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We describe the microfabrication of 85Rb vapour cells using a glass-silicon anodic bonding technique and in situ

chemical reaction between rubidium chloride and barium azide to produce Rb. Under controlled conditions, the pure

metallic Rb drops and buffer gases were obtained in the cells with a few mm3 internal volumes during the cell sealing

process. At an ambient temperature of 90 ◦C the optical absorption resonance of 85Rb D1 transition with proper

broadening and the corresponding coherent population trapping (CPT) resonance, with a signal contrast of 1.5% and

linewidth of about 1.7 kHz, have been detected. The sealing quality and the stability of the cells have also been

demonstrated experimentally by using the helium leaking detection and the after-9-month optoelectronics measurement

which shows a similar CPT signal as its original status. In addition, the physics package of chip-scale atomic clock

(CSAC) based on the cell was realized. The measured frequency stability of the physics package can reach to 2.1×10−10

at one second when the cell was heated to 100 ◦C which proved that the cell has the quality to be used in portable and

battery-operated devices.
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1. Introduction

In recent years, chip-scale atomic clocks (CSACs)
have been increasingly recognized to be significant
in the future man-portable electronic devices such as
the synchronization of telecommunications networks
and global positioning system (GPS) receivers in both
military[1] and civilian[2] applications with advantages
of small size, ultra-low power consumption, and low
fabricating cost. Miniaturization of the traditional
microwave-excited atomic clocks has been limited by
the atomic vapour cell requirements, in which the cav-
ity dimension must be as long as the wavelength of the
excitation source (∼ 1 cm). As indicated by Kitching
and his coworkers,[3] the vapour cells could be further
miniaturized without such a limitation by introducing
the coherent population trapping (CPT) technique in

operating the atomic clocks. Thus, the development
of CPT-based atomic clocks has caused great interests
during the past few years.[4−7]

In the CPT atomic clock, two coaxial laser beams,
which are usually emitted from a local-oscillator-
modulated semiconductor laser, pass through the
atomic vapour cell to generate a coherent ‘dark state’
in the atomic hyperfine transition at their different
frequencies. When the frequency difference of the
two beams is equal to the frequency separation of
the hyperfine splitting of the atomic ground state,
the atoms are optically pumped into CPT state, a
reduction of the optical absorption could be observed,
as shown in Fig. 1. Such a working principle of
CPT atomic clocks allows the vapour cells to be de-
creased down to submilimeter scale. However, shrink-
ing the vapour cell size down to millimeter and sub-
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milimeter scales is technically difficult by using con-
ventional glass-blowing techniques. Thus, a novel mi-
crofabrication process of the atomic vapour cell by us-
ing the techniques of micro-electromechanical systems
(MEMS) has been proposed to create a ‘glass–silicon-
glass’ sandwich structures with alkali atoms (cesium
(Cs), or rubidium (Rb)) and buffer gases stored in the
cavity of silicon plate. Considering the chemically-
active properties of Cs and Rb, and the conflict be-
tween high temperature requirements during the an-
odic bonding process and their low melting points, to
fill alkali atoms into the cavities has been proven to
be a technique challenge.

Fig. 1. Schematic illustration of the working principle of

a CPT-based atomic clock.

Several cell-filling techniques have been explored
for the microfabrication of MEMS vapour cells. Unlike
the direct Cs filling method at the very beginning,[8,9]

Liew et al. for the first time realized the sandwich-
structured Cs vapour cells by in situ chemical reac-
tion between cesium chloride (CsCl) and barium azide
(BaN6) during the sealing process,[10] and more re-
cently, they produced Cs and buffer gas nitrogen by
photolysis of cesium azide after the sealing process.[11]

The similar photo-induced reaction method for Cs re-
leasing after the cell sealing has been also used by
Douahi and his coworkers.[12] As an option, Gong et
al. proposed an electrolytic method to produce Cs
after the cells sealing.[13]

We noticed that most of the relative literatures
are directly involved in the microfabrication and ap-
plication of Cs vapour cells due to Cs’ s vapour pres-
sure is higher than Rb’ s at the same temperature,
which can lower the operating temperature of the
cells in the CSACs. However, as indicated by Lut-
wak et al., due to Cs’ s higher Zeeman degeneracy
compared with Rb’ s, the CPT resonance contrast for
both D1 and D2 excitation in Cs are lower than that
in Rb.[14] Moreover, it has been proven theoretically
and experimentally that the CPT signal strength ex-
cited on the D1 transition is much higher than that
on D2 transition in Rb.[15] Therefore, microfabrica-
tion of Rb cells is also of significance in developing

CSACs based on CPT techniques, and has attracted
intense research interest recently. Lee et al. trans-
ferred liquid Rb into the cells by using microfluidic
channels after the cell formation.[16] Radhakrishnan
and Lal enclosed Rb into wax in glovebox followed by
laser ablation to release Rb into the cell, but they only
obtained the 87Rb D2 absorption spectrum without
CPT signals.[17] More recently, Knappe et al. filled the
cells with the mixture powder of 87-rubidium chloride
(87RbCl) and BaN6 to produce pure 87Rb through
their chemical reaction during the cell sealing pro-
cess, and realized the first 87Rb-based CSAC physics
package, which operated at 120 ◦C.[18] Our group has
also been engaging in developing the CPT-based Rb
CSACs and its related research for several years.[19−22]

We choose 85Rb rather than traditional 87Rb because
85Rb needs not to be purified to realize CPT-based
atomic clock compared with 87Rb under the same ex-
perimental conditions,[23] which can lower the cost of
the atomic clock. In addition, the hyperfine splitting
frequency of 85Rb’s ground state is much lower than
87Rb, which can lower the power requirement of the
laser modulation sources and it is more effective for
the circuit designs of radio frequency (RF).[6]

In this paper, we present the fabrication of our
85Rb vapour cells based on MEMS technology. By us-
ing the similar method employed by Knappe et al.[18]

and controlling the pre-treatment and reaction condi-
tions, we achieved appropriate buffer gas pressure of
nitrogen (N2) in the sealed 1 mm long cells so that the
CPT signal of 85Rb D1 line has been obtained at 90 ◦C
with linewidth of about 1.7 kHz. The sealing quality
of the cell is tested by helium leaking detection, and
the actual lifetime of the cells is verified to be more
than 9 months through CPT signal detection. We also
realized the 85Rb-based CSAC physics package using
this vapour cell and measured its frequency stability.
When the cell was heated to 100 ◦C, the Allan devia-
tion can reach to 2.1×10−10 at 1 s, and the deviation
is in the scale of 1×10−11 to 1×10−10 at longer times
(τ > 50 s).

2. Experimental procedure

2.1.Principle of anodic bonding

Anodic bonding, which is also called field-assisted
bonding, was first proposed in 1969 by Wallis and
Pomerantz.[24] It is a welding technology to bond met-
als or nonmetals under lower temperature (200 ◦C–
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500 ◦C) and a high voltage (300 V–1500 V). It has
been widely used in fabrication and packaging of
MEMS devices for its high bonding quality. Silicon
(Si) and glass are typical materials used in anodic
bonding. The principle of the bonding process is
shown in Fig. 2. With the increase of temperature,
Na+ ions in the glass become mobile so that they are
attracted toward the cathode connected to the glass,
which leave O2− anions at the glass side of the Si–
glass interface to form a space charge region. This
creates an equivalent positive charge on the Si side,
which results in a high electric field across the inter-
face section. The electrostatic force caused by this
electric field drives the two sides of the Si–glass inter-
face closer enough so that the oxidation of Si by O2−

anions is expected to occur, which contributes to the
formation of a thin oxide layer to bond the two mate-
rials together firmly.[25,26] Based on this principle, we
designed our own high vacuum anodic bonding setup
to seal the MEMS cells.

Fig. 2. Schematic illustration of anodic bonding princi-

ple.

2.2. Fabrication procedure

The fabrication procedure is schematically shown
in Fig. 3. The p-type silicon plate with < 100 > crys-
tal direction was double polished and had a thickness
range of 0.5 mm to 3 mm. A through hole with di-
ameter ranging from several hundred microns to a few
millimeters was elaborated in the silicon plate by laser
ablation or ultrasonically drilling. A 500 microns thick
Pyrex glass plate was photolithographically patterned
as the same size of silicon plate. Then the two plates
were anodically bonded together as shown in Fig. 3(a).

Then, we put the mixture of RbCl and BaN6 into
the hole to obtain pure Rb metal as well as N2 buffer
gas (Fig. 3(b)). The process of the reaction between
these two chemicals can be summarized as following:

BaN6
200◦C−→ Ba + 3N2 ↑, (1)

2RbCl + Ba 250−300◦C−→ 2Rb ↑ +BaCl2. (2)

These chemical reactions are first employed to fill the
alkali vapour cells by Knappe et al.,[18] where they
used 87RbCl as the reactant and consequently ob-
tained 87Rb. Here we used the common chemical RbCl
(99% purity, Alfa Aesar) to generate natural mixture
of Rb isotopes to demonstrate the feasibility of our
experimental procedure. The mixture is composed of
RbCl and BaN6 powder with the stoichiometric ratio
according to the above equations (the mass ratio of
RbCl to BaN6 is 1: 0.92), and made by mixing them
together through grinding, or dissolving them into wa-
ter to form a clear colourless solution which was then
baked to produce white solid powder.

Fig. 3. Schematic illustration of the Rb vapour cell fabri-

cation procedures. (a) Holed-silicon plate was anodically

bonded to a Pyrex glass; (b) The compound of RbCl and

BaN6 was put into the hole and heated at 200 ◦C to re-

lease N2; (c) The second Pyrex glass plate was bonded

to complete the sealing; (d) A completed cell with metal

drops in the inside surface of one Pyrex glass plate; (e)

The photo of a completed cell.

After putting the compound into the hole, we
placed the plate on the hot plate in the high vacuum
chamber and connected it to electrodes. The pres-
sure of the chamber can reach 4.5×10−4 Pa which is
low enough to avoid the oxidation of Rb. The mod-
ulatory ranges of the hot plate temperature and the
voltage between electrodes are large enough to ensure
the anodic bonding. At first, the hot plate was heated
to 200◦C and kept for a few hours to make sure that
BaN6 was decomposed into N2 and Ba completely, and
the change of the pressure in the chamber was mon-
itored by vacuum gauge to ensure there was enough
N2 being left as buffer gas in the mean time. Then,
the open side of the hole is covered with the second
Pyrex glass, the temperature of the hot plate was in-
creased to 250 ◦C, and 1000 V voltage was applied to
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initiate the anodic bonding to seal the hole hermeti-
cally. The reaction of RbCl and Ba to produce pure
Rb vapour occurred at the same time. Subsequently,
we left the sealed assembly in the chamber at around
300 ◦C for 30 minutes or more to guarantee the com-
pound was reacted completely (Fig. 3(c)). Finally, a
three-layered Rb vapour cell was obtained with metal
drops coagulating on the internal surface of one Pyrex
glass (Figs. 3(d) and 3(e)).

2.3.Physics package of CSAC

The microfabricated 85Rb vapour cells were used
to realize the physics package of CSAC. As shown in
Fig. 4, the vertical cavity surface emitting laser (VC-

SEL) generated the light of 795 nm which was colli-
mated and polarized by two polarizers and a quarter-
wave plate before it entered the cell. The output of
the light was 2 mm in diameter with circular polar-
ization and a power of 8 µW. The photodiode behind
the 85Rb vapour cell was to measure the transmitted
light intensity. In order to reduce the influence of exte-
rior magnetic fields on the Zeeman energy levels of Rb
atoms, we used the permalloy to make the magnetic
shield around the vapour cell. Two planar heaters
were fixed on the two sides of the vapour cell to control
its working temperature. By integrating this physics
package with the frequency stability measurement sys-
tem, we can value the quality of the microfabricated
vapour cells through the obtained frequency stability.

Fig. 4. Schematic illustration of the physics package of the CSACs and the frequency stability measurement

system.

3. Experimental results and discussion

3.1.Observation of the Rb metal in the Cell

Figure 5 shows the photograph of a typical Rb vapour cell sealed successfully, in which the shiny drops on
the inside surface of one Pyrex plate are the metallic Rb, and the black solid materials besides the Rb drops
are the compound of Ba, BaCl2, and minimum unreacted RbCl. In Fig. 5, we use a micromachined cell with a
3 mm-diameter hole in order to show the rubidium metal drops more clearly.
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Fig. 5. Photograph of a sealed cell (10 mm×20 mm, 1 mm

thick) on a 1jiao RMB coin. Shiny Rb drops are visible.

3.2.Optical absorption resonance

The existence of Rb and N2 produced from chem-
ical reaction in the cell was confirmed by optical ab-
sorption spectroscopy. Figure 6 shows the schematic
illustration of experimental setup for measuring the
optical absorption resonance and CPT resonance fre-
quency in 85Rb vapour cells. By modulating the
sweeping current, the wavelength of the commercial
VCSEL was scanned over the 85Rb D1 transition at
795 nm. Then the laser beam passed through the
vapour cell, which was heated to a controlled tem-
perature ranging from room temperature to 120 ◦C,
and the transmitted light power was recorded using a
photodiode and shown on a oscilloscope at the same
time.

Fig. 6. Schematic illustration of experimental setup for measuring the optical absorption resonance and CPT

resonance frequency.

The typical optical absorption resonances of 85Rb
are shown in Fig. 7.

Fig. 7. Characteristic optical absorption spectra of 85Rb

vapour cells at different temperatures, under buffer gas

pressure below 102 kPa.

At 80 ◦C, the two absorption resonance of 85Rb
separated by the ground state hyperfine splitting,
3.035 GHz, began to be observed. With the tempera-
ture increase, the two absorption lines enhanced grad-

ually. The absorption became obvious at 90 ◦C. The
full width at half maximum (FWHM) of each of the
absorption resonance is about 1 GHz at 90 ◦C. We
could evaluate the pressure of the buffer gas by com-
paring the broadening of the absorption line with the
Rb cell made without buffer gas.[20] By using the esti-
mation method in Ref. [20], the buffer gas pressure in
this cell is estimated to be below 102 kPa. With such
amount of buffer gases in vapour cells, we can lock the
laser wavelength on the right transition so that it is
possible to detect CPT signals.

3.3.CPT Resonance

Figure 8 shows the CPT resonance detected in
a successfully-fabricated cell. In this experiment, the
VCSEL beam (2 mm in diameter) is circularly polar-
ized and attenuated, leaving only 50 µW before enter-
ing the vapour cell. With the modulation of sweep-
ing current, a substantial fraction of the laser power
is transferred to the sidebands from the carrier band.
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By locking the VCSEL beam frequency on the absorp-
tion spectrum, the first sideband is roughly matched
with the transition to create the resonance. The cell
we used for the detection of CPT resonance (Fig. 8)
is 1 mm thick and 3 mm in diameter, the internal vol-
ume is 6.97 mm3. We also obtained CPT signals from
cells with different thicknesses of 500 µm and 3 mm
respectively. In Fig. 8(a), the observed FWHM of the
CPT resonance is about 1.7 kHz, and the calculated
contrast is about 1.5% at 90 ◦C. Figure 8(b) shows
its related error signal. The later CSAC physics pack-
age tests have proved that the cells with such narrow
linewidth are of good quality in the use of CSACs.

Fig. 8. (a) Measured CPT resonance signal of the cell

(3 mm in diameter, 1 mm in length) has width of 1.7 kHz

and signal contrast of 1.5% at 90 ◦C; (b) Related error

signal.

3.4. Sealing quality of the cells

The sealing quality of miniaturized Rb cells fab-
ricated based on anodic bonding technique is very im-
portant in their realization of CSACs and long-term
stable use. We valuated the sealing quality by a he-
lium leaking detection method.

Helium-filled cells were fabricated in the cham-
ber with a helium pressure of 2×104 Pa. Then, their

helium leaking rates were measured by using Helium
Leak Detector ASM-192TD+ (Alcatel Vacuum Tech-
nology, France) at 26 ◦C. The minimum detectable
helium leakage of the detector is 2.0×10−11 Pa·m3/s.
At first, we got a based helium signal without the cell
in the detector’s chamber. Then, we obtained another
helium signal after putting the cell into the detector
chamber. These two values were the same, by which
we estimated that the cell’s helium leak rate is at least
lower than 2.0×10−11 Pa·m3/s. The lifetime of the cell
can be valuated by the following function:

T =
V p

q
,

where T is the lifetime of the cell, V is the volume of
the cell, p is the helium pressure in the cell, and q is
the detectable helium leak of the cell. The internal
volume of the cell is about 6.97 mm3 as mentioned
in subsection 3.3. Both p and q are given by our he-
lium leaking detection experiment described above so
that the calculated T is more than 81 days, which can
satisfy our experimental requirement.

The actual lifetime is much longer than this es-
timated result, which is demonstrated by our sub-
sequent experimental detection. Figure 9 shows the
CPT resonance signal of the same cell whose CPT
signal is shown in Fig. 8(a), but it was measured nine
months later. We can see that the linewidth is nearly
the same as the original one, which suggests that the
sealing quality and stability of the cells are qualified
enough for the CSACs use in the next step.

Fig. 9. The CPT resonance signal of the same cell men-

tioned in Fig. 7 measured 9 months later.

3.5. Frequency stability of the CSACs

We established the frequency stability measure-
ment system for the CSAC, as shown in Fig. 4, to
prove the quality of the microfabricated vapour cells.

110701-6



Chin. Phys. B Vol. 19, No. 11 (2010) 110701

This system takes the LPRO Rb atomic clock as the
frequency reference and is controlled by the Labview
environment on PC to perform the measurement and
record the results automatically. Matlab is employed
to process the experiment result to calculate the fre-
quency stability.

In Fig. 4, the output of the PD is divided into two
feedback loops. One loop is to lock the wavelength
of the laser on the absorption resonance through the
lock-in amplifier and current source to stabilize the
control current of the laser. The other loop is to
lock the VCO frequency to the 85Rb hyperfine split-
ting frequency. The ground state hyperfine split-
ting frequency of 3.035 GHz is divided into a stan-
dard frequency of 10MHz through Fractional-N fre-
quency synthesizer. Then, the signal is transmitted to
the Time Interval/Frequency Counter Agilent53132A
with a LPRO Rb atomic clock as the reference to
record the experimental results. Finally, the results
are analysed by Matlab program and the frequency
stability could be obtained.

The data points marked by small squares in
Fig. 10 shows the Allan deviation of the CSAS physics
package based the microfabricated Rb vapour cell,
which was 1 mm thick and 3 mm in diameter, at a
heating temperature of 100 ◦C. The Allan deviation
can reach to 2.1×10−10 at 1 s, and the deviation is
in the scale of 1×10−11 to 1×10−10 at longer times
(τ > 50 s). These results are comparable to that of a
glass-blowing Rb vapour cell, whose diameter of sec-
tion is 1 cm and length is 1 cm, at 40 ◦C (the data
points marked with dots in Fig. 10). Therefore, the Rb
vapour cells fabricated by anodic bonding are of good
quality for the use of CSACs. Although the power
consumption of the microfabricated cell is larger than
that of the glass-blowing cell, this kind of the cell can
reduce the volume of the physics package of CSAC
greatly. In the later experiment, we can reduce the
total power consumption by improving the tempera-
ture control part of this system.

Fig. 10. Measured Allan deviation of the CSAC physics

package based on the microfabricated Rb vapour cell at

100 ◦C (squares), and the glass-blowing vapour cell at

40 ◦C (dots).

4. Conclusions

We fabricated sandwich-structured 85Rb vapour
cells successfully by using the anodic bonding tech-
nique and in situ chemical reaction between RbCl and
BaN6 to produce pure Rb metal and buffer gases. The
optical absorption resonance of 85Rb was detected in
the sealed cells. Moreover, we obtained the CPT res-
onance signal with contrast of 1.5% and FWHM of
about 1.7 kHz at 90 ◦C, which suggests that this kind
of cells can be used in CPT atomic clocks. The low
leak rate (less than 2.0×10−11 Pa·m3/s) and long life-
time (more than 9 months) of the cells make sure of
their long-term and stable use in CSACs. In addition,
we realized the physics package of CSAC by integrat-
ing the cell. At a heating temperature of 100 ◦C, the
measured Allan deviation can reach to 2.1×10−10 at
1 s, and the deviation is in the scale of 1×10−11 to
1×10−10 at longer times(τ > 50 s). Thus, the cell was
proved to have the quality to be used in portable and
battery-operated devices. Since the kinds and partial
pressures of buffer gases can significantly influence the
long-term stability of the atomic clocks, we will try
to control the buffer gases more precisely in the cells
in the next step, and also broaden their application
range to other kinds of frequency instruments based
on atomic excitation.
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