperature jumps rapidly from ambient
temperature to approximately 720 ◦C. The high temperature allows a chemical reaction (reduction)
between alkali metal salt and reducing agents, such as the metals and metalloids Si, Al, Zr, W,
and Fe [79]. The intensity and quantity of alkali atom dispensing can be set with the NIR laser power
and irradiation time. Laser irradiation can be performed several times, but it must be done precisely.
The process done with the use of absolute minimum laser power and/or for an inadequate length of
time will fail because the evaporated Cs/Rb reacts with residuals and passive inner surfaces. Too much
laser power and/or a process that is too lengthy will cause the emission of a high quantity of Cs/Rb
atoms, which will condense in the form of metal–liquid golden drops, including the optical chamber
(Figure 13).
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This method ensures a sufficient quantity of atomic cesium/rubidium, controlled by the duration
and irradiation power. However, it may involve several disadvantages, for example, the generation
of powders coming from the structure of the dispenser, which is usually made from powders in the
form of a cylinder by high-pressure compression. This can be minimized by an improved design
consisting of several connection channels between the technical container and the optical chamber (a
microstrainer) or by the introduction of a microvalve between the aforementioned parts [80,81], which
will be shown later in the article.
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The other technical disadvantage of the described method is the need for handling, which involves
placing the pill dispenser piece-by-piece. Finally, the laser-induced dispenser activation must be performed
dispenser-by-dispenser with great precision, as previously mentioned. To overcome the abovementioned
setbacks, the mesh-printing of pastes followed by back-up dispensing has been demonstrated [82].

An important improvement of the previously described construction is described here. A simple
connection channel of optical and dispenser chambers has been replaced by several narrow channels,
forming a microstrainer (Figure 14).Micromachines 2018, 9, x 12 of 20 
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to activate the dispenser are not possible, which is the biggest disadvantage of the solution described 
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Based on the technology described in this paragraph, an alternative cell geometry has been 
proposed (Figure 16). The solution uses laser beam reflection from the 54.7° silicon sidewalls. This 
has the advantage that optical path and the interaction of light with atoms is extended. The problem 
of light reflection from the sidewall laid at a different angle than 45° is solved by proper beam 
preparation done out of the cell [84,85] or specially designed grating on upper side of the top glass 
[86], which allows a normal incident of the laser beam. 

Figure 14. The MEMS cell with microstrainer: (a) cell with solid-state dispenser before activation, (b)
laser-induced on-chip dispenser activation.

The design of the microstrainer needs to solve the issue of finding a compromise between transport
efficiency of Cs/Rb atoms and protection against dispenser shards. The problem has been discovered
and described in detail in Reference [83].

In the next version of the cells based on laser dispensing principle, the new element, a microvalve,
has been proposed (Figure 15). A small area of top glass above the valve seat is melted and the valve
is closed, separating the dispenser chamber from the optical chamber, in effect protecting it against
unwanted contaminations.
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The laser dispensing, which creates the alkaline-vapor atmosphere inside both chambers, is followed
by temperature treatment of the valve seat (Figure 15b). In this case, subsequent attempts to activate the
dispenser are not possible, which is the biggest disadvantage of the solution described herein.

Based on the technology described in this paragraph, an alternative cell geometry has been
proposed (Figure 16). The solution uses laser beam reflection from the 54.7◦ silicon sidewalls. This has
the advantage that optical path and the interaction of light with atoms is extended. The problem of
light reflection from the sidewall laid at a different angle than 45◦ is solved by proper beam preparation
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done out of the cell [84,85] or specially designed grating on upper side of the top glass [86], which
allows a normal incident of the laser beam.Micromachines 2018, 9, x 13 of 20 
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3. Conclusions and Final Remarks

This section gives a comparison of MEMS cell fabrication methods and their applications in
microatomic clocks. The results and perspectives on applying the previously described technologies in
large scale are commented on as well.

Everything discussed in this paper that has been obtained from literature on the subject of alkali
introduction methods and characteristics of cell technology is provided in Table 1.

Table 1. Collation of introduction methods.

Method Symbol/Method
Description Reference MEMS

Compatibility Alkali Vapor Source Activation
Mechanism

Internal
Atmosphere

Quality

Process
Repeatability

M1/Pipetting of pure alkali
metal [15,18,46] Possible Pure alkali metal - Excellent Excellent

M2/Hybrid process of
glassblowing and
microfabrication

[50] None Pure alkali metal - Excellent Excellent

M3/Alkali-wax micropackets [51] Possible Evaporation of metallic
alkali metal

Laser ablation,
λ = 355 nm Poor Good

M4/Alkali compound
introduction [45,52,53] Possible Reaction between barium

azide and alkali chloride
Thermal,

T = 200–300 ◦C Poor Poor

M5/Dropping of pure alkali
metal obtained by external

chemical reaction
[54,55] Possible Reaction between barium

azide and alkali chloride
Thermal,

T = 180 ◦C Good Good

M6/Alkali azide deposition
and UV photolysis [45,57–63] Excellent Photolysis of alkali azide

Long UV lamp
activation and

shorter UV laser
activation

Bad Bad

M7/Electrolytic [64] Probably
none Electrolysis

Electrolytic,
T = 540 ◦C
U = 700 V

Poor Good

M8/Off-chip dispensing and
eutectic bonding [65,67–70] Possible Pure alkali metal or

solid-state dispenser - Poor Excellent

M9/Off-chip dispensing and
multilayer anodic bonding [72] Possible Pure alkali metal or

solid-state dispenser - Good Excellent

M10/On-chip dispensing and
high-temperature anodic
bonding; structure with

microstrainer or microvalve

[73–78,80–82,84–86] Excellent Solid-state dispenser
Heating of the
dispenser by

NIR laser
Excellent Excellent

The positive and negative features of particular methods are described below.

M1

Pipetting is a method that ensures effective encapsulation of pure alkali metal and ensures that
the buffer gasses are sealed inside the cell. The delivery of pure metal in their liquid form seems to be
the simplest solution.
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However, a low evaporation temperature and high chemical reactivity of alkali metals must be
taken into consideration in the planning of cell technology. Usually, the need for precise liquid
manipulation in a vacuum/anaerobic atmosphere makes these techniques difficult to adjust to
batch fabrication.

M2

The hybrid process of glassblowing and microfabrication was stated by the authors to be
a temporary solution. The method was designed to accelerate research in the field of microcell
performance while simultaneous work was being done in the field of fabrication processing.

M3

The use of metal wax micropackets is very interesting. Unfortunately, postprocessing after the
introduction of cesium, detaching the wax containers and the final enclosure of the cell without
dehermetizing, has not been reported.

M4

The introduction of the alkaline compound appears to be the easiest for large-scale fabrication.
The reaction of alkali metal chloride and barium azide is thermally activated. Chemical decomposition
of barium azide becomes effective above 120 ◦C. At room temperature, the substances are stable, even
in the air, making them easier to handle. The downsides include the uncertainty of the full conversion
of substrates. Moreover, the reaction product (barium chloride) appears as white powder, which can
negatively affect the transmission of light through the MEMS cell. A significant fact in this method is
that gaseous nitrogen is a by-product of the reaction. The nitrogen can work as a buffer gas, which is
considered desirable in some applications.

M5

This method uses the advantages of the M4 method and pipetting. The chemical reaction is
performed off-chip, reducing problems related to the appearance of solid-state products and unreacted
substrates. Pure alkali metal is delivered directly to the silicon–glass preform. Moreover, nitrogen is
not required as a buffering gas, which makes it a universal technique with the use of other buffer gases.

M6

The method based on UV photolysis of alkali azide deposition applies only well-known
microfabrication processes, which are compatible with batch processing. Regrettably, the alkali
azide deposition process is not well understood. The deposited films are not uniform, so the amount
of alkali metal inside the cell varies from one cell to another. Alkali azide solution dispensing is
nevertheless much better controlled. UV activation times using mercury lamps are lengthy (8–100 h),
and this process could result in a serious rise in the final product cost. UV laser activation has been
demonstrated and shown to have much shorter activation times. Gaseous nitrogen is a product of
photolysis. Similar to the M4 description, nitrogen can work as a buffer gas. However, unlike in M4,
the amount (pressure) of nitrogen seems to be better controlled.

M7

Electrolytic alkali introduction is certainly an unconventional approach. It allows for the precise
release of controlled amounts of pure alkali metal inside a sealed cell but, in practice, the realization
of a large-scale automatic introduction process would be difficult to arrange. Moreover, the bonding
degradation caused by the electrolysis process could lead to long-term instability in the internal
gas atmosphere.

M8, M9

Off-chip dispensing is an interesting proposition. However, possible passivation of surfaces
intended for connection is a possibility. Eutectic bonding does not seem sufficient enough to maintain
a proper vacuum level, nor does it maintain the long-term stability of the optical properties of
the cells. Multilayer anodic bonding sealing as an alternative sealing process is recommended.
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Notwithstanding, the running of anodic bonding without an additional intermediate electrode(s)
generates negative effects toward long-term quality of the inner atmosphere of the cells.

M10

The last presented method, i.e., the use of an alkali dispenser, returned very promising results.
It seems that it completely fulfills the requirements stated at the beginning of this chapter. Dispensing is
performed after the final sealing of the structure. Anodic bonding is performed at optimal temperatures,
which eliminates postprocess problems related to degradation of the bonded interface (degassing).
Problems related to the deterioration of transparency of the optical window by fine particles from the
dispenser or drops of liquid alkali metal may be eliminated via proper design of the cells.

The latest literature reports indicate that on-chip dispensing from miniature solid-state Cs/Rb
dispensers is becoming more and more popular [87,88]. The reason is related to its undeniable
advantages. First of all, microdispensers are commercially available as a small pill of ~1 mm
in diameter and 0.6 mm height. Activating the dispenser requires the use of an IR laser whose
wavelength does not have to be strictly determined. The effectiveness of alkaline vapor release
is controlled by laser power and irradiation time. One drawback is the rather large size of the
dispenser and the need to manipulate individual dispensers, which can be an obstacle to mass
production. However, recent achievements show that the technology has a high applicability in
mass-scale production, and the obtained metrological parameters are good [89]. Fractional frequency
stability of a CPT-based clock prototype, utilizing Cs vapor cells based on pill dispenser and fabricated
as described before, is measured to be 2.5 × 10−11 τ−1/2 up to 200s averaging time and better than 2 ×
10−11 τ−1/2 at 105 s.

An alternative solution is to use a method based on UV photolysis of alkali azide. A strong
improvement of this alkali vapor introduction method has been found recently [61]. The method might
be easily scalable to mass production. However, the unavoidable presence of nitrogen as a photolysis
product limits the scope of its application.

Among the sealing methods, we can distinguish one dominant method: anodic bonding. This is
because this method does not introduce additional materials in contact with highly reactive cesium
or rubidium. In new constructions of MEMS cells, the previously used method of connecting
through intermediate layers is displaced by anode bonding [71], or new methods are developed
using chemically inert materials in relation to alkali metals [88].

The other problem closely related to the subject discussed here is the controlling of the inner
atmosphere of MEMS cells. Several publications have shown that residual gases coming from degassing
from inner surfaces and interfaces of bonded materials can easily be removed by non-evaporable
getters (NEGs), for example, MEMS getters produced by SAES Getters (Italy) [81,90,91]. As well
documented in the literature, argon and helium remains ungettered at level of 10−5 Torr and 10−3

Torr, respectively. This fact limits the ability of using Rb or Cs MEMS cells in miniature atomic clocks
based on cooled-atom effects. Here, the vacuum limit must be at least 10−6/10−7 Torr. In our opinion,
the only acceptable solution is to build a MEMS alkali vapor cell in tandem with a micropump. Such a
construction was proposed in the literature recently [87,92–94] and seems to be a natural step of
future solutions.

Funding: This work has been partially financed by a Statutory Grant of Wroclaw University of Science
and Technology.

Acknowledgments: Tokens of appreciation go out to all the collaborators who took part in the MAC-TFC
FP6 project. Special thanks to Christophe Gorecki, Rudolphe Boudot, Gaetano Mileti, Christoph Affolderbach,
and Luca Mauri for the fruitful discussions in the course of the project, striving for a perfect solution. Many thanks
to all persons from the Division of Microengineering and Photovoltaics, Faculty of Microsystem Electronics
and Photonics, Wroclaw University of Science and Technology, for the atmosphere of cooperation and support.
Exceptional thanks to Jan Dziuban, Anna Gorecka-Drzazga, and Tomasz Grzebyk for the hours devoted to
discussion, analysis, and technological work. Thanks to John Kitching for the interesting exchange of information
that resulted in the launch of new research paths.

Conflicts of Interest: The author declares no conflict of interest.



Micromachines 2019, 10, 25 16 of 20

References

1. Sullivan, D.B. Time and frequency measurements at NIST: The first 100 years. In Proceedings of the
International Frequency Control Symposium and PDA Exhibition, Seattle, WA, USA, 5–8 June 2001; pp. 4–17.

2. Lombardi, M.A.; Heavner, T.P.; Jefferts, S.R. NIST Primary Frequency Standards and the Realization of the SI
Second. J. Meas. Sci. 2007, 2, 74–89. [CrossRef]

3. Chantry, P.J.; Liberman, I.; Verbanets, W.R.; Petronio, C.F.; Cather, R.L.; Partlow, W.D. Miniature laser-pumped
cesium cell atomic clock oscillator. In Proceedings of the 1996 IEEE International Frequency Control
Symposium, Honolulu, HI, USA, 5–7 June 1996; pp. 1002–1010.

4. Allan, D.W. The Measurement of Frequency and Frequency Stability of Precision Oscillators; National Berau of
Standards, Technical Note 669; NTRS: Boulder, CO, USA, May 1975.

5. Howe, D.A. Frequency Domain Stability Measurements: A Tutorial Introduction; National Berau of Standards,
Technical Note 679; NTRS: Boulder, CO, USA, March 1976.

6. Dalton, B.J.; McDuff, R. Coherent population trapping. Two unequal phase fluctuating laser fields. Opt. Acta
1985, 32, 61–70. [CrossRef]

7. Knappe, S.; Wynands, R.; Kitching, J.; Robinson, H.G.; Hollberg, L. Characterization of coherent
population-trapping resonance as atomic frequency references. J. Opt. Soc. Am. B 2001, 85, 1545–1553.
[CrossRef]

8. Kitching, J.; Knappe, S.; Vukicevic, N.; Hollberg, L.; Wynands, R.; Weidmann, W. A microwave frequency
reference based on VCSEL-driven dark line resonances in Cs vapor. IEEE Trans. Instrum. Meas. 2000, 49,
1313–1317. [CrossRef]

9. Knappe, S.; Shah, V.; Schwindt, P.D.D.; Hollberg, L.; Kitching, J. A microfabricated atomic clock.
Appl. Phys. Lett. 2004, 85, 1460–1462. [CrossRef]

10. Knappe, S.; Schwindt, P.; Shah, V.; Hollberg, L.; Kitching, J.; Liew, L.; Moreland, J. Microfabricated atomic
frequency references. In Proceedings of the IEEE International Ultrasonics, Ferroelectrics, and Frequency
Control Joint 50th Anniversary Conference, Montreal, QC, Canada, 23–27 August 2004; pp. 87–91.

11. Gerginov, V.; Knappe, S.; Schwindt, P.D.D.; Shah, V.; Liew, L.; Moreland, J.; Robinson, H.G.; Hollberg, L.;
Kitching, J.; Brannon, A.; et al. Component-level demonstration of a microfabricated atomic frequency
reference. In Proceedings of the IEEE International Frequency Control Symposium and Exposition,
Vancouver, BC, Canada, 29–31 August 2005; pp. 758–766.

12. Kitching, J.; Knappe, S.; Liew, L.; Schwindt, P.; Shah, V.; Moreland, J.; Hollberg, L. Microfabricated atomic
clock. In Proceedings of the 18th IEEE International Conference on Micro Electro Mechanical Systems,
MEMS 2005, Miami, FL, USA, 30 January–3 February 2005; pp. 1–7.

13. Knappe, S.; Schwindt, P.; Hollberg, L.; Kitching, J. The performance of chip-scale atomic clocks.
In Proceedings of the International Quantum Electronics Conference 2005 and the Pacific Rim Conference on
Lasers and Electro-Optics 2005 (IQEC/CLEO-PR 2005), Tokyo, Japan, 22–27 May 2005; pp. 479–481.

14. Knappe, S.; Schwindt, P.D.D.; Gerginov, V.; Shah, V.; Liew, L.; Moreland, J.; Robinson, H.G.; Hollberg, L.;
Kitching, J. Microfabricated atomic clocks and magnetometers. J. Opt. A Pure Appl. Opt. 2006, 8, 318–322.
[CrossRef]

15. Brannon, A.; Gerginov, V.; Knappe, S.; Popovic, Z.; Kitching, J. System-level integration of a chip-scale
atomic clock-microwave oscillator and physics package. In Proceedings of the MEP 2006 Multiconference on
Electronics and Photonics, Guanajuato, Mexico, 7–11 November 2006; pp. 118–121.

16. Kitching, J. An atomic ckock on a chip. Horol. J. Febr. 2005, 54–55.
17. Kitching, J.; Knappe, S.; Liew, L.; Schwindt, P.D.D.; Gerginov, V.; Shah, V.; Moreland, J.; Brannon, A.;

Breitbarth, J.; Popovic, Z.; et al. Chip-scale atomic frequency references. In Proceedings of the 18th
International Technical Meeting of the Satellite Division, Long Beach, CA, USA, 13–16 September 2005;
pp. 1662–1669.

18. Lutwak, R.; Deng, J.; Riley, W.; Varghese, M.; Leblanc, J.; Tepolt, G.; Mescher, M.; Serkland, D.K.; Geib, K.M.;
Peake, G.M. The chip-scale atomic clock—Low-power physics package. In Proceedings of the 36th Annual
Precise Time and Time Interval (PTTI) Meeting, Washington, DC, USA, 7–9 December 2004; pp. 339–354.

19. Lutwak, R. The chip-scale atomic clock–recent developments. In Proceedings of the 22nd International
Conference on Micro Electro Mechanical Systems (MEMS 2009), Sorrento, Italy, 25–29 January 2009;
pp. 573–577.

http://dx.doi.org/10.1080/19315775.2007.11721402
http://dx.doi.org/10.1080/713821645
http://dx.doi.org/10.1364/JOSAB.18.001545
http://dx.doi.org/10.1109/19.893276
http://dx.doi.org/10.1063/1.1787942
http://dx.doi.org/10.1088/1464-4258/8/7/S04


Micromachines 2019, 10, 25 17 of 20

20. Lutwak, R.; Rashed, A.; Varghese, M.; Tepolt, G.; LeBlanc, J.; Mescher, M.; Serkland, D.K.; Geib, K.M.;
Peake, G.M.; Römisch, S. The chip-scale atomic clock–prototype evaluation. In Proceedings of the 39th
Annual Precise Time and Time Interval (PTTI) Meeting, Long Beach, CA, USA, 26–29 November 2007;
pp. 269–290.

21. Lutwak, R.; Emmons, D.; Riley, W.; Garvey, R.M. The chip-scale atomic clock–coherent population trapping
vs. conventional interrogation. In Proceedings of the 39th Annual Precise Time and Time Interval (PTTI)
Meeting, Long Beach, CA, USA, 26–29 November 2007; pp. 233–248.

22. Lutwak, R.; Vlitas, P.; Varghese, M.; Mescher, M.; Serkland, D.K.; Peake, G.M. The MAC—A miniature
atomic clock. In Proceedings of the 2005 IEEE International Frequency Control Symposium and Exposition,
Vancouver, BC, Canada, 29–31 August 2005.

23. Lutwak, R.; Rashed, A.; Varghese, M.; Tepolt, G.; Leblanc, J.; Mescher, M.; Serkland, D.K.; Peake, G.M.
The miniature atomic clock–pre-production results. In Proceedings of the IEEE International Frequency
Control Symposium, 2007 Joint with the 21st European Frequency and Time Forum, Geneva, Switzerland,
29 May–1 June 2007.

24. Deng, J.; Vlitas, P.; Taylor, D.; Perletz, L.; Lutwak, R. A Commercial CPT Rubidium Clock. In Proceedings of
the European Frequency and Time Forum (EFTF), Toulouse, FR, USA, 22–25 April 2008.

25. Braun, A.M.; Davis, T.J.; Kwakernaak, M.H.; Michalchuk, J.J.; Ulmer, A.; Chan, W.K.; Abeles, J.H.;
Shellenbarger, Z.A.; Jau, Y.; Happer, W.; et al. RF-integrated and-state chip-scale atomic clock. In Proceedings
of the 39th Annual Precise Time and Time Interval (PTTI) Meeting, Long Beach, CA, USA, 26–29 November
2007; pp. 233–248.

26. Youngner, D.W.; Lust, L.M.; Carlson, D.R.; Lu, S.T.; Forner, L.J.; Chanhvongsak, H.M.; Stark, T.D.
A manufacturable chip-scale atomic clock. In Proceedings of the 14th International Conference on Solid-State
Sensors, Actuators and Microsystems, Transducers ’07 & Eurosensors XXI, Lyon, France, 10–14 June 2007;
pp. 39–44.

27. DeNatale, J.F.; Borwick, R.L.; Tsai, C.; Stupar, P.A.; Lin, Y.; Newgard, R.A.; Berquist, R.W.; Zhu, M.
Compact, low-power chip-scale atomic clock. In Proceedings of the 2008 IEEE/ION Position, Location and
Navigation Symposium, Monterey, CA, Canada, 5–8 May 2008; pp. 67–70.

28. DeNatale, J.F.; Borwick, R.L.; Stupar, P.A. Compact, low-power atomic time and frequency standards.
In Proceedings of the 26th Army Science Conference, Orlando, FL, USA, 1–4 December 2008;
Report Number A647505.

29. DeNatale, J.F.; Borwick, R.L.; Stupar, P.A.; Tsai, C. Compact Optical Assembly for Chip-Scale Atomic Clock.
U.S. Patent US 2009/0251224 A1, 8 October 2009.

30. Gorecki, C. Development of first European chip-scale atomic clocks: Technologies, assembling and metrology.
Procedia Eng. 2012, 47, 898–903. [CrossRef]

31. Yoshida, H. A New Compact High-Stability Oscillator. In Proceedings of the International Timing and Sync
Forum ITSF 2015, Edinburgh, UK, 2–5 November 2015.

32. Wynands, R. The atomic wrist-watch. Nature 2004, 429, 509. [CrossRef]
33. Belcher, N.; Novikova, M.I. Optimization of a Prototype Atomic Clock Based on Coherent Population

Trapping. In Proceedings of the 75th Annual Meeting of the Southeastern Section of APS, Raleigh, NC, USA,
30 October–1 November 2008.

34. Dong, H.; Fang, J.; Zhou, B.; Qin, J.; Wan, S. Review of atomic MEMS: Driving technology and challenges.
Microsyst. Technol. 2010, 16, 1683–1689. [CrossRef]

35. Knappe, S. MEMS atomic clocks. In Comprehensive Microsystems; Elsevier B.V.: Amsterdam, The Netherlands,
2008; pp. 571–612.

36. Kitching, J.; Knappe, S.; Hollberg, L. Miniature vapor-cell atomic-frequency references. Appl. Phys. Lett. 2002,
81, 553–555. [CrossRef]

37. Boudot, R.; Miletic, D.; Dziuban, P.; Affolderbach, C.; Knapkiewicz, P.; Dziuban, J.; Mileti, G.; Girodano, V.;
Gorecki, C. First-order cancellation of the Cs clock frequency temperature-dependence in Ne-Ar buffer gas
mixture. Opt. Express 2011, 19, 3106–3114. [CrossRef] [PubMed]

38. Hasegawa, M.; Chutani, R.K.; Gorecki, C.; Boudot, R.; Dziuban, P.; Galliou, S.; Passilly, N.; Giordano, V.;
Jornod, A. Microfabrication and thermal behavior of miniature cesium-vapor cells for atomic clock operations.
In Proceedings of the MEMS 2011, Cancum, Mexico, 23–27 January 2011; pp. 712–715.

http://dx.doi.org/10.1016/j.proeng.2012.09.292
http://dx.doi.org/10.1038/429509a
http://dx.doi.org/10.1007/s00542-010-1089-6
http://dx.doi.org/10.1063/1.1494115
http://dx.doi.org/10.1364/OE.19.003106
http://www.ncbi.nlm.nih.gov/pubmed/21369132


Micromachines 2019, 10, 25 18 of 20

39. Liu, X.; Mérolla, J.; Guérandel, S.; Gorecki, C.; de Clercq, E.; Boudot, R. Coherent-population-trapping
resonances in buffer-gas-filled Cs-vapor cells with push-pull optical pumping. Phys. Rev. A 2013, 87, 013416.
[CrossRef]

40. Boudot, R.; Dziuban, P.; Hasegawa, M.; Chutani, R.K.; Galliou, S.; Giordano, V.; Gorecki, C.
Coherent population trapping resonances in Cs–Ne vapor microcells for miniature clocks applications.
J. Appl. Phys. 2011, 109, 014912. [CrossRef]

41. Kitching, J. Chip-scale atomic devices. Appl. Phys. Rev. 2018, 5, 031302. [CrossRef]
42. Reference Gas Cells Portfolio and Technical Description. Available online: http://www.

precisionglassblowing.com (accessed on 28 December 2018).
43. Reference Gas Cells Portfolio and Technical Description. Available online: https://www.sacher-laser.com

(accessed on 28 December 2018).
44. Reference Gas Cells Portfolio and Technical Description. Available online: http://www.triadtechno.com

(accessed on 28 December 2018).
45. Liew, L.; Knappe, S.; Moreland, J.; Robinson, H.; Hollberg, L.; Kitching, J. Microfabricated alkali atom vapor

cells. Appl. Phys. Lett. 2004, 84, 2694–2696. [CrossRef]
46. Kwakernaak, M.H.; Lipp, S.; McBride, S.; Zanzucchi, P.; Chan, W.K.; Khalfin, V.B.; An, H.; Whaley, R.D., Jr.;

Willner, B.I.; Ulmer, A.; et al. Components for batch-fabricated chip-scale atomic-clocks. In Proceedings of
the 36th Annual Precise Time and Time Interval (PTTI) Meeting, Washington, DC, USA, 7–9 December 2004;
pp. 355–368.

47. Dziuban, J. Bonding in Microsystem Technology; Springer: Berlin, Germany, 2006.
48. Knapkiewicz, P.; Augustyniak, I. Sealing of Silicon-Glass Microcavities with Polymer Filling. Bull. Pol. Acad.

Sci. Tech. Sci. 2016, 64, 283–286. [CrossRef]
49. Losev, S.S.; Sevostianov, D.I.; Vassiliev, V.V.; Velishansky, V.L. Production of miniature glass cells with

rubidium for chip scale atomic clock. Phys. Procedia 2015, 71, 242–246. [CrossRef]
50. Lutwak, R.; Emmons, D.; English, T.; Riley, W.; Duwel, A.; Varghese, M.; Serkland, D.K.; Peake, G.M.

The chip-scale atomic clock-recent development progress. In Proceedings of the 35th Annual Precise Time
and Time Interval (PTTI) Meeting, San Diego, CA, USA, 2–4 December 2003; pp. 467–478.

51. Lal, A.; Radhakrishnan, S. Alkali Metal-Wax Micropackets for Alkali Metal Handling. U.S. Patent US
7,666,485 B2, 23 February 2010.

52. Rutkowski, J. Investigation of Thermal Activation of Caesium Dispensers for Micro-Atomic Clock.
MsC Thesis, Wroclaw University of Science and Technology, Wroclaw, Poland, 2010. (In Polish)

53. Liew, L.; Knappe, S.; Moreland, J.; Robinsod, H.; Hollberrg, L.; Kitchin, J. Micromachined alkali atom vapor
cells for chip-scale atomic clocks. In Proceedings of the MEMS 2004 Technical Digest, Maastricht, The
Netherlands, 25–29 January 2004; pp. 113–116.

54. Knappe, S.; Schwindt, P.D.D.; Gerginov, V.; Shah, V.; Hollberg, L.; Kitching, J.; Liew, L.; Moreland, J.
Microfabricated atomic clocks at NIST. In Proceedings of the 36th Annual Precise Time and Time Interval
(PTTI) Meeting, Washington, DC, USA, 7–9 December 2004; pp. 355–368.

55. Eklund, E.J.; Shkel, A.M.; Knappe, S.; Donley, E.; Kitching, J. Glass-blown spherical microcells for chip-scale
atomic devices. Sens. Actuators A 2008, 143, 175–180. [CrossRef]

56. Noor, R.M.; Gundeti, V.; Shkel, A.M. A status on components development for folded micro NMR gyro.
In Proceeding of the 2017 IEEE International Symposium on Inertial Sensors and Systems (INERTIAL),
Kauai, HI, USA, 28–30 March 2017; pp. 156–159.

57. Liew, L.; Moreland, J.; Gerginov, V. Wafer-level filling of microfabricated atomic vapor cells based on thin-film
deposition and photolysis of cesium azide. Appl. Phys. Lett. 2007, 90, 114106. [CrossRef]

58. Liew, L.; Moreland, J.; Gerginov, V. Wafer-Level Fabrication and Filling of Cesium-Vapor Cells for Chip-Scale
Atomic Devices; Contribution of the National Institute of Standards and Technology: Boulder, CO, USA, 2005.

59. Woetzel, S.; Talkenberg, F.; Scholtes, T.; Jsselsteijn, R.I.; Schultze, V.; Meyer, H.-G. Lifetime improvement of
micro-fabricated alkali vapor cells by atomic layer deposition wall coatings. Surf. Coat. Technol. 2013, 221,
158–162. [CrossRef]

60. Woetzel, S.; Kessler, E.; Diegel, M.; Schultze, V.; Meyer, H.G. Low-temperature anodic bonding using thin
films of lithium-niobate-phosphate glass. J. Micromech. Microeng. 2014, 24, 095001. [CrossRef]

61. Woetzel, S.; Schultze, V.; Jsselsteijn, R.I.; Schulz, T.; Anders, S.; Stolz, R.; Meyer, H.-G. Microfabricated atomic
vapor cell arrays for magnetic field measurements. Rev. Sci. Instrum. 2011, 82, 033111. [CrossRef] [PubMed]

http://dx.doi.org/10.1103/PhysRevA.87.013416
http://dx.doi.org/10.1063/1.3530951
http://dx.doi.org/10.1063/1.5026238
http://www.precisionglassblowing.com
http://www.precisionglassblowing.com
https://www.sacher-laser.com
http://www.triadtechno.com
http://dx.doi.org/10.1063/1.1691490
http://dx.doi.org/10.1515/bpasts-2016-0032
http://dx.doi.org/10.1016/j.phpro.2015.08.357
http://dx.doi.org/10.1016/j.sna.2007.10.006
http://dx.doi.org/10.1063/1.2712501
http://dx.doi.org/10.1016/j.surfcoat.2013.01.044
http://dx.doi.org/10.1088/0960-1317/24/9/095001
http://dx.doi.org/10.1063/1.3559304
http://www.ncbi.nlm.nih.gov/pubmed/21456722


Micromachines 2019, 10, 25 19 of 20

62. Overstolz, T.; Haesler, J.; Bergonzi, G.; Pezous, A.; Clerc, P.-A.; Ischer, S.; Kaufmann, J.; Despont, M.
Wafer scale fabrication of highly integrated rubidium vapor cells. In Proceedings of the MEMS 2014, San
Francisco, CA, USA, 26–30 January 2014; pp. 552–555.

63. Karlen, S.; Gobet, J.; Overstolz, T.; Haesler, J.; Lecomte, S. Lifetime assessment of RbN3–filled MEMS atomic
vapor cells with Al2O3 coating. Opt. Express 2017, 25, 2187–2194. [CrossRef]

64. Gong, F.; Jau, Y.; Jensen, K.; Happer, W. Electrolytic fabrication of atomic clock cells. Rev. Sci. Instrum. 2006,
77, 076101. [CrossRef]

65. Pétremand, Y.; Schori, C.; Straessle, R.; Mileti, G.; de Rooij, N.; Thomann, P. Low temperature indium-based
sealing of microfabricated alkali cells for chip scale atomic clocks. In Proceedings of the EFTF 2010—24th
European Frequency and Time Forum ESA/ESTAC, Noordwijk, The Netherlands, 13–16 April 2010.

66. Schori, C.; Mileti, G.; Rochat, B.L.P. CPT Atomic Clock based on Rubidium 85. In Proceedings of the 24th
European Frequency and Time Forum EFTF, ESA-ESTEC, Noordwijk, The Netherlands, 13–16 April 2010.

67. Vecchio, F.; Venkatraman, V.; Shea, H.R.; Maeder, T.; Ryser, P. Dispensing and hermetic sealing Rb in a
miniature reference cell for integrated atomic clocks. Sens. Actuators A 2011, 172, 330–335. [CrossRef]

68. Straessle, R.; Pellaton, M.; Affolderbach, C.; Pétremand, Y.; Briand, D.; Mileti, G.; de Rooij, N.F.
Low-temperature indium-bonded alkali vapour cell for chip-scale atomic clocks. J. Appl. Phys. 2013,
113, 064501. [CrossRef]

69. Straessle, R.; Pellaton, M.; Affolderbach, C.; Pétremand, Y.; Briand, D.; Mileti, G.; de Rooij, N.F.
Microfabricated alkali vapor cell with anti-relaxation wall coating. Appl. Phys. Lett. 2014, 105, 043502. [CrossRef]

70. Violetti, M.; Pellaton, M.; Affolderbach, C.; Merli, F.; Zürcher, J.; Mileti, G.; Skrivervik, A.K.
The Microloop-Gap Resonator: A Novel Miniaturized Microwave Cavity for Double-Resonance Rubidium
Atomic Clocks. IEEE Sens. J. 2014, 14, 3193–3200. [CrossRef]

71. Rushton, J.A.; Aldous, M.; Himsworth, M.D. The feasibility of a fully miniaturized magneto-optical trap for
portable ultracold quantum technology. Rev. Sci. Instrum. 2014, 85, 121501. [CrossRef]

72. Pétremand, Y.; Affolderbach, C.; Straessle, R.; Pellaton, M.; Briand, D.; Mileti, G.; de Rooij, N.
Microfabricated rubidium vapous cell with a thick glass core for small-scale atomic clock applications.
J. Micromach. Microeng. 2012, 22, 025013. [CrossRef]

73. Dziuban, J.; Gorecki, C.; Giordano, V.; Nieradko, L.; Maillotte, H.; Moraja, M. Procédé de Fabrication d’une
Cellule à gaz Active Pour L’horloge Atomique à gaz Ainsi Obtenue. French Patent 06/09089, 17 Octobre 2006.

74. Knapkiewicz, P.; Dziuban, J.; Walczak, R.; Mauri, L.; Dziuban, P.; Gorecki, C. MEMS caesium vapour cell for
European micro-atomic-clock. Procedia Eng. 2010, 5, 721–724. [CrossRef]

75. Nieradko, L.; Gorecki, C.; Dziuban, J.; Douahi, A.; Giordano, V.; Beugnot, J.C.; Guérandel, S.; Moraja, M.
From the implementation to the characterization and assembling of microfabricated optical al cali vapour
cell for MEMS atomic clocks. In Proceedings of the 14th International Conference on Solid-State Sensors,
Actuators and Microsystems, Transducers ’07 & Eurosensors XXI, Lyon, France, 10–14 June 2007; pp. 45–48.

76. Douahi, A.; Nieradko, L.; Beugnot, J.C.; Dziuban, J.; Maillote, H.; Boudot, R.; Guérandel, S.; Moraja, M.;
Gorecki, C.; Giordano, V. New vapor cell technology for chip scale atomic clock. In Proceedings of the IEEE
International Frequency Control Symposium 2007 Joint with the 21st European Frequency and Time Forum,
Geneva, Switzerland, 29 May–1 June 2007; pp. 58–61.

77. Douahi, A.; Nieradko, L.; Beugnot, J.C.; Dziuban, J.; Maillote, H.; Gue´randel, S.; Moraja, M.; Gorecki, C.;
Giordano, V. Vapour microcell for chip scale atomic frequency standard. Electron. Lett. 2007, 43, 33–34.
[CrossRef]

78. Knapkiewicz, P.; Dziuban, J.A.; Gorecki, C.; Dziuban, P.; Walczak, R.; Mauri, L. Komórka cezowa MEMS dla
mikrozegara atomowego. Elektronika 2010, 51, 82–85.

79. Hallier, S.J. Alkali Metal Generation and Gas Evolution from Alkali Metal Dispensers. Technical Report TR
18. Available online: www.saesgetters.com (accessed on 28 December 2018).

80. Hasegawa, M.; Chutani, R.K.; Gorecki, C.; Boudot, R.; Dziuban, P.; Giordano, V.; Clatot, S.; Mauri, L.
Microfabrication of cesium vapor cells with buffer gas for MEMS atomic clocks. Sens. Actuators A 2011, 167,
594–601. [CrossRef]

81. Hasegawa, M.; Chutani, R.K.; Boudot, R.; Mauri, L.; Gorecki, C.; Liu, X.; Passilly, N. Effects of getters on
hermetically sealed micromachined cesium–neon cells for atomic clocks. J. Micromech. Microeng. 2013, 23,
055022. [CrossRef]

http://dx.doi.org/10.1364/OE.25.002187
http://dx.doi.org/10.1063/1.2219730
http://dx.doi.org/10.1016/j.sna.2011.03.045
http://dx.doi.org/10.1063/1.4789942
http://dx.doi.org/10.1063/1.4891248
http://dx.doi.org/10.1109/JSEN.2014.2326337
http://dx.doi.org/10.1063/1.4904066
http://dx.doi.org/10.1088/0960-1317/22/2/025013
http://dx.doi.org/10.1016/j.proeng.2010.09.210
http://dx.doi.org/10.1049/el:20070147
www.saesgetters.com
http://dx.doi.org/10.1016/j.sna.2011.02.039
http://dx.doi.org/10.1088/0960-1317/23/5/055022


Micromachines 2019, 10, 25 20 of 20

82. Maurice, V.; Rutkowski, J.; Kroemer, E.; Bargiel, S.; Passilly, N.; Boudot, R.; Gorecki, C.; Mauri, L.; Moraja, M.
Microfabricated vapor cells filled with a cesium dispensing paste for miniature atomic clocks. Appl. Phys. Lett.
2017, 110, 164103. [CrossRef]

83. Maurice, V. Design, Microfabrication and Characterization of Alkali Vapor Cells for Miniature Atomic
Frequency References. Ph.D. Thesis, Université de Franche-Comté, Besancon, France, 2016.

84. Ermak, S.V.; Semenov, V.V.; Piatyshev, E.N.; Kazakin, A.N.; Komarevtsev, I.M.; Velichko, E.N.; Davidov, V.V.;
Petrenko, M.V. Microfabricated cells for chip-scale atomic clock based on coherent population trapping:
Fabrication and investigation. St. Petersb. Polytech. Univ. J. Phys. Math. 2015, 1, 37–41. [CrossRef]

85. Han, R.; You, Z.; Zhang, F.; Xue, H.; Ruan, Y. Microfabricated Vapor Cells with Reflective Sidewalls for Chip
Scale Atomic Sensors. Micromachines 2018, 9, 175. [CrossRef]

86. Chutani, R.; Maurice, V.; Passilly, N.; Gorecki, C.; Boudot, R.; Hafiz, M.A.; Abbe, P.; Galliou, S.; Rauch, J.;
de Clercq, E. Laser light routing in an elongated micromachined vapoer cell with diffraction gratings for
atomic clock applications. Sci. Rep. 2015, 5, 14001. [CrossRef]

87. Knapkiewicz, P. Alkali Vapor MEMS Cells Technology toward High-Vacuum Self-Pumping MEMS Cell for
Atomic Spectroscopy. Micromachines 2018, 9, 405. [CrossRef] [PubMed]

88. Karlen, S. Fabrication and Characterization of MEMS Alkali Vapor Cells Used in Chip-Scale Atomic Clocks
and Other Atomic Devices. Ph.D. Thesis, Thèse présentée à la Faculté de Sciences de l’Université de
Neuchâtel, Neuchatel, Switzerland, 2017.

89. Vicarini, R.; Maurice, V.; Hafiz, M.A.; Rutkowski, J.; Gorecki, C.; Passilly, N.; Ribetto, L.; Gaff, V.; Volant, V.;
Galliou, S.; et al. Demonstration of the mass-producible feature of a Cs vapor microcell technology for
miniature atomic clocks. Sens. Actuators A 2018, 280, 99–106. [CrossRef]

90. Grzebyk, T.; Gorecka-Drzazga, A.; Dziuban, J.A. Vacuum and residual gas composition MEMS sensor.
Procedia Eng. 2015, 120, 671–674. [CrossRef]

91. Grzebyk, T.; Gorecka-Drzazga, A. MEMS type ionization vacuum sensor. Sens. Actuators A 2016, 246, 148–155.
[CrossRef]

92. Grzebyk, T.; Knapkiewicz, P.; Szyszka, P.; Gorecka-Drzazga, A.; Dziuban, J. MEMS ion-sorption high vacuum
pump. J. Phys. Conf. Ser. 2016, 773, 012047. [CrossRef]

93. Dziuban, J.; Gorecka-Drzazga, A.; Knapkiewicz, P.; Grzebyk, T. From CPT to cooled-atom MEMS atomic
microclock. In Proceedings of the COE 2016: 14th International Conference on Optical and Electronics
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