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H I G H L I G H T S

• All-direct-bonded Rb cells for highly stable mini atomic clocks is firstly reported.

• Applied fabrication technology is low-temperature in contrast to alternative ones.

• Proposed fabrication method provides perfect repeatability of cell parameters.

• Tests demonstrate competitive atomic clock stability at the 5× 10–12 level over 1000 s.

• New vapour cell technology is compatible with a wide range of optical materials.
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A B S T R A C T

Alkali-metal vapour cells are the core of coherent population trapping (CPT) atomic clocks, devices with a
multitude of applications. These cells ensure high clock stability due to an atomic reference resonance. The
contemporary technologies of alkali-metal vapour cells for atomic clocks compatible with mass production are
relatively complicated and require special materials, as well as sub-technologies. The present work for the first
time studies atomic CPT cocks with rubidium miniature cells fabricated with a simpler direct optical bonding
technology, which has never hitherto been used for this purpose. The proposed technology can be implemented
both in industrial and in laboratory setting. The measured stability of CPT atomic clock with rubidium cells
fabricated with this technology amounted to 4×10–11 over 1 s and 1.3× 10–12 over 103 s. The generated results
indicate that the direct optical bonding technology can be successfully utilised for fabrication of compact cells
with alkali-metal vapours for metrological and sensor applications.

1. Introduction

An alkali-metal vapour cell is the core of an atomic clock based on a
coherent population trapping (CPT) resonance [1]. The recent demand
for smaller atomic CPT clocks [2–5] and their mass production poses
new demands on the technologies of miniaturised gas cells. The most
important are requirements of repeatable CPT resonance parameters
and the cell dimensions, as well as those of relatively long cell lifetime.
At present, these requirements are met by the anodic bonding tech-
nology of miniature cell fabrication, which is thoroughly covered in
recent reviews [6,7] on technologies alkali-metal vapour cell fabrica-
tion. Anodic bonding is a means of joining glass materials without glue
based on electro-chemical processes taking place between joined sur-
faces at elevated temperatures and under action of electric field [8].
This process can be used for assembly of a gas cell by reliable gas-tight
joining of two cell windows with a cylindrical body. One of the

problems suffered by this fairly complex technology is the requirement
of two special and different materials for the joined elements in order to
ensure the necessary chemical reactions between their surfaces. At the
same time, their thermal expansion coefficients have to be matched for
minimisation of mechanical stress. In practice, there is only one pair of
materials meeting these requirements, silicon and borosilicate glass.
Therefore, the anodic bonding technology imposes a strict limit on the
material choice. It is worth noting that anodic bonding technology also
comprises sub-technologies that require specialised equipment. Among
these sub-technologies are those for introduction of alkali metal into the
cell, technologies of dicing an array of micro-cells into single cell units.
In certain cases, they have to be supplemented by the technology of
two-chamber cell fabrication, getter technology, and special coatings.
Another significant demerit of anodic bonding is elevated temperature:
the necessary chemical processes occur at 250–450 °C. Sealing the gas
cell off at such high temperatures may result in release of oxygen from
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the cell walls (both from silicon and glass), leading to oxidation of the
cell agent (alkali metal). Various ways exist for minimisation of this
effect [9], nevertheless, even this brief analysis demonstrates that the
anodic bonding technology is far from being optimal for gas cell man-
ufacture.

This work studies for the first time atomic CPT clocks using cells
fabricated with a different simpler technology. Its primary advantages
compared to anodic bonding are low process temperature (room tem-
perature is sufficient) and possibility to use the same optical material
for all joined parts (in our case, quartz). As our research demonstrates,
optical cells fabricated according to this low-temperature technology
provide highly competitive parameters of atomic CPT clocks.

2. Low-temperature technology of optical cell manufacture

2.1. Method description

We based our low-temperature cell fabrication technology on the
well-known optical contact bonding method for glue-less joining of
dielectric components [10–13]. When clean polished faces of such
components are brought to about a nanometre apart, the molecular
forces existing between hydroxyl groups of contact surfaces lead to
reliable joining of these surfaces [14–21]. The bond is ensured by in-
termolecular forces and, unlike anodic bonding technology, is not ac-
companied by a chemical reaction. Optical contact bonding occurs at
room temperature, and it is sufficient to press the surfaces against each
other. This method poses more stringent requirements to the quality of
polishing of the joined surfaces as compared to the anodic bonding
method, which also makes use of electrostatic forces. The key condi-
tions of good optical contact are high flatness and low roughness of the
joined surfaces (< λ/10 peak-to-valley (PV) at λ=0.6 µm [22,23] and
λ–2λ correspondingly [24]), as well as their cleanness. Observation of
these conditions allows durable and reliable optical component joins. In
case when one or both joined surfaces are elastic and may deform in the
process of joining [22] (for instance, relatively thin optical parts), the
flatness requirement may be relaxed.

The bond strength of the join created via the direct optical bonding
method amounts to ∼0.1–0.25 J/m2 [25] (referring to the work that
must be expended in order to detach joined elements if their contact
area equals 1m2) and may grow over time [26]. It can be also improved
by thermal or mechanical post-processing [15,27]. In gas cell manu-
facture, durability of joins made with low-temperature optical contact
is mostly important for sealing off the internal cell volume:

1. When individual cells are fabricated, it is necessary to keep the cell
airtight both during mechanical manipulations (transportation, in-
stallation, possible vibrations) and when it is heated up to the
working temperature (60–80 °C) [6].

2. When cell arrays are fabricated, it is also required that the cells
remain air-tight in the process of array dicing into individual cells.
This is a significant additional mechanical stress for the optical gas
cells.

In the present work, we relied upon the technology of individual cell
fabrication, therefore the requirements to the optical contact strength
were not the highest.

It is also necessary to point out the following:

1. The cell elements may be made of a broad variety of optical mate-
rials. These materials must satisfy the above-listed requirements to
their bonded surfaces, as well to the internal cell walls, which
should not release any substances when heated up to the working
temperature (as a rule, 60–80 °C);

2. Additionally the cell windows should be transparent to the radiation
wavelength used for atomic clocks.

2.2. Cell design elements

In order to make a cell by direct optical bonding, we used three
fused silica elements as shown in Fig. 1a: two identical windows having
diameter of 8mm and thickness of 1.5 mm, and a 5-mm long cylinder
with the outside diameter 8mm and internal bore of 4mm. The cell
elements were fabricated in a pilot optical facility. The surface finish
quality corresponded to 20–10 Scratch-Dig (high-precision quality).
Flatness of the joined optical surfaces of the cylindrical elements and
the cell windows was controlled with a 3D laser surface profiler MII-4 M
(LOMO) (Fig. 2a and b) and was measured within λ/10 PV. Fig. 2a
presents the measured surface profile of the cell’s central part (cylinder
end), whereas Fig. 2b shows the measured surface profile of a cell
window. Roughness of the optical surfaces of the cell elements was
measured with an atomic-force microscope Bruker MultiMode 8 (Fig. 2c
and d) and was within Ra < 1 nm, where Ra is the mean of the ab-
solute profile deviations along the base length. Measured parameters of
the surfaces to be bonded demonstrate that their quality (flatness,
roughness) satisfies the direct optical bonding requirements even when
fabricated in a small optical workshop. Industrial production facilities
with special polishing equipment [28] will ensure even higher surface
quality.

Fabrication of optical cells by direct bonding was done as follows.
First, one of the windows was direct-bonded to the cylinder. After that,
the cell was placed inside a vacuum chamber, where 87Rb was in-
troduced into the cell cavity as a micro-droplet with a volume of∼1 µL.
Then the vacuum chamber was filled with the buffer gas and the second
cell window was bonded to the cylinder with the help of two vacuum
manipulators to complete the cell. The cell assembly procedure was
performed in general lab conditions with no access to commercial wafer

Fig. 1. Cold-technology-based vapour cell: (a) exploded 3D model of the cell elements, (b) photograph of an assembled cell.

S. Kobtsev, et al. Optics and Laser Technology 119 (2019) 105634

2



bonding equipment or to professional optical technicians.
Shown in Fig. 1b is a photograph of a cell fabricated according to

the above-described technology. The process was conducted at room
temperature and outside the vacuum chamber, the cell parts were
manipulated in clean air corresponding to class 5 of the ISO 14644-1
standard [29]. In total, over 40 cells were made according to this
technology, and to measure repeatability of their parameters, spectro-
scopic testing of the cells was carried out and stability of CPT atomic
clocks using them was also measured.

3. Experiment

3.1. Installation layout

Spectroscopic parameters of the fabricated Rubidium gas cells, –
absorption spectrum and CPT resonance contour, – were measured with

the experimental set-up shown in Fig. 3. It used a single-frequency
Vertical External Cavity Surface Emitting Laser (VECSEL) emitting at
around 795 nm, which corresponds to the D1 absorption line in 87Rb. It
had linewidth of 50MHz, output power of 50 µW and beam diameter of
2mm. The laser’s output wavelength could be continuously tuned by
adjusting laser injection current (0.6 nm/mA) or the laser temperature
(0.06 nm/K). For elimination of the external magnetic fields, the optical
cell was enclosed into a 3-layer μ-metal magnetic shield. Inside the
shield, a pair of Helmholtz coils were used to create a 100 mG field
parallel to the direction of radiation propagation, in order to split
Zeeman sub-levels of the 87Rb ground state. The cell temperature was
stabilised by keeping constant the temperature of the magnetic shield
housing the cell. This ensured high uniformity of the cell temperature,
which was stabilised to the precision of several mK for a set value in the
range of 60 to 80 °C. Fig. 4a demonstrates a typical measured trans-
mission spectrum of a fabricated cell around the D1 line at the cell

Fig. 2. (a), (c) surface of the cell central part (cylinder end); (b), (d) – surface of the cell window.

Fig. 3. The experimental set-up layout for measurement of absorption spectra and the CPT resonance shape.
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temperature of 70.5 °C. The spectrum prominently features absorption
peaks corresponding to 52S1/2→ 52P1/2 transitions of the 87Rb atom
and spaced 6.835 GHz apart.

For measurement of the CPT resonance profile, the input laser po-
larisation was transformed into circular with a λ/4 plate, in order to
excite a coherent state between the magneto-insensitive sub-levels of
the 87Rb ground-state. Laser injection current was modulated at the
frequency equal to 1/2 of the ground-state hyperfine resonance fre-
quency of 87Rb (3.417 GHz). This led to emergence in the laser output
spectrum of optical sidebands with a 6.835-GHz frequency difference.
When these sidebands interacted with the three state Λ–configuration
of the D1 line having two hyperfine ground states and the sideband
frequency difference was swept around 6.835 GHz, a CPT resonance
was formed. In order to measure precisely the CPT resonance profile,
we used an external Rb frequency reference with instability within
4× 10–12 over 1 s. Fig. 4b gives a typical measured CPT resonance
contour with a 1.15-kHz width and contrast (the amplitude-to-back-
ground ratio) of 1.4%. It is necessary to mention that the measured
parameters of CPT resonances in (FWHM and contrast) in the fabricated
cells are similar to those reported for other buffer-gas cells manu-
factured differently [30–35].

The width and contrast of a CPT resonance determine the accuracy
of locking the oscillator frequency onto its peak, and the short-term
(over 1 s) stability of an atomic clock depends on this accuracy. Longer-
term stability is governed by the stability of the CPT resonance position,
which, in turn, depends on stability of its excitation and detection
parameters, as well as on stability of the ambient conditions (tem-
perature, magnetic field, etc.). For example, the cell temperature may
affect impact shift of the CPT resonance. For minimisation of this shift,
a two-component buffer gas is often used [36,37]. In our experiments,
we used a buffer gas containing a mix of argon and nitrogen with partial
pressure ratio of PAr/PN2∼ 1.4 and total pressure of 80 torr. Given in
Fig. 5 is the dependence of CPT resonance shift upon the cell tem-
perature. As indicated, the temperature shift is minimised in the vici-
nity of 70.5 °C. This temperature was chosen as the working point in
subsequent metrological testing.

The stability of CPT atomic clocks with the fabricated cells was
measured in the experimental set-up of Fig. 6, similar to the ones dis-
cussed earlier in [38,39].

In this experiment, both the short- (over 1 s) and long-term (over
103 s) CPT atomic clock stability was measured. Servo system based on
National Instruments’ PXI created the feed-back necessary for locking
frequency of the local oscillator (temperature-compensated quartz
crystal oscillator TCVCXO, IQD FOQ GmbH) onto the CPT resonance.

Microwave frequency (3.417 GHz) was swept at 2 kHz, and the error
signal was registered with a phase-lock detector at this frequency. An
additional feed-back loop was used to stabilise the laser wavelength at
the centre of the Doppler contour. For this, the laser injection current
was additionally modulated at 10.1 kHz. It should be mentioned here
that the laser output wavelength was stabilised by using the same cell,
and not an external reference one, as it was done, for instance, in [40].

The frequency instability measurement was done with a frequency
comparator by comparing the measured frequency to that of the Rb
reference with internal frequency instability not exceeding 10–13 over
1 s. Fig. 7 presents a typical experimental dependence of the Allan de-
viation upon time for a CPT atomic clock with one of the fabricated
cells. Short-term instability was equal to 4×10–11 over 1 s and further
on during the 1–1000-second period, it was dropping approximately as
t−1/2, and amounted to 1.3×10–12 over 1000 s. The recorded stability
figures are similar to those measured earlier in the same installation,
but with cells made by glass-blowing technology [38]. Comparing sta-
bility of CPT atomic clock with cold-technology-based vapour cells to
that of other clocks using cells fabricated by anodic bonding technique
is not entirely correct, since the clock stability is governed not only by
the cell parameters, but also by properties of other clock components,
which may differ significantly. Nevertheless, in general, stability of CPT
atomic clock with cold-technology-based vapour cell is of the same

Fig. 4. (a) Rb D1 absorption lines observed when passing laser light through the cell, (b) CPT resonance line in the Rb-Ar/N2 fabricated cell heated to 70.5 °C.

Fig. 5. Dependence of the CPT resonance position upon the cell temperature.
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order as that of similar clocks relying on same-sized cells fabricated by
anoding bonding [6].

3.2. Repeatability of spectral parameters of cells

Testing of spectral parameter repeatability was carried out on a
batch of 42 cells fabricated according to the technology explained
earlier on. For all the cells, the width and contrast of the CPT resonance
were measured, as well as short-term (over 1 s) instability of atomic
clock using each of the tested cells. The obtained results are presented
in Fig. 8. Red curve is data approximation with a normal distribution. It
can be seen that variability of the CPT resonance width lie within the
1–2 kHz range with the distribution maximum at 1.55 kHz. The centre
of the CPT resonance contrast distribution corresponds to 1.9% at
variability range of 1.2–2.8%. The short-term instability of atomic
clocks varies between 3.0× 10–11 and 4.6× 10–11 with a distribution
maximum at 3.9× 10–11.

The results of the 42-cell batch testing indicate good parameter
repeatability of the cells fabricated according to the proposed low-
temperature technology. The relatively narrow spread is, likely, due to
small variation of the buffer gas pressure from cell to cell, because each
cell was filled with buffer gas individually.

3.3. Problem of non-uniform cell heating

Using optical cells in atomic clocks implies heating them up to the
working temperature in the range of 60–80 °C in order to vaporise the
alkali metal and to make them dense enough for generation of the
optimal CPT signal and to ensure minimal drift of the CPT resonance
[36]. When the cell is not heated uniformly, rubidium vapour con-
densates on colder parts of the cell. Non-uniform cell heating may also
exacerbate temperature sensitivity of the clock frequency [41]. It is
difficult to ensure temperature uniformity in all parts of the cell. The
coldest locations usually happen to be windows, which must be open
for laser radiation passing through. If that is the case, the window
transmittance may drop off with time because of rubidium deposition,
which has a negative impact on the atomic clock parameters. One of
clever solutions to this problem is placement of the cell heating coil
directly on the cell windows [42]. This leads to the windows having
higher temperature than the rest of the cell. In ultra-small cells and
relatively thin windows, this ensures proper heating of the entire cell
and a downward temperature gradient towards the cell interior.

A combined approach against rubidium deposition on the windows
is also possible when overall cell heating is provided by an external
element and the window heaters are only used to ensure their higher
temperature compared to the rest of the cell.

For testing of this approach, we used sputtering through a mask to
deposit conductive heaters on the windows. They were designed as
bifilar structures for minimisation of magnetic field created by the
heating current. The technology proposed in [43] was used to make
∼200-nm thick indium-tin oxide (ITO) conductors transparent to the
795-nm radiation. Each deposited structure had resistance of 24 kΩ.
Photographs of cell windows with the deposited heating elements are
given in Fig. 9. Also shown in Fig. 9b is a miniature temperature sensor
installed on the window surface, which was used to control the window
cell temperature.

The dependence of temperature increase upon the voltage supplied
to the deposited conductive structure is shown in Fig. 10. It can be seen
that a temperature difference of 1 °C requires 14 V, corresponding to
energy consumption of one window heater around 8 mW, which is an
acceptable figure for many compact atomic clocks. Two accompanying
circumstances should be also mentioned:

1. Our experiments were carried out in air, leading to higher heat
dissipation from the cell windows (compared to vacuum, for in-
stance). Therefore, in vacuum, the same positive temperature dif-
ference between the windows and the rest of the cell will require
substantially less energy;

2. The positive temperature difference between the cell windows and

Fig. 6. Experimental installation for measurement of stability of atomic CPT clocks using the fabricated cells.

Fig. 7. Typical Allan deviation of the CPT atomic clock using the fabricated
cell.
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the rest of the cell may be significantly lower than 1 °C. It may be
sufficient to keep it at 0.1 °C or even lower.

Considering these points, in an evacuated atomic clock chamber, the
proposed heating element will consume less than 1 mW.

4. Conclusion

The conducted research has shown that direct optical bonding can
definitely be used as a key technology for manufacture of alkali-metal
vapour cells for atomic CPT clocks. The proposed and tested technology
is universal and may be used to create millimeter-scale size atomic
MEMS cells both in mass production and in laboratory facilities. It is an
important advantage of direct optical bonding that it does not require
special equipment for joining cell elements and is compatible with a
variety of optical materials to be used for cell fabrication, while al-
lowing all elements to be made of the same material (for example,
quartz).

A batch of over 40 fabricated cells are an evidence of comparatively
high repeatability of the cell parameters: the CPT resonance width and
contrast of 1–2 kHz and 1.2–2.8% respectively; short-term atomic clock
stability of (3.0…4.6)× 10–11, and long-term stability of 1.3× 10–12

over 103 s.
In the proposed technology, we directly introduced an alkali metal

(Rb) into the cell, although the same approach can be used with alkali-
metal compounds, such as RbN3 or CsN3 [31,42] followed by UV photo-
decomposition of the compound through the quartz window of the cell.
Through quartz, UV photo-decomposition is significantly more efficient
than, for instance, through borosilicate glass suffering from much
higher UV absorption. The proposed technology is equally compatible
with introduction of the alkali metal into the cell as a dispensing pill

[44] and subsequent extraction of the alkali metal by local laser
heating.

Among drawbacks of the proposed direct optical bonding tech-
nology one can mention that low-temperature joins remain detachable.
For example, joined parts may be separated by non-uniform heating of
the join surface with relatively high temperature gradient (> 100 °C).
The combination of direct optical bonding with heating [23,45] allows
permanent joins. This, however, is not necessary for atomic clocks,
since the optical cell is heated uniformly and kept at a relatively low

Fig. 8. Statistical distribution of results among the 42 tested cells: (a) CPT resonance width; (b) CPT resonance contrast; (c) short-term atomic clock instability.

Fig. 9. Photographs of the cell windows with deposited conductive heating elements.

Fig. 10. Dependence of the cell window temperature elevation relative to the
rest of the cell upon the voltage applied to the conductive window heater.
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temperature (60–80 °C).
In general, the presented results indicate a high potential of the

proposed technology for further development of atomic clocks in order
to make them more cost-effective and broadly available.
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