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Abstract

Bolometer sensors are a key component to determine the total radiation and the radiation profile in fusion devices.
For future devices like ITER the need arose to develop new sensors in order to adapt to loads, in particular neutron
irradiation and enhanced thermal loads. The method proposed here to deal effectively with the stresses in the absorber
and its supporting membrane is to support the absorber by flexure hinges, thus allowing deformations in all dimensions
and reducing stresses. First, a design for the flexure hinges is proposed. Then finite-element analyses (FEA) have been
carried out to investigate expected deformations due to residual stresses from the manufacturing process as well as
due to additional thermal loads at 450 ◦C. The results showed stress levels below the expected tensile strength of
Si. In addition, calculations show that the proposed design is expected to provide acceptable cooling time constants.
Thus, prototypes based on the proposed design have been manufactured. Measurements of their deformation at
room temperature are in agreement with predictions from FEA. Also, all prototypes were successfully subjected to
thermal cycling up to 450 ◦C without any failures, thus demonstrating a successful development. However, for future
application as bolometer sensor, a change in calibration parameters is expected: a factor of five for the heat capacity
and a factor of two for the cooling time constant. Further prototypes including meanders and electrical contacts need to
be developed and tested to finally validate if flexure hinges are a viable means for bolometer sensors at high operating
temperatures.
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1. Introduction

The total plasma radiation emitted from a fusion de-
vice is most commonly measured by the bolometer di-
agnostic. Its sensor is based on an absorber, which is
heated by the radiation emitted from the fusion plasma.
The increase in temperature is monitored using a ther-
mometer giving thus the possibility to deduce the ab-
sorbed radiational power. In case of metal resistor
bolometers a thin metallic meander on the back side of
the absorber provides the measurement of the tempera-
ture changes [1]. It is combined with a similar meander
(using the Wheatstone-bridge configuration) situated on
a reference detector, which is shielded from the direct
plasma radiation, to compensate for uncertainties in the
measurement due to changes in temperature of the envi-
ronment or the effect of neutron radiation. This type of
bolometer sensor is being used in most current day ex-
perimental devices [2–6] and also developed further for

the use in ITER [7]. However, the higher thermal loads
expected for ITER as compared to the ones of current
devices impose constraints which could not all be over-
come up to date. In particular, repeated thermal cycling
up to temperatures above 200 ◦C leads in the newly de-
veloped sensors to a breaking of the SiN membranes
supporting the Pt absorber. The reason identified was
a fatigue cycle due to a reversal of the deflection direc-
tion of the membranes between room temperature and
450 ◦C in combination with high stress concentration
close to the absorber corners [8].

In order to overcome these difficulties, two possible
options are available. Firstly, the chosen material com-
bination for absorber and supporting membrane has to
be improved. The choice of Pt absorbers on SiN mem-
branes is based on their superior properties with respect
to neutron irradiation. However, the initial intrinsic
stresses in Pt on SiN during the manufacturing process
turned out to be relatively high (500 MPa tensile stress
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in Pt, as measured on test samples). Sensitivity studies
using finite-element analyses (FEA) of the membrane
deflections as presented in [8] revealed that these param-
eters, in combination with the additional stresses due
to differential thermal expansion, have a major impact
on the mechanical stability. An alternative material for
the absorber would be Au, as this has an intrinsic stress
level below 100 MPa [9] and transmutationeffects are
not expected to change the functionality of the absorber
significantly. Secondly, a support of the absorber could
be devised which does not restrict its displacement due
to thermal expansion and thus leads to reduced stresses.

Both options are actively being pursued. This paper
deals with the second option. It describes a proposal
for a suitable design to support the absorber in Section
2. Section 3 presents the FEA performed to investigate
the proposed design and Section 4 analyses the expected
operational parameters for a bolometer based on such a
design. Section 5 then shows the results obtained from
investigating the first prototype samples. Finally, Sec-
tion 6 concludes with an outlook on the next steps to-
wards the final application of the proposed design as
bolometer sensor.

2. Flexure hinges as support of a bolometer ab-
sorber

The tensile residual stress of Pt resulting from the
manufacturing process and the mismatch in coefficients
of thermal expansion causes the absorber to contract and
bend, as Pt is the top layer of a laminate formed by the
Pt absorber and the SiN membrane substrate. If this
laminate was allowed to contract and bend without re-
strictions, the imposed stress level in the SiN membrane
would be significantly lower. In Fig. 1, the deformed
shape of the combination of a 12.5 µm Pt absorber on a
1.5 µm SiN substrate of the same size (1.5 mm×4 mm)
is shown for the case of no external deformation restric-
tions, on the left at room temperature and on the right at
450 ◦C. The maximum deformations in these cases are
∆ux,max = 8 µm, ∆uy,max = 2 µm and ∆uz,max = 191 µm
for the displacements in x, y and z direction, respec-
tively. This shows that any compliant support has to
cope with in-plane deformations of less than 10 µm in
x- and y-direction. The z-deformations to cope with
are significantly higher but would apply only if the ab-
sorber was supported at the points showing the highest
difference. If the absorber is hinged at e.g. the 4 corner
points, the required z-compliance will be close to zero.

A potential design to cope with such deformations are
flexure hinges, which are widely used for micro struc-
tured sensors, e.g. for acceleration sensors [10] or mi-
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Figure 1: Free total displacement usum of an absorber element consist-
ing of a 12.5 µm Pt absorber on a 1.5 µm SiN substrate of the same size
(1.5 mm×4 mm) due to intrinsic material stresses at room temperature
(left) and additional thermal expansion at 450 ◦C (right).

cromirrors [11]. The generic design proposed is given
in Fig. 2. On top, an overview of four flexure hinges

Figure 2: Overview of design to support absorber by flexure hinges
(top), details on typical dimensions of flexure hinges (lower left) and
thicknesses of material layers (lower right).

is shown as they attach close to the corners of the ab-
sorber. In the lower left, details on typical dimensions
are given. The lower right shows the thicknesses of the
various layers. From this graph it can be recognised that
such a design can be realised based on the current man-
ufacturing process [7] by stopping the etching process
for the removal of the Si above the membrane when a
remaining 50 µm thickness of Si is achieved and apply-
ing an additional DRIE etching process to remove all
material around the absorber area apart from the flex-
ure hinges. In contrast to previous sensor prototypes the
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absorber is now placed on 50 µm Si and not directly on
the SiN membrane. However, the SiN interlayer is still
present in order to provide an isolation for the meanders
which will have to be deposited on the opposite side of
the Si-layer with respect to the absorber. This leaves
as sole functionality for the Si-layer a mechanical one
to support the absorber and therefore no detrimental ef-
fects due to neutron irradiation are expected.

The flexure hinges are designed to compensate defor-
mations in three degrees of freedom: in-plane displace-
ment uy in y-direction, out-of-plane displacement uz in
z-direction and rotation urot,x around the in-plane x-axis
(see Fig. 3, left, which uses the local hinge coordinate
system). This is achieved by bending and torsion of the
hinge beam (Fig. 3, right), which of course must result
in stress levels below the tensile strength of Si.

z

yx

uy
uz

urot,x torsion of beam sections

in- and out-of-
plane-bending of 
beam sections

Figure 3: Principle of flexure hinge support to compensate deforma-
tions in three degrees of freedom (left) by bending and torsion of the
hinge beam (right).

3. Finite-element analyses of flexure hinge design

The finite element analyses of this design have been
performed in ANSYS. The finite-element (FE) model
was realised as a solid model using ANSYS SOLID186
elements (3D 20-node solid element) and symmetry
boundary conditions to be able to use only 1/4 of the
whole assembly for better computational performance.
The model and the computational mesh is shown in Fig.
4. The loads imposed are the residual stresses from the
manufacturing process realised by the “initial stress”-
method and for the analysis of the behaviour at high
temperatures an additional thermal load of 450 ◦C. The
analyses were performed as linear analysis. The result-
ing deformations due to the residual stresses and due to
additional thermal loads at 450 ◦C are shown in Fig. 5
on the left and right, respectively. The corresponding
stresses are given in Fig. 6. The highest stress levels
due to residual stresses at room temperature observed
are just below 500 MPa. The regions of high stress lev-
els are located at the interface between absorber and Si
substrate. They are also visible from the bottom of the

Figure 4: Model and mesh used for the analyses of the flexure hinge
design.
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Figure 5: Deformation of flexure hinge design due to residual stresses
at room temperature (left) and due to additional thermal loads at
450 ◦C (right).

assembly directly below the absorber. Stresses in the
hinge itself are lower. The stress levels for additional
thermal loads at 450 ◦C decrease by about a factor of
two. This is due to the mismatch of the coefficient of
thermal expansion (CTE) between Pt and Si. With in-
creasing temperature, the higher CTE of Pt results in a
reduction of the initial tensile stresses in the Pt layer.
The higher expansion of the Pt layer relative to the Si
finally leads to a reversal of the initial bending shape.
Also in this case the hinge does not show high stress
values.

To judge the mechanical stability of the flexure hinge
design, the calculated stress levels need to be compared
to the tensile strength of Si. However, literature does
not agree on a specific value for the tensile strength of
Si. Depending on specimen size, test method, loading
mode or defect size, respectively surface flaw size af-
ter production, values between 1 GPa and 7 GPa can be
found. Additionally, Si is a brittle material for tem-
peratures below 500 ◦C with a low fracture toughness
of 0.7. . . 1.3 MPa

√
m. But even taking the lower limit

into account, critical crack sizes up to 0.2 µm result in a
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Figure 6: Stress distribution of flexure hinge design due to residual
stresses at room temperature (left) and due to additional thermal loads
at 450 ◦C (right), in both cases shown as view from top (upper) and
bottom (lower).

fracture strength of 880 MPa or higher. Thus, the flex-
ure hinge design is expected to be mechanically stable
within the analysed load cases.

4. Expected operational parameters

In addition to being mechanically stable, a sensitive
bolometer sensor also has to feature operational param-
eters within acceptable ranges. The crucial parameters
to check are the meander resistance, effective heat ca-
pacity and cooling time constant. These are the param-
eters which have to be calibrated to derive the measured
radiational power [12]. Additionally, the thermal trans-
fer time of radiated power deposited in the absorber to
the meander needs to be checked as this one determines
the minimum time resolution if one prefers to neglect
this heat conduction during data evaluation for reasons
of simplicity.

The time within which the bolometer sensor can pro-
vide a signal in response to the change of radiational
power falling onto the absorber is determined by the
heat transfer time from the absorber surface to the mean-
der. The heat transfer time (or rise time) th in a material
with parallel bounding surfaces is given by

th =
d2

κ/cmρ
(1)

With d being the thickness (in m), κ the thermal conduc-
tivity (in W m−1 K−1), cm the specific heat capacity (in
J kg−1 K−1) and ρ the density (in kg m−3) of the mate-
rial. Thus, th of the bolometer sensor is determined by

the thickness of absorber and substrate and by its ma-
terial parameters. For current devices one gets 6.3 µs
and for the newly proposed designs th = 34 µs, both cal-
culated using material parameters at room temperature.
This is an increase by a factor of almost six. However,
as the time resolution requirements of current and fu-
ture experiments are in the order of 0.1 ms or longer,
this difference is of no consequence. Note however,
that these values were calculated for bolometer sensors
based on Pt absorbers supported by SiN membranes or
the newly proposed flexure hinges. For sensors based
on Au absorbers supported by 20 µm thick Mica mem-
branes, as are still in use on some devices, typical values
are th = 1.8 ms.

As the dimensions of the absorber have not been
changed, the same resistance can be achieved for the
new concept as for currently operating bolometer sen-
sors.

The additional Si supporting the absorber will add
to the effective heat capacity. For a typical absorber
of 1.5 mm×4 mm the 12.5 µm of Pt give 0.21 mJ/K, the
1.5 µm of SiN give twice 0.03 mJ/K and the 50 µm sup-
porting Si give 0.49 mJ/K when assuming typical val-
ues for density and specific heat from literature. Thus,
the heat capacity will be increased by a factor of almost
three.

Similarly, the change in cooling time constant will be
significant. The heat transfer through the membrane or
the hinges can be described using the energy balance

0 =
∑

i

cm,i · ρi · Vi ·
dT
dt

+
dQtc

dt
+

dQrad

dt
+

dQgas

dt
, (2)

where the rate of temperature change in the sensor as-
sembly (first term on right hand side with index i denot-
ing absorber, substrate and isolation layer) is balanced
by the heat transfer Qtc through the thermal conductor,
the radiational losses Qrad and the heat transfer through
the residual gas Qgas. Typically, radiational losses and
residual gas can be neglected. Qtc is given by

dQtc

dt
=
κA∆T

l
(3)

with the thermal conductivity coefficient κ, the cross
section A and length l of the material, as well as the
temperature difference ∆T between absorber and heat
sink. The cooling time constant τ is thus given by

τ =

∑
i cm,i · ρi · Vi

κA/l
(4)

For current devices supported by a SiN membrane, the
mean cross section can be approximated by the mean
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outline of 13 mm, i.e. the path on the membrane in
the middle between absorber and outer heat sink, and
the thickness of the membrane, yielding 1.95 · 10−8 m2.
The length is then the distance between absorber and
heat sink, which is 0.5 mm. For the hinges, the dimen-
sions given in Fig. 2 are used to calculate a cross sec-
tion of 2.5 · 10−9 m2 and a length of 1.7 mm. Using
the heat capacities from above, the thermal conductiv-
ity of SiN and Si (15 W m−1 K−1 and 160 W m−1 K−1,
respectively) and considering that there are 4 hinges
supporting the absorber one gets τmem = 410 ms and
τhinge = 800 ms for membrane and hinges, respectively.
This would be an increase of a factor of about 2. In the
case of a membrane supporting the absorber, measure-
ments resulted in τmem = 450 . . . 550 ms [7] and con-
firmed these estimates .

In principle, calibrating the sensors prior to each mea-
surement in situ [12] offers the possibility to operate
with any combination of parameters and will not be
affected by the thick Si-layer as th � τhinge. How-
ever, in practice these calibration constants determine
the sensitivity and ability to cope with measurement
noise. Thus, tests on prototypes will have to demon-
strate if the new support using flexure hinges is a viable
means for bolometer sensors or if τ needs to be adjusted
by additional heat conduction layers as is the case for
current devices (not considered in the simple estima-
tion above). Furthermore, the tests will have to show
if strain-induced changes in resistance for the meander
will impact the measurement. As the deformations for
an absorber supported by a membrane are similar and
did not show the strain-induced effects, the expectation
is that this will also not be the case for this new design.

5. Results of prototype tests

Based on the promising FEA results, the manufac-
turing of prototypes with flexure hinges has been ini-
tiated. The basic design as presented in Section 2 ob-
viously provides several parameters which can be var-
ied and may impact on the resulting mechanical stabil-
ity. These are the number of hinges, their lengths, the
distance of their attachment from the corner of the ab-
sorber, the distance of the edge of the absorber from the
edge of the supporting Si substrate and the corner ra-
dius of the absorber. Four different variants have been
incorporated into a design for production masks to pro-
duce prototype samples. A sketch is shown in Fig. 7 of
the implemented variations for four bolometer channels
supported by flexure hinges, which is repeated over the
surface of a 5” wafer. Based on this design, prototypes

Figure 7: Design variants for absorbers supported by flexure hinges.

could be manufactured. However, for the manufactur-
ing to be successful, an additional layer of 1.5 µm of
Si3N4 had to be deposited between the Pt absorber and
the supporting Si to act as diffusion barrier and improve
stability. Fig. 8 shows the photograph of a whole wafer
(left) and a detail of an absorber of variant A enlarged
(right), demonstrating the successful process.

Figure 8: Photograph of a wafer of prototype absorbers supported by
flexure hinges (left) and a detail showing an absorber of variant A
enlarged (right).

The prototype samples produced have undergone ini-
tial tests. Firstly, white light interferometry was used to
measure the out-of-plane deformation of the absorbers
and flexure hinges at room temperature. Fig. 9 shows
the result of the profile measurement for an absorber
of variant D as measured from the side of the mean-
ders. Fig. 10 presents the evaluation of the profile mea-
surement from Fig. 9 for a path along the length of the
absorber (top) and along two hinges (middle and bot-
tom) as well as the comparison to results from FEA for
this variant. The latter has been performed assuming
two different cases for the initial stress in the absorber,
once for 500 MPa and once for a slightly lower value of
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Figure 9: Result of the measurement of deformation using white light
interferometry for an absorber of variant D as measured from the side
of meanders.

440 MPa. For both cases the results of the deformation
measured compares well in shape and magnitude to the
one predicted from FEA. For the case with the slightly
lower value of the initial stress, the absolute magnitude
of the deformation is reproduced slightly better. Con-
sidering the additional layer of Si3N4, which was not
taken into account for FEA and uncertainties within the
material parameters, this is a very strong indication that
the analysis managed to capture all relevant processes
involved and that the boundary conditions and material
parameters used were well chosen.

A second crucial test was the thermal cycling of the
specimen. 20 thermal cycles from room temperature up
to 450 ◦C at heating rates up to 25 K/min and cool down
to below 50 ◦C were applied to test their mechanical sta-
bility under thermal loads and corresponding stresses.
Every specimen tolerated these loads without failure, ir-
respective of the geometric variations. As this is also in
agreement with FEA, the development can be claimed
to be a success.

6. Conclusion

An alternative concept has been proposed to support
bolometer absorbers in order to cope with high ther-
mal loads of future fusion devices. The concept of
flexure hinges is already used for various other sen-
sor devices and can absorb stresses due to deforma-
tions in all spatial dimensions. The proposed design has
been presented and analysed using FEA. Based on the
promising results, prototypes have been manufactured
and tested successfully under thermal loads demonstrat-
ing not only manufacturability but also the expected
mechanical stability under thermal loads up to 450 ◦C
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and associated stresses. However, as the demonstration
of a concept for the mechanically stable support of the
bolometer absorbers was the major aim so far, meanders
and means to determine the bolometer signal have not
been incorporated into the design, yet. The next step in
the development process will be to design the layout of
the meanders and the electrical signal connection using
the path along the hinges to connect the meanders on the
back side of the absorber and then test the resulting pro-
totypes with respect to their parameters characterising
the operation as bolometer sensor. These tests will have
to show on the one hand if the estimated parameters are
reproduced and on the other hand how they impact the
sensitivity of a bolometer using the new sensor geome-
try. One particular issue to be tested experimentally on
fully functional prototypes might be if shocks or vibra-
tions during the operation of a fusion device result in
oscillating noise in the bolometer signal.
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