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This paper describes a study of the thermal behaviour of fully packaged Caesium vapour cell developed

in the framework of the European collaborative research project called “MEMS atomic clocks for timing,

frequency control and communications (MAC-TFC)”. This cell, along with various electronic and optical

components, is embedded in a Low Temperature Co-fired Ceramics (LTCC) structure, in order to build a

compact MEMS-based atomic clock. Functioning of such atomic clock depends on inner and outer envi-

ronment of the Cs vapour cell, including parameters such as pressure and temperature of buffer gas. This

paper is then devoted to study the thermal behaviour of a fully LTCC-packaged Cs vapour cell according to

the ambient temperature change when it is locally temperature controlled. Simulations have been carried

out by using analytical modelling and finite element based softwares. Different solutions concerning the

LTCC structure such as bridges/suspensions, vacuum environment, metallic coating, as well as the optimal

positions of the temperature-control elements have been investigated. Finally, preliminary experiments

based on a prototype resulting from this study are presented and an additional solution based on the

dynamic adjustment of the set temperature as a function of the ambient temperature is proposed.

1. Introduction

Atomic clocks are used as frequency references for a large num-
ber of applications. They provide enhanced accuracy and stability
because their resonance frequency is determined by the energy
transition of the atoms, and are consequently more stable than
quartz-based clocks (especially at longer times). Nowadays, since
more and more applications become mobile, the demand for small
and low-power clocks is increasing. Thus, scientists focus their
effort on the miniaturised version of the atomic clock, better known
as chip scale atomic clock (CSAC) or MEMS atomic clock (MAC).
MACs have consequently rapidly progressed since their first ver-
sion proposed by Kitching et al. [1]. The European project “MEMS
atomic clock for timing, frequency control and communications
(MAC-TFC)” [2], aims to develop a miniaturised and low power
atomic clock (<150 mW), presenting a fractional frequency devi-
ation better than 6 × 10−10 �−1/2 for an integration time � shorter
than one hour, and better than 1 × 10−11 �−1/2 for longer time. Its
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central element is made of an Alkali vapour cell (a Caesium cell,
Cs-cell) excited by a laser beam whose wavelength is locked on the
Cs atomic hyperfine transition frequency which actually defines the
reference frequency �0 = 9.192 631 770 GHz. The locking is achieved
by coherent population trapping (CPT) spectroscopy [3]. The latter
is particularly suitable because it does not require implementa-
tion of a microwave cavity since probing of the atomic resonance is
directly realised by the laser beam thanks to a destructive quan-
tum interference phenomenon. Consequently, it makes possible
the further reduction in the size of cell and thus reduction of clock
volume.

In the framework of MAC-TFC, alkali vapour micro-cells, made
from MEMS fabrication techniques and based on compact cav-
ities etched in a Si-wafer and sealed by anodic bonding with
two borosilicate glass wafers, have been successfully fabricated
[4–6]. Such vapour cells have dimensions: length (6 mm) × width
(4 mm) × thickness (2.4 mm). Therefore, it has been chosen to
embed the Cs-cell and the different components of the clock (VCSEL,
detector, micro-optical components, etc.) in a Low Temperature Co-
fired Ceramics (LTCC) structure, which is highly suitable for hybrid
3D integration. LTCC is a well-established multi-layer technology,
featuring the ability to integrate various elements (heaters, sensors,
electronics, wires, shielding) in one module only, with high reliabil-
ity, stability and alignment accuracy [7]. In the case of MACs, where
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magnetic and thermal environment have to be controlled, LTCC
technology will allow to achieve a high level of miniaturisation with
low processing costs.

This structure has then to be temperature controlled since VCSEL
frequency and various properties of CPT resonances in Cs vapour
cells are temperature dependent [8]. Indeed, because of the mean
velocity of the Cs atoms (typically 230 ms−1 at 60 ◦C) in comparison
with the cavity dimensions (order of magnitude: 1 mm), the CPT
line-width is easily broadened. Thus, the frequency stability of the
clock cannot be achieved without the addition of a so-called buffer
gas (usually N2, He, Ne, Ar) [9,10]. The buffer gas is then required in
order to prevent wall relaxation, to increase the atom–light interac-
tion and to reduce the Doppler broadening. However, interactions
between caesium atoms and buffer gas introduce a shift of the
atomic hyperfine transition frequency. This phenomenon depends
on the nature of the gas, pressure and temperature according to
a two order polynomial law [3]. In general, the resulting thermal
frequency sensitivity is too high and, thus, a mixture of two gases
inducing opposite linear frequency-shifts is required (i.e. by means
of a compensation method: Ar and Ne for example). Recently, in
the framework of MAC-TFC, a quadratic temperature dependence
of the Cs ground state hyperfine resonance frequency in a single
Neon buffer gas has been observed [11]. The relatively low inversion
temperature, around 80 ◦C, allows using one gas only and relaxes
slightly the constraints onto the cell fabrication and, in particular,
on the pressure control. Nevertheless, the thermal management
remains a challenging part since the temperature of the cell must be
maintained to within few hundreds of millikelvins at all times dur-
ing operation, using as little power as possible, although the range
of ambient temperature can be 0 to 55 ◦C. Then, a reasonable aim for
the temperature sensitivity of the Cs-cell to the ambient tempera-
ture, once the temperature-control operates, is several millikelvins
per Kelvin.

In this paper, a thermal management approach considering a
LTCC-based structure is presented. Several solutions are investi-
gated in order to achieve a low-power temperature control. The
paper is organised as follows. In Section 2, we present the thermal
management approach with respect to the power budget. Ther-
mal simulations using the MEMS software tool Intellisuite and the
FloTHERM computational fluid dynamics software are described in
Section 3, and show that our solutions provide in steady-state a fine
temperature distribution in the area of the cell. After preliminary
experiments to estimate the power consumption, done with a pro-
totype involving few of our propositions, a final approach based
on the dynamic adjustment of the electronically driven set tem-
perature as a function of the ambient temperature is proposed in
Section 4.

2. Thermal management approach

2.1. Problem and concept

Basically, the MAC is made of several components that have to
be temperature controlled. The Cs-cell, i.e., the heart of the clock,
is surrounded by opto-electronic components (VCSEL and pho-
todetector) to produce and detect the modulated optical beam,
as well as optical components for shaping and polarizing the
beam, and electronics to close the feedback loop of the modulat-
ing signal (Fig. 1). All these components are packaged in a LTCC
structure.

The objective is then to maintain the inner temperature of the
physics package constant whatever the external temperature is,
within a determined range. The latter changes depending on the
applications of the atomic clock and should be ideally as large
as [−40 ◦C, 60 ◦C] [12] or even [−40 ◦C, 70 ◦C] [13]. The defini-
tion of this range is actually essential because it fixes the thermal

management approach and the amount of required power. For a
rough assessment, the inner target temperature (in K) can be writ-
ten as:

Tset = Tamb + R × (Pelec + PT-control) (1)

where Tamb is in Kelvins, Pelec (in W) is the power dissipated by the
electronics (assumed to be a constant) located inside the volume to
be temperature-controlled, PT-control (in W) is the controlled power
(0 ≤ PT-control ≤ PT-control Max) dissipated by the heaters in order to
maintain the inner temperature of the volume at Tset independently
of the value of Tamb. Finally, R (in K W−1) denotes the overall thermal
resistance of the system, from its heart at Tset to its surrounding at
Tamb.

At first sight, it sounds reasonable to insulate as much as
possible the physics package to reduce the power consumption.
Indeed, when the ambient temperature is very low (for instance
Tamb = −40 ◦C), the overall thermal resistance R should be high in
order to consume as little power as possible (PT-control) and maintain
an uniform temperature distribution inside the package. However,
the waste heat generated by the embedded electronics cannot be
ignored. Because of it (Pelec), high overall thermal resistance, i.e.,
well insulated packages, can lead to overheating of the cell, if the
ambient temperature is high. Thus, in this case, the overall thermal
resistance (R) should be low, since the maximum ambient tempera-
ture is defined by Tset − R × Pelec. As a consequence, practically, such
“ideal” ranges are difficult to achieve if one wants meanwhile to
strongly reduce the power consumption. Indeed, for this purpose,
it could be tempting to use a lot of waste heat coming from the
embedded electronics (for lower ambient temperatures), but for
high ambient temperatures, the waste heat has to be evacuated,
thus R cannot be very high. After preliminary studies, obtained at
room temperature [12,14] and in order to evaluate the solutions
required to contain the power budget (among which utilisation of
waste power), more complicated devices utilizing waste heat were
developed. They include, e.g., variable thermal resistors made of
an array of suspended thin gold beams electrostatically actuated
[15], or thermal switches made of a bimetallic buckling disk [16]
in order to change, actively or passively respectively, the thermal
resistance as a function of the ambient temperature. Although these
solutions could allow to reach a wide range of temperature such as
[−40 ◦C, 50 ◦C] with a limited power consumption (especially dur-
ing transient regime), they strongly complicate the system and its
fabrication, and are probably not yet highly reliable [15] or not yet
miniaturised enough [16]. Consequently, for now, it seems more
efficient to well insulate the physics package without benefiting
from all the waste heat, as it can be seen in a recent and extensive
thermal study of a CSAC, free of thermal switch, for which a range
[0 ◦C, 50 ◦C] was considered [17].

In addition to the range of ambient temperature, another impor-
tant parameter is the target temperature (Tset). Indeed, depending
on the alkali atoms or the buffer gas mixture composition, operating
temperatures can be 70 ◦C [16,17], 75 ◦C [14,15] or 80 ◦C [12] and
are always above the ambient temperature. Thereby, only warming,
less power consuming than cooling, is required, so that, in steady
state, the thermal flux always flows from inside (the warmest ele-
ments are the heaters) to outside, through the enclosure.

In the following study, we will consider a Cs (in Ar-only envi-
ronment) cell set at a target temperature equal to 80 ◦C. This cell
will be packaged in a LTCC structure so that the clock can be oper-
ated over the temperature range [0, 55 ◦C] with power consumption
lower than 150 mW in steady state. Several solutions will be exam-
ined in order to increase the thermal resistance of the system. It
will be paid also attention to avoid overheating when the ambi-
ent temperature gets high. In addition, one aim will be to obtain
a stable and uniform temperature inside the Cs vapour cell. It
can be noted that depending on the application of such clock, the
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Fig. 1. (a) Schematic of a micro atomic clock. Physics Package is made of a VCSEL, several optical components (ND): neutral density, �/4: quarter wave plate), coils to generate

the static magnetic field, a cell containing Cs and buffer gases (BG) and a photo-detector (PD). The inner temperature of the physics package, especially the VCSEL and the

Cs-cell, has to be controlled. (b) Photograph of Cs-vapour cells.

temperature range could be extended (for outdoor applications
such as, e.g., communication network synchronisation, seismic
sensors network synchronisation, etc., or military applications),
provided that an increase of the power consumption is acceptable.

In addition, the VCSEL has also to be temperature controlled.
Nevertheless, because of its small volume (a 300 �m × 300 �m
chip, a few 10 �m thick), heating can be done with a limited amount
of energy. It can be noted that the VCSELs used in the framework of
MAC-TFC [18] are made and optimised to work at high temperature
and then, should not see their lifetime decrease for such operating
temperatures. Consequently, in the following, we will focus mostly
on the temperature control of the cell, although the same solutions
will be applied to the VCSEL.

It has to be noted that the total electrical power, required to run
the clock, is used by the electronics (4.6 Ghz oscillator, modulator,
synthesizer, control unit, RF oscillator, VCSEL power supply, etc.)
and by the thermal management. Typically, one third of the total
power budget can be attributed to maintain the physics package at
a specific temperature, thus, requiring a careful optimisation of the
thermal performances.

Hence, we choose first to simplify the addressed problem as
follows: control the temperature of a quite big volume (the cell)
by means of a very small temperature sensor (typically a resistive
transducer like a thermistor, a deposited resistor, or a diode-based
sensor) (Fig. 2).

In this framework, a servo-control is able to lock the sensor tem-
perature at the set temperature, by managing the power dissipated
by the heaters. The ideal situation requires then, firstly, a small
section of the conductive path at the sensor location so that the
section temperature is the same as the sensor temperature, and,
secondly, negligible thermal exchanges between the inner volume
and the enclosure (˚12 ≈ 0). Such situation would lead to a uniform
temperature distribution inside the volume to be temperature con-
trolled. It can be mentioned, referring to Eq. (1), that R denotes the
equivalent thermal resistance of both the conductive path and the
“parasitic” path. In the following, two points have to be discussed to
get an isothermal volume at the desired temperature: the conduc-
tive thermal path where the thermal flux can be controlled must be
calibrated (˚c symbolises conductive exchanges through solid sup-
ports), and the parasitic exchanges (flux ˚12) all over the surfaces
must be minimised (i.e. must be negligible in comparison with the
controlled conductive flux).

In addition to the exchanges through solid support (˚c), i.e.
made by “bulk” conduction, the exchanges between the volume to
be controlled and the enclosure can have different origins. Indeed,
the non-controlled flux (˚12) can be attributed to gas conduction

and convection, or to radiation between the two surfaces S1 and S2.
Let us, in the following, evaluate the relative importance of each
way of heat transfer involved.

2.2. Analytical approach

Gaseous conduction and convection depends on the volume and
the pressure inside the enclosure. Free convection of the air inside
the enclosure can be examined according to the Rayleigh number
Ra. In our case, the general characteristic length L (i.e. size of the
gap between the temperature controlled volume and the enclo-
sure) would be typically about 1 or 2 mm. For this value, Ra is much
smaller than the critical value for which convection takes place,
even at atmospheric pressure p = 105 Pa.

Although convection does not exist in our case, heat conduc-
tion by air has to be considered. It can be sorted in four regimes
according to the Knudsen number Kn = lmfp/L, where lmfp is the
molecular mean free path inversely proportional to the pressure p.
Then, in secondary vacuum, i.e., for p < 1 Pa and Kn > 10, the relevant
regime is the so-called free-molecule regime; for 1 Pa < p < 102 Pa
and 10−1 < Kn < 10, it is the transition regime; for 102 Pa < p < 103 Pa
and 10−2 < Kn < 10−1 the slip-flow regime (or temperature jump),

Fig. 2. Sketch of exchanges; In case of vacuum inside the enclosure, radiation

exchanges ˚12 exists. Otherwise, ˚12 is due to conduction by the air inside enclo-

sure, and convection. ˚c symbolises conductive exchanges through solid supports

between the cell and the enclosure. Ideally, if the parasitic flux ˚12 is negligible

in comparison with ˚c ≈ PT-control , and when the main flux ˚c is concentrated into

a controlled path, the volume can then be temperature-controlled and is rather

isothermal at T1 ≈ Tsensor = Tset (without power source other than that of the heater).
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and finally, p > 103 Pa, Kn < 10−2 corresponds to the continuum
regime.

The academic model of conduction through a gas layer between
two parallel plates at temperatures T1 and T2 is usable and rather
close to the actual concerned situation (see Fig. 4(c) and Fig. 6).
In the free molecule regime, the thermal flux per unit of area (in
W m−2) between the plates can be written [19–21]:

ϕFM = −

(

8kB

�m

)1/2 (

˛1˛2

˛1 + ˛2 − ˛1˛2

)

(

1 +
�

4

)

(T
1/2
1 − T

1/2
2 )p

(2-a)

where kB is the Boltzmann constant, m the molecular mass, � the
number of internal degrees of freedom, and ˛1 and ˛2 the accom-
modation coefficients of the hot plate at T1 (close to Tset) and the
cold plate at T2 (close to Tamb), respectively.

In the continuum regime the heat flux (in W m−2) is given by
the well-known Fourier heat conduction law:

ϕC =
k(T)

L
(T1 − T2) (2-b)

where k(T) is the gas thermal conductivity which depends on tem-
perature T. It can also be described by means of the dynamic
viscosity of air, its heat capacity at constant volume, and the ratio
between the heat capacity at constant pressure and the one at con-
stant volume.

Between both previous regimes, Sherman proposed the follow-
ing interpolation for a practical calculation of the transition regime
[22]:

ϕTR =
1

1 + ϕFM/ϕC
· ϕC (2-c)

This model of two parallel plates is relevant for the heat
exchanges between each surface of the warm Cs-cell at Tset (S1

or one part of S1 at T1 = Tset in Fig. 2) and the facing surface at the
ambient temperature (surface S2 at uniform temperature T2 = Tamb).

In the case of conduction through the air, the thermal flow (in
W) outgoing from S1 can be expressed as:

˚12 c = S1 × ϕ12 c = S1 × h × (Tset − Tamb) (3)

where h is an exchange coefficient (in Wm−2 K−1), and ϕ12 c is given
by one of the Eqs. (2), depending on the gas pressure.

Obviously, radiation exchanges have also to be taken into
account. Let us consider the simple case of two surfaces S1 and
S2 with exchanges only between them. In addition, both surfaces
are assumed to be isothermal, at T1 and T2, respectively, opaque,
diffuse and grey (with emissivity’s ε1 and ε2 respectively), and char-
acterised by uniform radiosity and irradiation. Note that with these
assumptions, the emissivity of a surface is equal to its absorption
coefficient. Then, the resulting net flux is (see [23] for example, �
being the Stefan constant):

˚12 r = S1 × ϕ12 r

= S1 ×
�T4

1 − �T4
2

(1 − ε1/ε1) + (1/f12) + (S1/S2)(1 − ε2/ε2)
(4)

f12 being the associated view factor.
Based on Eqs. (3) and (4), air conduction and radiation between

both surfaces are compared in Fig. 3, as a function of the air pressure.
It is clear that the air conduction can be almost suppressed by a
pressure reduction until the secondary vacuum (p < 10−1 Pa). In this
case, radiation becomes the dominant heat transfer process and, a
special attention should be paid to the emissivity coefficients of the
surfaces.

One way to reduce them is to deposit low-emissive coatings
over the exchanging surfaces. As mentioned previously, the cell is

Fig. 3. Relative importance of air conduction and radiation between two surfaces,

versus pressure, according to Eqs. (2)–(4). For these calculations, the accommoda-

tion coefficients of both surfaces are equal to 0.8, emissivities are equal to 0.9, the

view factor is f12 = 0.9, and the ratio S1/S2 is 0.1.

made of a glass–silicon sandwich, sealed by anodic bonding. The sil-
icon is a rather good conductor (�Si ≈ 140 W m−1 K−1) but also an
emissive material (εSi = 0.5 [24,25]), and glass is particularly emis-
sive (εGlass = 0.9 [26]) and a poor conductor (�Glass ≈ 1.2 W m−1 K−1).
Once packaged, the cell has its surfaces facing LTCC ones made
of ceramics, whose emissivity and conductivity are respectively
εLTCC = 0.9 [27] and �Ceramics ≈ 2.8 W m−1 K−1. Emissivities can then
be easily lowered by a metallic coating onto the surfaces: alu-
minium emissivity is for instance equal to 0.05 [28], silver and gold
ones are even lower. Consequently, coating all the surfaces of the
cell and of the surrounding LTCC could, according to the Eq. (4),
reduce the amount of radiations by a factor 20. In addition to the
vacuum environment, this solution is important to minimise the
thermal budget, and especially to reduce temperature gradients
inside the cell. Indeed, the larger the radiation exchanges are, the
larger the inner temperature gradients. It has to be noticed that
magnetic materials – used for soldering/bonding pads or coatings
– are prohibited because of the high sensitivity of atoms to the
magnetic field, which can affect the CPT process.

2.3. Selected topology

From the simple approach described above, parasitic fluxes ˚12

can then have different origins such as conduction/convection of air
and radiation of surfaces. On the one hand, convection is negligible
due to the small gap between the volume to be temperature con-
trolled and the enclosure and, on the other hand, solutions such as,
second-vacuum packaging (typically 10−1 Pa) and proper metallic
coatings on surfaces, should allow decreasing air conduction and
surface radiation respectively. Therefore, we should now consider
the problem of embedded electronics, and the thermal fluxes by
bulk conduction that should be minimised and canalised in order to
be controlled. It requires a more accurate description of the physics
package architecture as it is done in Fig. 4.

Regarding the solid conduction, the principle of “bridges” as
high thermal resistance links between the area to be temperature-
controlled and parts submitted to ambient temperature changes
has been selected. They allow the creation of an “island” on which
the cell is hanged (Fig. 4a). It has to be noted that the same struc-
ture, although a bit smaller, is made to suspend the VCSEL (Fig. 4b).
These “bridges”, similar to the one made of Cirlex in [17], are made
of LTCC, i.e., a rather insulating material (≈2.8 W m−1 K−1), and their
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Fig. 4. (a) Top view of demonstrated assembly that consists of 4 bridges and frame monolithic system to support the Cs-cell. The same principle is applied for the VCSEL

temperature control. (b) Frames made of LTCC for hanging the cell (top frame) or the VCSEL (bottom frame). (c) Sketch of the cross-section of demonstrator assembly; upper

part is cell sub-system and lower part is VCSEL sub-system. All these components are packaged in a multi-layers LTCC structure and encapsulated under vacuum.

dimensions can be easily calibrated. A resistance of 17 ◦C/mW per
bridge can then be achieved (bridges are about 0.5 mm width, 6 mm
long, resistance calculation does not include the electrical leads). In
addition, only one temperature sensor is needed to control the area
temperature, since symmetries operate. This sensor, along with the
heaters, is buried into the multi-layers LTCC material.

From the data and guidelines discussed above, various topolo-
gies have been examined, e.g., a unique temperature-controlled
insulated area supporting all the components (including some
of the dissipative electronics) such as in [15,16], or a unique
temperature-controlled insulated area incorporating the cell,
VCSEL and the optics such as in [14,17] or only the cell [29]. Finally,
our selected solution (see Fig. 4c) consists of two insulated islands:

one including the Cs-cell and the photodiode, and one correspond-
ing to the VCSEL. Each block is separately temperature-controlled at
its own set temperature. The optics sub-system (including neutral
density, two lenses and a quarter-wave plate) is itself separated
from the VCSEL island. Thus, the suspensions support only the
VCSEL or the cell. The power dissipated by the integrated electron-
ics located near the VCSEL (about 15 mW), is directly evacuated to
the outside by conduction and does not heat the elements to be
temperature-controlled. The enclosure surrounding the two LTCC
packages is under vacuum.

In order to discriminate roughly the different topologies, simple
calculations based on the electrical analogy have been performed.
This approach allows to easily consider the temperature-control

Fig. 5. (a) Resulting offsets of Cs-cell and VCSEL temperatures versus the ambient temperature, in steady state, (b) main thermal fluxes involves in the analysed network,

versus ambient temperature, in steady state. This type of results shows that the heaters are working all over the ambient temperature range, especially up to 55 ◦C if necessary.
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Fig. 6. Radiation exchanges between various faces of packaged Cs-cell.

feedback loops and a trade-off between the insulation and the
power distribution can be found. An example of resulting data is
given in Fig. 5.

Such approach can also allow the rough estimation of the
transient behaviour of the mean temperature of the Cs-cell. For
instance, at room temperature, and if the available heating power
is limited to 100 mW, less than a minute would be required to
warm-up the Cs-cell at an operating temperature of 80 ◦C.

3. Analysis of the selected architecture by finite element

method (FEM)

Finite elements simulations were made both with the MEMS
dedicated software Intellisuite and with the CFD (Computational
Fluid Dynamics) software FloTHERM. The latter has been used to
simulate the overall assembly, whereas a focus on the more sensi-
tive part (i.e. the Cs-cell with its LTCC support) has been performed
by means of Intellisuite. It allowed to investigate the temperature
distribution and variation inside the cell, especially inside the sil-
icon, with respect to change of external ambient temperature. As
complete MAC package is kept under vacuum (10−3 mbar in our
case), as seen previously, heat loss at this pressure by convec-
tion/conduction through air is negligible and thus, heat exchanges
by means of radiations are considered to be predominant.

3.1. Radiation and boundary conditions

According to Fig. 6, heat exchanges through radiation should be
examined for two different areas: The first one (case no 1) concerns
the exchanges between the cell surfaces and its facing ones made of
LTCC, surrounding it similarly to a closed box, whereas the second
one (case no 2), includes exchanges between the LTCC cell support
and the metallic enclosure.

For the 1st case, five sides of the cell are considered for
exchanges with the facing LTCC surfaces. Since the cell is based
on a glass–silicon sandwich, side’s surfaces can be either only glass
(bottom side) or include three “layers” made of silicon and glass.

Theoretically, the net radiation flux ϕR
j

from one of these sur-

faces j is the difference between the leaving part ϕl
j
and the incident

one ϕi
j
:

ϕR
j = ϕl

j − ϕi
j (5-a)

Based on the same assumptions as for Eq. (4) (opaque grey sur-
faces, isotropy, etc.), the leaving flux ϕl

j
can be described as the

sum of the emitted flux according to the Stefan–Boltzmann law, i.e.,
εj�T4

j
, and the reflective part of the incident flux, equal to (1 − εj)ϕ

i
j
,

since the absorption coefficient is equal to the emissivity:

ϕl
j = εj�T4

j + (1 − εj)ϕ
i
j (5-b)

Moreover, inside an enclosure, the incident flux ϕi
j
is the sum of

the fluxes coming from all the n surfaces of the enclosure, seen by
the surface j, i.e.:

ϕi
j =

n
∑

k=1

fjkϕl
k (5-c)

Where the view factor fjk is the fraction of the thermal flux
leaving the surface j that reaches the surface k [30,31].

Thus, it is possible to write each net radiation flux ϕR
j

(1 ≤ j ≤ n)

versus the n surface temperatures Tj (working as Tj
4) from Eqs.

(5-a)–(5-c), involving the n emissivities and the n × n view-factors.
Although relationships exist between the view-factors, the

system is difficult to solve analytically when more than three
surfaces are considered. Then, it is relevant to use Computer-
Aided-Design software, provided that it can take into account
the complete radiation problem: this is actually more effective
with FloTHERM, than with Intellisuite. However, Intellisuite is user-
friendly and has been consequently employed to get a preliminary
assessment. Basically, Intellisuite is able to simulate exchanges at
boundaries thanks to an exchange coefficient h as described by Eq.
(3). This method, although convenient for conduction or convection
exchanges, requires few approximations to consider radiation-
based exchanges. For instance, surfaces have been gathered in order
to limit to two the number of surfaces involved in a system and
expressions such as (Ti

4
− Tj

4) have been derived into 4Ti
3 (Ti − Tj),

i.e. an expression compatible with a conduction or convection-type
law, since the maximum temperature difference never exceeds
100 ◦C inside the device. Then, for the case no 1 mentioned above,
all the cell-surfaces are gathered into one having a mean emissivity
equal to the weighted emissivities of silicon and glass according
to their relative surfaces. This cell-surface exchanges only with
one surrounding surface in LTCC, as described by Eq. (4) where
an appropriate view factor f12 is set [30]. Thanks to the previous
assumptions, Eq. (4) is then transformed in the form of Eq. (3),
which exhibits an exchange coefficient h. Similarly, in case no 2, the
rectangular LTCC island supporting the cell is assumed to exchange
only with its facing enclosure surface.
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Table 1

Mean temperatures and temperature gradients in the silicon part as a function of the ambient temperature considering or not metallic coating (values obtained from

Intellisuite).

No metal coatings Metal coating onto LTCC Metal coating on both LTCC and cell

Tamb (◦C) Tset (◦C) Mean TSi

(◦C)

Temperature gradient

in silicon (◦C)

Tset (◦C) Mean TSi

(◦C)

Temperature gradient

in silicon (◦C)

Tset (◦C) Mean TSi

(◦C)

Temperature gradient

in silicon (◦C)

25 83.32 80.00 0.075 81.64 80.00 0.040 81.10 80.00 0.030

0 78.92 0.100 79.46 0.056 79.61 0.041

55 81.53 0.040 80.88 0.020 80.62 0.014

3.2. Applied power

The system temperature is measured by a sensor (Tsensor)
embedded in the LTCC suspension and heaters are power-
controlled through a feedback loop system amplifying the
temperature difference between the sensor temperature and the
set temperature (Tset ≈ 80 ◦C in our case). The feedback loop (lim-
ited to a proportional action of gain G), controlling the dissipated
power over a surface area S is then described by (the heating flux
ϕh goes from outside the heater towards the area to heat):

ϕh × S = −G(Tsensor − Tset) (6)

In Intellisuit, an exchange coefficient h can then simply be iden-
tified as:

ϕs = −ϕh = h × (Tsurf − Tenv) (7)

where h = G/S, ϕs being the thermal flux going out from the sur-
face, Tsurf the surface temperature equal to that of an ideal sensor
located at the temperature-controlled surface, and Tenv the temper-
ature of the imaginary environment. With such assumption, the
controlled-power looks like a classical convection-type exchange
usable in Intellisuite, and if G is sufficiently high, the heater surface
temperature Tsurf (i.e. Tsensor) tends to Tenv which is set at Tset.

3.3. Simulations results

After testing different positions of heaters (and sensor), sim-
ulations with Intellisuite have been performed for three different
cases; i.e. no metallic coatings, metallic coatings onto the LTCC part,
and metallic coatings on both LTCC and the cell surfaces. Each case
has been studied at three different ambient temperatures, i.e., 0 ◦C,
25 ◦C and 55 ◦C in order to get the temperature sensitivity of silicon
with respect to change in ambient temperature. Various simula-
tion results are shown in Fig. 7 for one interesting topology, and
summed-up in Table 1.

It is clear that metallic coatings, by reduction of surface emis-
sivities, allow to significantly reduce the temperature gradients
(by a factor 2.5, e.g., from 100 mK to 41 mK at Tamb = 0 ◦C) inside
the silicon surrounding the Cs-vapour and that it is prefer-
able to add coatings even onto the cell surfaces. In addition, it
can be noted that convection of the Cs-vapour is expected to
average the temperature distribution inside the vapour. How-
ever, the mean temperatures are still rather sensitive to the
ambient temperature although, once again, the metallic coatings
decrease this dependence by a factor 2.6 (e.g., from a difference
of 2.61 K to 1 K when the ambient temperature varies from 0 ◦C to
55 ◦C).

Consequently, we propose in the following a dynamic adjust-
ment of Tset to compensate this dependence as it will be shown in
the Section 4.

Similar simulations were also performed with FloTHERM com-
putational fluid dynamics software, this time considering the
overall device. Boundary conditions were the following ones: 1/The
whole structure lies in vacuum, and a fluid (thermal conduc-
tivity 5 × 10−4 W/mK) is contained inside the cell (imitating the

Cs-vapour), 2/Heat transfer effects such as radiation (each surface
having its own emissivity) and conduction, are taken into account.
It has to be noted that results are given for the steady-state regime.
Since FloTHERM considers only fluids, vacuum is simulated by set-
ting a very low thermal conductivity for the surrounding fluid and
high thermal resistances at the solid-fluid-surfaces, so that heat
conduction between solids and fluid does not occur. There is how-
ever one exception: inner walls of the Cs-cavity are not resistive for
heat conduction.

FloTHERM simulation results are in very good agreement with
the ones resulting from the simplified approach and assumptions
used with Intellisuite software. As an illustration, Fig. 8 shows the
temperature distribution inside the device core, i.e. the Cs-cell for
the second case considered in Intellisuite, i.e. coatings added only
onto the LTCC part. It can be noted that the temperature of the Cs-
vapour is, as mentioned previously, homogenised (equal to 80.03 ◦C
at different places of the cavity). Thus, a gradient as high as 0.6 K
inside the solid structure (glass and silicon) is not expected to be
critical.

3.4. Preliminary experiments

Preliminary experiments have been performed with a prototype
of the Cell-submount, in order to validate the heating resistors and
sensor for temperature control of the cell. The aim is to estimate the
required power and the resulting temperatures. This prototype is
made of a LTCC suspension structure where heating resistors and
temperature sensor are embedded. The structure hangs a Cs-cell
and the whole prototype is placed in a vacuum chamber (1 Pa) at
25 ◦C. It can be mentioned that the LTCC as well as the Cs-cell are
not coated with metal. Since the chamber is large compared to the
prototype, it can be consider that the environment is equivalent to
a black-body (emissivity close to 1). This situation is actually not
optimal in terms of power consumption and thermal control. Thus,
it corresponds more to the case without coating considered in the
previous simulations. Some records are given in Fig. 9.

Different values of the heat power have been applied to the
heaters and the temperature has been recorded accordingly. From
these different steps, a prototype thermal resistance (see Eq. (1))
around 830 K W−1 can be deduced. Then, 66 mW and 96 mW would
be required to reach 80 ◦C at Tamb = 25 ◦C and Tamb = 0 ◦C, respec-
tively. With metal coatings, as shown by the previous simulations
and a better vacuum, such power consumption should be signifi-
cantly reduced.

4. Dynamic adjustment of the set temperature

Simulation results described in Section 3.3 have shown that, in
addition to vacuum packaging and bridges suspensions, metallic
coatings improve significantly the temperature control by reducing
the gradients inside the core, i.e. the Cs-cell, as well as the differ-
ence between the mean cell temperature and the set temperature.
However, as it was mentioned previously. The temperature shift
between the sensor and the silicon part of the cell still strongly
depends on the outer temperature so that over 1 ◦C shifts can be
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Fig. 7. Simulation results as a temperature distribution of packaged Cs-cell; (a) full package (cell sub-mount and VCSEL sub-mount), (b) cell hanged from LTCC bridge

structure (with no coatings), (c) simulation results as a temperature distribution inside the silicon part, at 25 ◦C ambient temperature, where surfaces are not coated and

Tset = 83.3 ◦C (set temperature to obtain TSi = 80 ◦C). Maximum and minimum temperatures of silicon are 80.02 ◦C and 79.95 ◦C respectively, (d) temperature distribution

inside the silicon part, at 25 ◦C ambient temperature where all surfaces are metal coated and Tset = 81.1 ◦C. Maximum and minimum temperatures of silicon are 80.07 ◦C and

80.04 ◦C respectively.

Fig. 8. Simulation performed by FloTHERM; (a) emissivities of various surfaces, (b) temperature map at a plane through the Cs-cell (a sandwitch of glass–silicon–glass) and

the heater resistors, when the ambiant temperature is 25 ◦C. A heating power of 50 mW is required for the cell-submount steady state.
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Fig. 9. (a) The tested submount, i.e. the Cs-cell without coating glued on its LTCC support in which the heaters and the sensor are embedded, (b) temperature in the LTCC

island of the cell-submount, measured by the embedded sensor, and power dissipated by the embedded resistors at room temperature. This is performed inside an enclosure

at 1 Pa (10−5 Bar).

observed when the ambient temperature varies from 0 ◦C to 55 ◦C.
This is a consequence of the cell architecture and the way it is glued
on its LTCC stand. Because of the bad thermal conductivity of glass,
the thermal conductance between the best temperature-controlled
part, i.e. the sensor, and the interesting part, the silicon slice, is still
quite low. The remaining parasitic flux flowing from the heaters
close to the sensor through the sandwich of glass–silicon–glass
generates this undesirable temperature gradient, and as a con-
sequence, leads to a strong link between the temperature of the
sensitive part and the ambient temperature. Thus, it would be
preferable to adjust the set temperature as a function of the ambi-
ent temperature to compensate the resulting gradient as it is shown
in Table 2.

In such case, although the temperature gradient into the silicon
still depends on the ambient temperature, the mean tempera-
ture remains equal to 80 ◦C. The relationship between the silicon
temperature and the ambient temperature can actually be electron-
ically compensated [32]. This compensation consists in adjusting
the set temperature as a function of the ambient temperature (mea-
sured by a second sensor at Tamb, for example or by monitoring the
consumed power) instead of maintaining it constant (Fig. 10). This

Table 2

Mean temperatures and temperature gradients in the silicon part as a function of the

ambient temperature when the set temperature is adjusted in order to get TSi ≈ 80 ◦C

(values obtained from Intellisuite).

Tamb (◦C) Mean TSi (◦C) Tset (◦C) Temperature

gradient in silicon

(◦C)

0 80 81.55 0.042

25 81.15 0.030

55 80.55 0.013

correction function is obviously related to the ratio of the ther-
mal resistances between the sensor, the silicon slice at TSi and the
outer enclosure at Tamb. By means of this electronic correction, the
resulting temperature change in the silicon cell-core versus the
ambient temperature change can be reduced by an expected factor
of 10, typically, without any substantial increase of the power con-
sumption. Consequently, such adjustment should allow to reach a
temperature control of the solid parts of the cell around 100 mK
over the range [0 ◦C, 55 ◦C], with gradients smaller than 50 mK.

Tset = constant ≈ Tsensor

TSi
Tamb Tamb

TSi

Tset = constant + f(Tamb) ≈ Tsensor

a b 

Fig. 10. (a) The actual situation where the set temperature Tset is a constant. Thus the silicon temperature TSi still depends on the ambient temperature Tamb , (b) an illustration

of the compensated set temperature varying according to the ambient temperature change: in such a way, the change of TSi can be strongly reduced (ideally zero).
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5. Conclusions

A study of the thermal behaviour of Cs-vapour cell packaged in a
Low Temperature Co-fired Ceramics (LTCC) structure for chip-scale
atomic clock application has been presented. Different contribu-
tions to the thermal behaviour, such as bulk conduction, gaseous
conduction and convection, and radiation, have been investigated
by analytical modelling or finite element based softwares and
several solutions have been proposed in order to keep the cell tem-
perature constant during ambient temperature variations. Thanks
to LTCC suspensions made of bridges, vacuum environment, and
metallic coatings, it has been shown that reasonable power con-
sumption, in the range of several tens of milliwatts, can be achieved
for thermal control of the Cs-cell at an operating temperature of
80 ◦C. In addition, thermal gradients inside the cell have been stud-
ied and it was shown that they can be limited to few millikelvins
with appropriate coatings limiting radiations. Dependence of these
gradients to the ambient temperature variations can moreover be
significantly reduced by a dynamic adjustment of the set tempera-
ture.
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