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As the key part of chip-scale atomic clocks (CSACs), the vapor cell directly determines the volume, stability,
and power consumption of the CSAC. The reduction of the power consumption and CSAC volumes demands
the manufacture of corresponding vapor cells. This overview presents the research development of vapor
cells of the past few years and analyzes the shortages of the current preparation technology. By comparing
several different vapor cell preparation methods, we successfully realized the micro-fabrication of vapor cells
using anodic bonding and deep silicon etching. This cell fabrication method is simple and effective in avoiding
weak bonding strengths caused by alkali metal volatilization during anodic bonding under high temperatures.
Finally, the vapor cell D2 line was characterized via optical-absorption resonance. According to the results,
the proposed method is suitable for CSAC.
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With the developments of quantum engineering technol-
ogy and micro-/nano-processing, micro-system, micro-
miniature, ultra-low power, and chip-level system
integrations have become the tendency of quantum instru-
ments, such as atom interferometer magnetometers, atomic
clocks, and atomic gyroscopes[1,2]. Over the past decades,
much attention has been devoted to the development of
miniaturized atomic clocks. An atomic clock is based on
coherent population trapping (CPT) without a microwave
cavity. The future goal of atomic-clock miniaturization is
the realization of chip-scale atomic clocks (CSAC)[3,4]. As
the most important component of CPT clocks, the vapor
cell directly determines the volume, stability, and power
consumption of the atomic clock[5]. Hence, the vapor cell
is the key component for atomic-clock miniaturization[6,7].
With the reductions of power consumption and atomic-
clock volumes, suitable vapor cells must be designed.
The traditional atomic vapor cell preparation mainly

adopts glass-blowing and cylindrical vapor cells made
from hollow-core glass fibers with CO2 lasers. This pro-
cedure can realize the miniaturization of atomic vapor
cells to a certain extent[8,9]. However, this method typically
leaves a sealed glass stem protruding from the cell, which
makes the assembly of the cell with other optical compo-
nents difficult. In addition, the glass easily reacts with
alkali metal atoms at high temperatures and creates large
amounts of residue, which is unsuitable for microelectro-
mechanical system (MEMS) cells[10,11]. Therefore, those
techniques cannot be applied for CSACs.

The MEMS technology provides a simple way to minia-
turize atomic vapor cells and increases their potential for
mass production[12–15]. Because of the strong reactivity of
alkali metals, they must be kept in an inert atmosphere
and stored in hermetically sealed containers or under an
inert liquid. Based on the different filling technologies
of alkali metals, the fabrication methods for vapor cells
can be classified into five groups: (1) in-situ chemical-
reaction method[16,17]; (2) deposition of alkali metal azides
via UV decomposition[18]; (3) direct alkali metal-filling
techniques[19]; (4) laser ablation of encapsulated alkali met-
als in wax micro-packet[20]; (5) electrolytic decomposition
of alkali metal-enriched glass[21].

The in-situ chemical-reaction method is one of the sim-
plest methods of all vapor cell preparation technologies.
However, the method generates impurities that
remain in the cavity and cause frequency drifts resulting
in insufficient long-term spectral line drifts[22]. The depo-
sition of alkali metal azides via UV decomposition is a
cost-effective solution and enables the batch preparation
of vapor cells[23]. However, since the alkali metal quantity
is directly limited by the buffer gas pressure, reactions of
alkali metal with impurities inside the cell and cell wall
must be limited[24]. Direct alkali metal-filling techniques
provide pure alkali metals inside the cell and avoid inter-
ferences with impurities inside the cell. However, an alkali
metal easily oxidizes in an atmospheric environment,
which implies that the fabrication should be performed
under vacuum and must be adapted to or designed for
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this technique[25]. The electrolytic decomposition of alkali
metal-enriched glass can control the filling amounts of
alkali metal elements and realize a wafer-level batch
manufacture. However, this method exhibits a higher
operation complexity than the others and causes more
costs. In addition, different currents will produce different
results. The laser ablation of encapsulated alkali metals in
the wax micro-packet production is extremely complex
and unsuitable for batch production. Hence, it has not
been widely adopted[26]. In addition, in most techniques,
it is necessary to bond glass and silicon substrates to seal
the alkali metal. However, the bonding process is usually
carried out at temperatures above the melting point of the
alkali metal. This leads to the vaporization of the alkali
metal, which then adheres to the surface of the bonded
silicon wafer and affects the bonding strength. Therefore,
the most challenging part of the cell fabrication comprises
the deposition of the alkali metal into the cell and the sub-
sequent sealing.
In this Letter, we present a set of simple and feasible

technical solutions for the preparation of vapor cells.
The vapor cell is designed with two cavities, the smaller
of which is used as reaction chamber, and the larger
one is employed as an optical cavity. To solve the problem
of the weak bonding strength due to the alkali metal vola-
tilization during anodic bonding under high temperatures,
we use a rubidium (Rb) dispenser (Rb2CrO4 and Zr–Al
alloy mixture) from SAES Getters, which remains stable
at an anodic-bonding temperature of 500°C. After the
anodic-bonding process is completed, the Rb dispenser
is activated and releases Rb vapors via a titanium
sapphire laser. The optical-absorption resonance of the
natural Rb D2 line in the vapor cell is detected through
experimental tests. According to the results, the fabrica-
tion of the Rb vapor cell was successful.
The first condition for the selection of the anodic-

bonding material is whether the thermal-expansion
coefficients of the two materials match. Otherwise, the
bonding surface might crack or break, owing to thermal
stress generated during the high-temperature anodic-
bonding process[27]. In this experiment, a 4 in. P-type
double-sided polished silicon wafer with h100i crystal
direction and a thickness of 1.5 mm is prepared. The
high-temperature-resistant glass BF33 with a thickness
of 500 μm is employed. Its thermal-expansion coefficient
is very close to that of the silicon wafer. To obtain a good
bonding strength, both glass and silicon wafers are
required to have a good surface roughness and flatness.
Because alkali metals are relatively chemically active

materials that react easily with oxygen and water vapor
in the air, the key step of the micro-atomic vapor cell
fabrication is the filling of alkali metal atoms into the
cells[28]. The employed Rb dispenser (alkali metal chromate
with Zr–Al alloy employed as a reducing agent) from
SAES Getters exhibits a high stability at up to 500°C
in bonding processes and can only release Rb vapor at
high-power laser heating temperatures of above 700°C
after vapor cell sealing. This process does not cause any

damages to the silicon–glass surface or bonding quality.
The alkali metal is generated via a chemical reaction
between the chromate and Zr–Al alloy (Zr3Al2)

[29]:

Rb2CrO4 þ Zr3Al2 → 2RbðgasÞ þAl2O3 þ 3ZrO2

þ nCrxOy:

The product contains only one gas component: Rb. The
other components are oxides with stable chemical
properties.

Figure 1 shows the schematic structure of the vapor cell,
which is composed of two cavities. The smaller cavity is
the reservoir with the Rb dispenser. The bigger cavity
is filled with the alkali metal and used as an optical win-
dow. The two cavities are connected via three micro-
channels to prevent impurities from entering the optical
window of the vapor cell. The micro-channel has a height
of 0.5 mm and a width of 0.2 mm. The size of the vapor cell
is 6 mm × 4 mm× 2.5 mm.

The micro-fabrication steps for the atomic vapor cell are
schematically shown in Fig. 2. A 4 in. P-type and 1.5 mm
thick silicon wafer with h100i crystal orientation is
prepared.

Fig. 1. Structure of vapor cell: (a) 3D structure of vapor cell;
(b) cross section of vapor cell.

Fig. 2. Micro-fabrication steps of atomic vapor cell. DRIE, deep
reactive ion etching.
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In the step shown in Fig. 2(a), the silicon wafer is
cleaned and dried according to the (RCA) standard to
remove organic or inorganic contaminants. Then, spin
coating with a thin layer of hexamethyldisilazane (HMDS)
primer is employed. This step will ensure a strong adhe-
sion of the photoresist to the substrate groups.
In the step shown in Fig. 2(b), a photoresist (AZ 4620)

of constant thickness is spin-coated onto the front of the
silicon wafer. Afterward, the sample is placed for 10 min
into an oven to remove any excess solvent remaining in the
photoresist and to reduce the stress inside the resist to
increase the adhesion of the photoresist layer to the wafer.
In the step shown in Fig. 2(c), the silicon wafer is photo-

lithographically patterned via UV light exposure through
a glass plate as a photo mask. After the exposure, the
silicon wafer is immersed into the positive developer AZ
4620 and shaken until the pattern is clearly visible. The
sample is rinsed in water and dried. Then, it is placed into
an oven for 30 min to remove the residual developer and
anneal the photoresist layer, thereby enhancing the inter-
facial adhesion between the photoresist and wafer and fur-
ther increasing the hardness of the photoresist, which is
preferable for dry etching.
In the step shown in Fig. 2(d), the front is etched to a

depth of approximately 800 μm. The complete process
comprises a front and back etching to further improve
the quality of the deep reactive ion etching (DRIE)-
processed surface. Then, the silicon wafer is placed into
an SLD 310 degumming solution and heated to 60°C
for 30 min to remove the photoresist remaining on the
silicon wafer surface.
In the step shown in Fig. 2(e), AZ 4620 photoresist is

spin-coated onto the back of the silicon wafer.
In the step shown in Fig. 2(f), back etching andDRIE are

conducted to achieve the final depth of the wafer structure.
In the step shown in Fig. 2(g), after the cell cavity etch

is completed, the photoresist remaining on the silicon
wafer surface is removed via the SLD 310 degumming sol-
ution. Next, a photoresist layer of approximately 5 μm is
sprayed onto the front surface of the silicon wafer using a
glue dispenser. The micro-channel structure is etched
through DRIE.
In the step shown in Fig. 2(h), the etched wafer is

anodic-bonded onto a 4 in. BF33 glass wafer at 500°C with
the wafer bonder EVG510. Prior to the first anodic bond-
ing, the glass wafer and etched silicon wafer are rinsed in
an aqueous solution with a mixing ratio of 1∶4 of sulfuric
acid and hydrogen peroxide and later rinsed with deion-
ized water. Subsequently, the wafer is dry-blown with
nitrogen and baked on a hot plate at 110°C to remove
residual moisture. The anodic bonding of the glass and
silicon wafers is carried out in a bonding vacuum chamber
with less than 1 × 10−5 mbar pressure and at 450°C. The
bonding voltage slowly rises from 200 to 1200 V and re-
mains at 1200 V until the bonding current drops below
10% of the peak value. Then, the structure is cooled to
room temperature to complete the first anodic-bonding
process. Throughout the bonding process, a force of

1200 N is applied. The silicon–glass cavities after the first
successful anodic-bonding process are schematically
shown in Fig. 2(h).

In the step shown in Fig. 2(i), the Rb dispenser micro-pill
is inserted into the silicon–glass cavities. The micro-pill
has a cylindrical shape with a diameter of approximately
1 mm and a height of approximately 0.6 mm. Afterward,
the bonding-chamber pressure is pumped down to approx-
imately 10−5 mbar. Both wafers are heated up to 450°C and
flushed with a buffer gas of up to 10 kPa. Subsequently, the
silicon–glass cavities are sealed with a 500 μm thick BF33

glass wafer to create a sandwich structure, as shown in
Fig. 2(j). The portion of the top heater is moved downward
to provide a contact force of 1000 N on the sandwich
structure, and the bonding voltage slowly rises from
200 to 1200 V. The total bonding process is completed after
20 min.

In the step shown in Fig. 2(k), alkali vapor evaporates
from a small pill, owing to a high-power titanium sapphire
laser with a wavelength of 852 nm and a spot size below
1 mm. The laser beam is focused on a small area of the
dispenser to avoid damages to the glass and silicon wafers
during excitation. The laser is operated at 2.5 W, and the
Rb dispenser is exposed to the laser light for 3–5 min.

Figure 3(a) shows the three-dimensional (3D) schematic
in 2 mm× 2 mm silicon holes under a confocal micro-
scope. Figure 3(b) shows the wafer with vapor cells before
dicing. In Fig. 3(c), a scanning electron microscope (SEM)
image of a single vapor cell wafer after etching is pre-
sented. Figure 3(d) shows an enlarged partial view of
the micro-channel. In a cell, the left cavity is the dispenser
cavity, and the right cavity is the optical window.

After the second anodic bonding, the silicon wafer is
diced into many single cells with external dimensions of
6 mm × 4 mm× 2.5 mm, as shown in Fig. 4.

Optical-absorption measurements were performed to
confirm the existence of Rb in the cells. Figure 5 presents
the experimental setup. The cell is placed between two
heated glass wafers made from indium tin oxide (ITO).
The heating temperature is kept in a range of 50–100°C.

Fig. 3. (a) 3D schematic of silicon pore structure; (b) wafer
with vapor cells; (c) SEM image of DRIE of vapor cell;
(d) enlarged partial view of micro-channel.
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The heater—fabricated by glass substrates with non-
conductive epoxy resin—has a temperature precision of
the order of 1 mK. To decrease the influence of the external
magnetic field, the cell is surrounded by three nested
cylindrical magnetic shields. A pair of Helmholtz coils sits
between the shields and provides 5 μT along the light
propagation direction.
A tunable laser (TLB) from New Focus (diameter of

1 mm, central wavelength of 780 nm, line width below
300 kHz) is used as a light source. To prevent optical feed-
back, the laser beam passes through an optical isolator. A
neutral density filter (NDF) is used to change the intensity
of laser light. After passing through an NDF, the laser
beam is divided into two beams through the polarizing
beam splitter (PBS). One beam is used as input for the
high-precision wavelength meter to verify the laser
wavelength of approximately 780 nm. The other beam
passes through the quarter-wave plate and obtains a cir-
cular polarization. Then, the laser beam passes through
the vapor cell, which is heated to a controlled temperature
ranging from 50°C to 100°C. The function generator
generates a triangle wave of appropriate frequency and
amplitude to scan the voltage across the piezoelectric
transducer (PZT) inside the laser assembly and changes
the laser frequency to obtain atomic-absorption lines.
Hence, the photodiode (PD) behind the vapor cell can de-
tect the optical-absorption spectrum, which is presented
by an oscilloscope.

Figure 6 presents the D2 line absorption spectra for 50,
60, 70, 80, 90, and 100°C of the vapor cells that were
measured after about two months. The spectra exhibit
four distinct peaks. Each peak consists of three very close
peaks, which are difficult to distinguish owing to Doppler
broadening. The depth of each peak represents the relative
abundance of an isotope in naturally occurring Rb.
Naturally occurring Rb consists of 72.17% 85Rb and
27.83% 87Rb. Thus, the two signals with higher amplitudes
are of 85Rb, whereas the outer two dips correspond to the
absorption of 87Rb. Moreover, the amplitudes of the
absorption peaks increase with increasing temperature,
as expected for an increasing Rb vapor density.

In this study, the micro-fabrication of atomic vapor cells
for CSACs was investigated by anodic bonding and deep
silicon etching. The vapor cell was manufactured with a
dual-cavity structure in an MEMS process. Further, a
commercially available Rb dispenser from SAES Getters
was inserted into the micro-cell and locally heated. This
procedure overcomes overflow of alkali metals, which
affects the bonding strength during anodic bonding. More-
over, the shortage of the optical path caused by chemical-
reaction residue is avoided. The optical-absorption
resonance of natural Rb could be detected in the vapor
cell, which proves that the scheme is feasible for the prepa-
ration of atomic cells. In conclusion, the measurement
results confirm the suitability of the proposed process
for novel compact or miniaturized atomic devices such
as atomic clocks, atomic magnetometers, and gyroscopes.
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Fig. 5. Experimental setup for measurement of the optical-
absorption spectrum. TLB, tunable laser; OI, optical isolator;
PBS, polarizing beam splitter; NDF, neutral density filter;
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Fig. 6. D2 line absorption spectra of vapor cell.
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