Reliability issuesfor a bolometer detector for ITER at high operating temperatures

H. Meister> T M. Kannamdllert J. Koll,* A. Pathak! F. Penzel, T. Trautmanri P. Detemplé, S. Schmit? and H. Langet

IMax-Planck-Institut fur Plasmaphysik, EURATOM Assadoiat Boltzmannstr. 2, D-85748 Garching, Germany
2Institut fur Mikrotechnik Mainz GmbH, Mainz, Germany
3KRP-Mechatec Engineering GbR, Garching, Germany

The first detector prototypes for the ITER bolometer diatjodeaturing a 12.%um thick Pt-absorber have
been realized and characterized in laboratory tests. Tédtseshow linear dependencies of the calibration
parameters and are in line with measurements of prototyjteshinner absorbers. However, thermal cycling
tests up to 450C of the prototypes with thick absorbers demonstrated, tteit reliability at these elevated
operating temperatures is not yet sufficient. Profilometeasurements showed a deflection of the membrane
hinting to stresses due to the deposition processes of gwtay. Finite element analysis (FEA) managed to
reproduce the deflection and identified the highest strésshe membrane in the region around the corners of
the absorber. FEA was further used to identify changes igéoenetry of the absorber with a positive impact
on the intrinsic stresses of the membrane. However, fuitherovements are still necessary.

I. INTRODUCTION thickness of the absorber has to match the attenuationiengt
for the photon energies expected in ITER (up to 25keV in

The total radiated power as well as the radiation emissiof$tandard scenario). According to the mass-energy attenua-
profile on ITER will be determined by the bolometer diagnos-tion coefficients for Pt provided by NISTnd taking the den-
tic. The reference detector type chosen for ITER is the meta§ity of Pt near room temperature (21.4gRyma Pt-layer of
resistor bolometér Due to the high neutron irradiation levels 12-5pm thickness will capture 68% of the energy of an in-
projected for ITER as well as the high operating temperaturecoming mono-energetic beam of 25keV photons. This leads
of the surrounding structures, new materials for the boteme 0 & temperature increase in the absorber which can be de-
detectors have to be tested and qualified. Currently, the ddected by the diagnostic. In the case of 10keV photons, 94%

tector development for ITER focusses on Pt absorbers on SiRf the incoming energy will be absorbed. As the density of Pt
membranes. has only a weak dependence on temperature, very similar re-

The first prototypes developed featured ahbthick Pt sults are expected for higher operating temperatures iIRITE
absorber on a 14n thin SgN, membrane. Several sam-  'he relevant parameters _for cha_ractensmg bo_lomgter de-
ples of these prototypes have been operated successfully {ictors for operation in a fusion device are the calibragian
the tokamak ASDEX Upgrade since 2009. New prototypegameters: meander resistaritecooling time constant, and
featuring a Pt absorber of 121/ thickness on a @m mem- normah_s_ed heat capacig?. They can be deten_”r_nned in the
brane are now available and have been tested in a laboratot§st facility IBOVAC (I TERBolo vacuum test facility) at IPP

environment at temperatures up to 460 The tests and re- Which provides an environment of up to 4&Din vacuum.
sults are presented in section IL. The samples were heated up to this temperature at heating

Increasing the absorber thickness also increased theasres ates of at most 1 K/min. The calibration constants were mea-
in the membrane leading to reduced mechanical stability. A§ured once every minute according to the procedure describe
this issue is of major importance for the application of thein [3]. Simultaneously, the temperature of the detector was
detector in ITER, a detailed study was initiated to detesmin measured. The results for prototypes featuring a 2 ab-
the cause for the stresses and to identify potential mitigat SOrber on a gm membrane are shown in FIG. 1.
strategies. These results are presented in sections llNand

Finally, section V concludes with an outlook on further deve [Ressincelia ™™ | “fimd i R I H\
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. . FIG. 1: (color online) Calibration parameters of a protetymlome-
One of the most crucial developments for the final ITER r detector (Flow-chart 1100025, wafer 481, chip K, cha@heith

bo'?”.‘mer diagnostic !S the de_velopment of a radiation har 12.5um absorber for measurement (blue), and reference (red) ab-
resistive bolometer foil with thick enough absorbers td-rel gorper as function of temperatui®; T andk (left to right).

ably detect the total radiated power from the plasma. The

The resistances of the meanders for both, measurement and

reference absorber, show an almost linear dependence with
*Contributed paper, published as part of the Proceedingseofth Topical very similar Vajll'_les up to 3303_ (_F|G' 1, Ieft)' Typ|cal tem- .
Conference on High-Temperature Plasma Diagnostics, Meyt€alifornia, p?rature coefficients Of resistivity (TCR) deduced fronsthi
USA, May 2012, kind of measurements in the temperature range betwedh 20



and 100C yield values in the order of 1.8-2.1mK Eval-  reason is, that is determined by applying an ohmic heating

uating the linear TCR for the case shown in FIG. 1 for tem-pulse with a constant bridge-voltage of 3.75V on the mea-

peratures up to 35C yields a value of 2.06 mK!. Fitting  surement and reference meanders, respectively, and fiting

a second order polynomial instead yields the coeffici@nts  exponential to the decay of the bridge current. The higher th

2.35.-10 3K-1andB=—7.8-10 ‘K2 while reducingg’?by  operating temperature is, the higher is the resistanceef th

a factor of 2. This compares well to the Callendar-van-Dusemeanders and the lower the current to be measured.

coefficients for a Pt100 resistor according to the IEC75Imor  In FIG. 1, right, the normalized heat capacitys plotted

(A=3.90810 *K~tandB= —5.77510 'K ~?). The differ- ~ for one sample as a function of temperature. A clear linear

ences are most likely due to the meanders being a thift.film dependence can be observed. Again, the noise of the measure-
Above 350C, a slight hysteresis between the heating andnent increases with operating temperature for similaraess

cooling phase can be seen. As in previous measurements fas in the case aof. In comparison with samples featuring an

4.5um absorbers the hystereses depends on the sample. Absorber of 4.5m, k is higher by a factor of aimost 3 as could

closer inspection of this behaviour was performed for saspl be expected from the increase in thickness.

with 4.5um thick absorbers. Despite an annealing process at

650°C after the deposition of the meanders, but before etch-

ing the groove for the absorber, an additional applicatibn o [11. INVESTIGATION OF FAILURE CAUSES

450°C on the final prototype results in a significant change

of resistance and TCR (see FIG. 2). Furthermore, depending aq shown in section Il the prototype detectors fail after

s a few annealing cycles at high temperatures. Additionally,

E S calibration measurements for prototype detectors of uario
S ’ absorber and membrane thicknesses at elevated tempsrature
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310507 &\h’—::fg AN in when the detectors are exposed more than once to tempera-
000 tures above 20@ (without determining the exact value). This
22, behaviour can not be tolerated for the application in ITER an
< 21 L was thus investigated in more detail. A 3D-scan of the detec-
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o 207 that the membrane is deflected out of plane byurb5FIG. 3)
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FIG. 2: (color online) Resistance, TCR and failures per dnctel- 10 10
detector (top to bottom) in dependence of the number of dimgea £ H
cycles at 450C applied on samples with 4pfn absorbers. 5 (- ~ 5
on the sample, the membranes start to break. The breaking’ °
might happen even after completion of the annealing process _

at room temperature. The reason for this kind of behaviour-#0 -2000 0 " ""2000 4000 ~s00 =500 Yty > 1500

is most probably to be found in intrinsic material stressas a

the temperature dependent deflection of the membrane (S&G. 3: (color online) Longitudinal and transverse sectifra 3D

section IlI). scan of the surface of a detector membrane by a profiloméies)(b
The cooling time constants of the new samples with and the result of a non-linear FEA (red).

12.5pum absorber are in the range of 230-240 ms at room tem-

perature. Compared to previous samples additional heat (FE) model has been developed for the detector membrane.

conduction layer of 150 nm Al (thermal conductivity of Al is Non-linear FE simulations using ANSYS 12 taking typical

three times higher than the one of Pt) was added between amaterial properties and the initial intrinsic materialesses

sorber and silicon-frame of the detector. This helped taced due to the production processes (500 MPa in Pt and 130 MPa

the values of to a range which is comparable to those of de-in SiN, as measured on test samples) into account, managed

tectors currently in use on devices like ASDEX Upgrade orto reproduce this behaviour (red curve in FIG. 3). Though

JET. For detectors with a 4fn thick absorberr = 175ms  the amplitude is not matched in this relative simple simula-

has been achieved. tion, the shape is. This allows for relative comparisonstwhe
The variation oft with temperature is usually slightly posi- applying the model to different temperatures and geonatric

tive (FIG. 1, centre); the variation depends on the samgie. T variations of the absorber.

noise of the measurement increases with temperature. The The behaviour of an absorber at 480wvas investigated us-
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Longitudinal section Transverse section

40 a0 the results for the stepped absorber were unsatisfactary du
to Pt crawling under tE\Fe)) resist while depositing the sec)(;nd,
thick layer. In order to improve the adhesion of the resist on
the first Pt layer, further development processes are n&gess
Therefore, only the behaviour of the prototypes with rouhde
corners could be investigated at high temperatures. Axditi
ally, some prototypes with larger absorber, namely only the
first layer of the stepped absorber, have been tested.

As could be expected from the small changes in material
25— ——50——500  ~2s00———S5——55 =  Stress predicted by FEA, no improvement in the mechanical
x [uml y luml stability of the membranes was seen; the larger absorber ex-

) o ) hibited an increased failure rate. The latter result sugghat
FIG. 4: (color online) Longitudinal and transverse secidra de- 5 smaller absorber should be more stable.
tector membrane at room temperature (red) and at@%0lue) as V. CONCLUSION

calculated using non-linear FEA.

The results presented show that the development of a new
ing non-linear FEA. As shown in FIG. 4, the deflection of the prototype bolometer resulted in a sensitive and reliable de
membrane is now in the other direction. Accordingly, subjec tector for the application in low to moderate ambient tem-
ing a detector to annealing cycles at high temperaturedtsesu peratures. At temperatures above 200the mechanical sta-
in a cyclic bending fatigue load case for the membrane dudility is insufficient. Measurements and the applicatioraof
to its curvature reversal close to the absorber edge betweeon-linear FEA suggest that the cause for the failure is a fa-
room temperature and 450. The temperature for which no tigue cycle due to a reversal of the deflection direction ef th
membrane deflection is expectedx270°C. membranes between room temperature and@30 combi-

nation with high stress concentration close to the absaxdrer
ners. The first prototypes incorporating geometrical cleang
IV. ALTERNATIVE DETECTOR DESIGNS for the reduction of the material stresses have been praduce
and tested. However, the desired improvement in mechani-
The non-linear FE model was used to calculate the matecal stability could not yet be observed; a prototype with an
rial stresses expected for alternative absorber des|gm$h§ increased abSOI’.beI’ Si-Ze ShOWed an enhanced faill_.ll’e rate. In
reference desigif, the highest stresses were observed in thé€verse conclusion this suggests that absorbers with eeduc
membrane close to the corners of the absorber. From geométizes could be mechanically more stable. The further datect
rical considerations, an increased corner radius sholcthe ~ developmentwill have to focus on the investigation of vasio
reduce the imposed stress. However, the FEA predicts a rébsorber geometries and sizes to identify the solution thigh
duction by only~5%, even for increasing the corner radius Pest mechanical stability for ITER.
up to the point where the absorber takes an elliptical shape.
A stronger reduction in the material stresses¥85% is
predicted for a "stepped” absorber. For this shape firsterlay
of 1um Pt is deposited on an area which is 0.2 mm wider and
0.2 mm longer than the original absorber. Afterwards, the re
maining 11.5um Pt are deposited on the original surface. The work presented herein has been funded by the Ger-
Several samples of prototype detectors have been manufactan Federal Ministry of Education and Research (grant
tured incorporating these geometrical changes. Whiletthe p 03FUS0006). The sole responsibility for the contents of thi
duction of absorbers with rounded corners was unproblemati publication lies with the author.
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