Irradiation tests of bolometer sensor prototypes for ITER
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Abstract

In ITER, the bolometer diagnostic is foreseen to provide the measurements for the total plasma radiation. Sensors
need to withstand the harsh environmental conditions. Most prominent among those is the nuclear environment with
neutron fluxes up to 10" n/cm?s at the locations of bolometers, which result in a radiation dose of up to 0.3 dpa in
Si3Ny. Original metal resistor bolometer sensors based on Au-absorbers on a mica substrate with Au-meanders failed
when exposed to fast neutron fluences corresponding to 0.1 dpa. Various material tests under irradiation identified
ceramic materials like Al,Os, AIN or SizNy together with Pt meanders as promising alternatives. Based on these ideas
a development campaign was initiated to produce a radiation hard bolometer sensor. Two approaches resulted in good
mechanical stability under thermal cycling: Au absorbers supported by a SizNs membrane and Au absorbers on a
silicon base plate which is hung up by flexure hinges. In order to assess their resistance against irradiation, tests have
been conducted in the Budapest Neutron Centre. The test campaign demonstrated for the first time that bolometer
sensors can withstand irradiation doses corresponding up to 0.3 dpa in SizNy4, which is higher than the value of 0.1
dpa requested by ITER project requirements, while their meander resistance measured after irradiation increased only
by 20-30 Q.
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1. Introduction

In fusion experiments the total plasma radiation
makes up one part of the energy balance of the plasma.
To measure the plasma radiation integrated over a wide
spectral range bolometers are used in most cases. Also
in ITER, the bolometer diagnostic is foreseen to pro-
vide these measurements. When developing this diag-
nostic for ITER based on experience from current ex-
perimental devices, one has to consider the harsh envi-
ronmental conditions which impose significantly more
stringent requirements on sensor and components [1].
Most prominent among those is the nuclear environ-
ment with neutron fluxes up to 10'3 n/cm?s at the lo-
cations of bolometers produced by the deutrium-tritium
(D-T) reactions, which result in a radiation dose of up
to 0.3 dpa in SizNy [2]. Original metal resistor bolome-
ter sensors based on Au-absorbers on a mica substrate
with Au-meanders [3], which have also been used dur-
ing the D-T campaign in JET in 1997, showed a re-
duced life-time when exposed to fast neutron fluences
corresponding to 0.1 dpa [4]. Various material tests un-

Preprint submitted to Fusion Engineering and Design

der irradiation identified ceramic materials like Al,Os,
AIN or SizNy together with Pt meanders as promising
alternatives [5-8]. Based on these ideas a development
campaign was initiated to produce a bolometer sensor
based on Pt absorbers on Si3sN4 membranes with Pt me-
anders. Initial tests showed a good sensitivity [9, 10]
but mechanical stability at high temperatures [11] and
under irradiation [12] proved to be insufficient. To im-
prove mechanical stability at high operating tempera-
tures two approaches have been followed: supporting
the absorber using flexure hinges [13] and using ab-
sorbers made of Au instead of Pt [14]. Both approaches
resulted in good thermal stability. In order to assess
their resistance against irradiation, tests have been con-
ducted in the Budapest Research Reactor (BRR), which
is part of the Budapest Neutron Centre. This paper de-
scribes the samples tested, the set-up in the reactor, irra-
diation conditions and the post irradiation examination
results.
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2. Set-up of irradiation test

2.1. Bolometer sensor samples

Two types of sensors have been irradiated, Au ab-
sorbers supported by SizN4; membranes [14] and ab-
sorbers supported by a thin Si plate connected to the
Si-frame with flexure hinges [13]. Figure 1 shows
schematically the materials and layers on top and a foto
of half of an absorber with connecting tracks below. For
the Au absorbers supported by a Si3; N4 membrane (left
column), one can identify the edge of the absorber by
the yellow border, the meander with the track connec-
tions from top and the membrane by the medium grey
area around the absorber. For the absorber supported
by a Si disc and flexure hinges (right column) one can
identify the hinges which support the disc with absorber
hanging freely as indicated by the white area corre-
sponding to the background on which the sensor was
placed for taking the foto. The absorber itself cannot
be seen. The connection to the meander is in this case
on the top left and right corner of the Si disc along the
two hinges with the lighter color. The other two darker
hinges are not covered by the Pt layer of the tracks.

Absorber on Si;N, membrane Absorber on flexure hinges

Au Absorber
Si Si

Au Absorber

Pt Meander Si;N, Isolation

Si;N, Membrane

Pt Meander

Figure 1: Sketch of the materials and layers of the bolometer sen-
sor types (top) and foto of half of an absorber with connecting tracks
(bottom).

For both types the samples had been mounted into
sensor holders to protect them from mechanical dam-
age. A sketch of the sensor holder is shown in Figure
2. The sensor was placed in a depression of the back
plate and covered by the front plate to keep it in place.
Front and back plate were made of Shapal-M, a sintered

__Front plate

Cu-foil
Reference

absorber Sensor

Measurement
absorber

—— Back plate
33 mm 2 N

Figure 2: Sketch of the bolometer sensor holder for a four channel
Sensor.

AIN/BN ceramic. Two M2x35 steel screws were used to
fix the assembly. If needed, four stripes of individual
channels can be used instead of the four channel sensor
as shown in Figure 2. To protect the sensor against me-
chanical influences, a 0.1 mm thin foil made of pure soft
Cu was used in between sensor and front plate.

The four channel sensor with absorbers supported by
flexure hinges' had been mounted in the holder labeled
#12 (Figure 3, left column). The sensor holder labeled
#13 contained four different individual sensor channels
(Figure 3, right column): left and middle-left sensors
(corresponding to channels 4 and 3, respectively) had
a 20 um Au-absorber with an adhesion layer of 15nm
CrO and 300 nm Pt each?; in the middle-right (corre-
sponding to channel 2) was a sensor with a 5 um Au-
absorber, an adhesion layer of 100nm Ti and 100 nm
Ag and covered first by a 150 nm Al-layer to reduce the
cooling time constant and an additional layer of 50 nm
sputtered C to enhance the absorption in the VIS and
VUV spectral range?; the right sensor (corresponding
to channel 1) was identical to the middle-right one ex-
cept for the missing C-layer*. These combinations are
summarized in Table 1.

After assembling the sensors into the holders the re-
sistances of the samples had been measured using spring
loaded contact pins and a dedicated set-up for testing
bolometer sensors in the lab (see as example Figure 6).
The resistance for all six combinations of contacting the
four contacts per bolometer channel had been measured
(see Table 3). The numbering of the contact pins are
defined in Figure A.10.

Using the approximation described in Appendix A,

'chip H from wafer 2315, flowchart 1600033

2gensors D2 and D1 of wafer 4551, flowchart 1800038
3sensor P1, wafer 2046, flowchart 1600032

4sensor O1, wafer 2046, flowchart 1600032



Table 1: Summary of sensor types used for irradiation.

Holder #12 #13

Channel 1-4 1 2 3 4

Support SOumSidiscand | 5 o\, 3m SisNy 3m SisNy 3 m SisNy

flexure hinges

Absorber 20 um Au Sum Au Sum Au 20 um Au 20 um Au

Adhesion layer 100nm Ti + | 100nm Ti + | I5Snm Cr + | I5Snm  Cr  +
100nm Ag 100nm Ag 300 nm Pt 300 nm Pt

Coating none 150 nm Al é(s)?lnmmc Al none none

©9+99
® 0 0
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i

Figure 3: Sensor samples used for irradiation: 4-channel sensor with
absorbers supported by flexure hinges in holder labeled #12 (left) and
4 individual sensor channels of various types as described in the text
in sensor holder labeled #13 (right). Upper row without front plate,
lower row with front plate.

the resistances of the individual meanders can be calcu-
lated. The results of these measurements are given in
Table 4.

2.2. Irradiation rig

A custom assembly has been built to insert the sen-
sor holders into a standard irradiation capsule as shown
in Figure 4. The left part shows on top the standard ir-
radiation capsule made of aluminium and on the lower
the two sensor holders placed between the custom built

Figure 4: Irradiation rig: side view (left) and front view (right) of
the custom made holders to tightly fit the sensor assemblies into the
capsule (upper part on left side).

halves made of aluminium alloy (AlMgSi3) to perfectly
fit them into the centre of the capsule and support the
heat removal by good thermal contact to the surround-
ings. The right part of Figure 4 shows the front view of
the custom assembly. The upper half (labeled 1) con-
tains a temperature monitor made of PbjgIn (melting
temperature 291 °C), the lower one (labeled 2) contains
a melting temperature monitor made out of PbsAgsSn
(melting temperature 292 °C). These temperature moni-
tors were included as the samples irradiated have proven
in previous testing (e.g. [13]) that they can withstand
thermal cycling at least up to 291 °C and thus a method
was given to decide if a temperature spike during irradi-
ation might have led to failures or not.

During assembly all parts were cleaned with denatu-
rated alcohol. The assembled capsule was closed her-
metically by metal spinning, but not evacuated; the sen-
sors were surrounded by air.

2.3. Irradiation conditions

The capsule was inserted in a fast irradiation channel
(no. 426) for two irradiation cycles of about 10 days
each (439 hours of irradiation in total). The neutron
spectrum shown in Figure 5 was calculated in 60 energy
groups using the detailed MCNPX model of the reactor.
This results in the neutron fluxes within the irradiation
channel as given in table 2 and accumulated to a total
fast fluence of 9 - 10" n/cm?.
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Figure 5: Neutron spectrum of BRR reactor.

total flux 23710 82—

cm=-
thermal flux (E < 250 meV) 8.1-10" I
epithermal flux 250meV < £ <0.5MeV) | 9.9-10" i
fast neutron flux (E > 0.5MeV) 5.7-1013 ﬁ

Table 2: Total neutron fluxes during irradiation.

The temperature of the samples during the irradiation
was not controlled actively. However, due to the very
good thermal contact within the capsule and to the sur-
rounding cooling water, the temperature could be esti-
mated to 70+5 °C based on the total reactor power (con-
stant at 10+£0.15 MW) and the thermal balance given by
gamma heating, heating-cooling processes, and approx-
imately constant flux followed the fuel burning, which
was measured at the start and the end of the cycle.
The temperature monitors included in the assembly con-
firmed that during the whole irradiation cycle the tem-
perature never exceeded the limit of 291 °C.

These irradiation conditions have been used to de-
termine the resulting dose rate in Si3Ny4 in terms of
displacements per atom according to the method de-
scribed in [15], using a displacement efficiency of 0.8
and a displacement energy of 40eV [16] together with
the ENDF/B-VII.1 cross-section library. The calculated
dose rate of 2.0 - 1077 dpa/s results thus in an accumu-
lated dose of 0.3 dpa in SizNy for the total irradiation
time. Its accuracy is estimated to about 6% based on
the statistical errors and a conservative assumption of
the systematic uncertainties of the spectrum calculation.
The former are in the order of 3%, the latter about 5%
(the MCNP model describes the reactor properties in
general very well) and Gaussian weighting has been ap-
plied.

3. Post-irradiation examination and discussion of
results

The post irradiation examination (PIE) was carried
out in two steps. On the first try, after 7 weeks of cool-
down, the activity at the surface of the samples was still
in the order of 2 mSv/h. Accordingly, samples could be
handled only using tongs and behind a lead window to
shield against radiation. Visual inspection from slightly
more than half a meter distance revealed no obvious de-
fects. However, despite the set-up to connect the sen-
sor inside its holder using spring loaded contacts (as in
Figure 6), but without bolts to secure it. Due to the acti-
vation level only tongs with long handles could be used
to press the holder against the spring loaded contacts.
No reliable electrical connection could be established
as the sensor holder could not be pressed evenly against
the pins using the tongs. During further handling one
of the membranes supporting the absorbers of channel
4 from holder #13 broke.

After further cool-down for another 7 months the ac-
tivity of the samples reduced to 300 uSv/h at the surface
and a second PIE was scheduled. The reduced activ-
ity allowed for easier handling. Again, visual inspec-
tion from a short distance showed no additional dam-
age. The sensor holders were placed on the measure-
ment set-up (see Figure 6), secured with bolts and re-
sistance measurements were tried. The result showed

Figure 6: Sensor holder #12 placed in electrical measurement set-up
for PIE.

that no reliable electrical contact could be established;



resistances were all exceeding the MQ-range.

A disassembly of the sensor holders resulted in break-
ing a membrane of channel 3 of holder #13 due to not
careful enough handling. Visual inspection as shown in
Figure 7 reveals the broken membranes as well as the
reason for unsuccessful electrical measurements: the
electrical contact pads on the sensors were destroyed.
Obviously, remote handling of the active samples dur-
ing the first PIE resulted in the spring loaded contacts
having scratched away the contact pads on the sensors.
A close-up view of parts of the not broken channels us-

Figure 7: Post-irradiation visual inspection of disassembled bolome-
ter sensors from holder #13.

ing a microscope is given in Figure 8.The contact pads
of holder #12 are scratched away completely, those of
holder #13 partially. Tracks and meanders seem not
to be affected, apart from the debris due to scratching
they show a smooth picture. The flexure hinges holding
the absorbers in holder #12 are clearly distinguishable
and no breaks are visible in the membranes support-
ing the absorbers in holder #13 (dark area around me-
anders). This visual inspection demonstrates that apart
from the scratches due to handling no obvious damage
occurred to the samples. Irrespective of the composi-
tion of the sensors, neither tracks nor absorbers indicate
de-lamination from the substrate. The sensors remained
intact during the whole irradiation cycles.

Having the indication that sensors should still be
functioning, individual channels were contacted close

Sensor holder #12

Sensor holder #13

Channels

142 Channel 1

Channels

3+4 Channel 2

Figure 8: Post-irradiation inspection of contact pads for sensor hold-
ers #12 and #13. The contact pads of holder #12 are scratched away
completely, those of holder #13 partially. Tracks and meanders seem
not to be affected.

to the original contact pads on the electrical tracks us-
ing thin measurement pins. Electrical connections could
thus indeed be established and resistances measured.
However, not all six contacts per channel could be es-
tablished for every sample. The reasons were on the one
hand the fragile contacting procedure conducted manu-
ally under the microscope and on the other hand that the
limits in time while handling irradiated samples had to
be observed. Successful measurements have been ob-
tained for channel 1 of each sensor holder. The results
are given in Table 3 together with those acquired be-
fore irradiation. For the other channels, resistance mea-

Table 3: Measured resistances for the samples investigated before and
after irradiation. Values are given in Q. Naming of pin contacts is
given in Appendix A.

Ch1 Holder #12 Holder #13
Pin Before After Before After
contacts irradia- irradia- irradia- irradia-

tion tion | tion tion
1-16 (Rup) 782 811 740 765
16-2 (Rpc) 773 788 745 765
2-15 (Req) 769 786 748 772
1-15 (Rya) 774 757 740 764
1-2 (Rac) 1030 1065 988 1023
15-16 (Rpq) 1023 1047 989 1022

surements of at least one diagonal of the measurement
bridge (R, or Rp;) have been performed successfully to
confirm their principal functionality.

Each contact attempt resulted in scratches on the elec-
trical tracks. This resulted in increased uncertainties of
the measured values and reduced the comparability to
values measured before irradiation due to varying con-
tact resistances. It is also obvious, that the scratches



for the sample in holder #12 are more pronounced than
those for the samples in holder #13. The reason is that
the electrical tracks for the samples in holder #13 are
thicker (750nm Pt compared to 250 nm Pt) and thus
mechanically more resistant. It has to be noted that the
tracks making up the meanders are in both cases 250 nm
thick Pt, thus resulting in similar values for the total re-
sistance between contact pads, but slightly lower ones
for those from sensor holder #13.

Using the approximation described in Appendix A,
the measured resistance values have been converted into
resistance values for individual meanders. The sum-
mary of the thus derived values is given in table 4, to-
gether with the initial values before irradiation.

Table 4: Calculated resistance values for individual meanders of the
samples before and after irradiation using measured values from Table
3 and the approximations described in Appendix A. Values are given
in Q.

Chl1 Holder #12 Holder #13
R Before After Before After
irradia- irradia- irradia- irradia-
tion | tion tion tion
R 1030 1051 990 1022
Ry 1045 1102 983 1019
Ry 1027 1056 993 1019
R3 1019 1052 999 1033
R4 1029 994 983 1017

Comparing the calculated resistances before and af-
ter irradiation in Table 4 shows that in all cases they are
slightly higher after irradiation. The increase in R,, is
21 Q and 32 Q. A similar increase has been observed al-
ready previously for similar samples [8]. Given the fact
that both, meander resistances and irradiation doses, are
about a factor of three higher for the current experi-
ments, the increase of 20-30Q is in line with the pre-
viously observed increase of 7.5 Q. Comparing the re-
sistances of Ry,..., R4 or the individual measurements
from Table 3 (R, .. ., Ry,) shows that variations of val-
ues after irradiation are more pronounced than before
irradiation. Cross-checks in the lab with similar set-up
and contacting methods demonstrated that using mea-
surement pins typically results in an increased contact
resistance of 2 Q. Thus, the increased uncertainty is par-
tially a result of the contacting method somewhere on
the electrical tracks (but not on a clearly defined contact
pad) as described above and may partially be due to the
irradiation damage. The measurements do not allow to
distinguish the effects.

Channel 2 in holder #13 had a sensor coated with C
on the absorber side, clearly visible in Figure 3, top
right. After irradiation, this C-coating was removed
from the absorber. As seen in Figure 9, there are still

some patches of the black coating visible on the Si-
frame, but the absorber itself is blank and shiny. It

Figure 9: Post-irradiation inspection of C-coated absorber (holder
#13, channel 2). Remnants of the black C-coating are visible only
on the Si-frame, the absorber is blank and shiny.

is assumed that the reason is, that the inside of the ir-
radiation capsule was not evacuated before irradiation.
Accordingly, irradiation resulted in an ionizing environ-
ment producing O3 from the air in the capsule which
removed the C by chemical erosion.

4. Conclusions

For the first time two kinds of fully functional
bolometer sensor prototypes, one with absorbers sup-
ported by flexure hinges, one with Au absorbers sup-
ported by a Si3zN; membrane and both with Pt mean-
ders, have been irradiation tested up to dose rates of
0.3 dpa in SizNy4. The resistance measurements showed
that the mean resistance measured after irradiation is
higher by about 20-30Q compared to before irradia-
tion. This value which is fully compatible to bolome-
ter operation. Breaking of individual channels oc-
curred due to not careful enough handling during post-
irradiation examination, not due to the irradiation itself.
No delamination of tracks or absorbers has been ob-
served. Difficulties in measuring the resistances in PIE
were encountered due to the manual contacting method
directly on the sensor, which also resulted in enhanced
uncertainty of the measurement values. So far, only
the carbon coating used on one sensor channel was de-
stroyed during irradiation. The assumption is that this
is due to not having evacuated the irradiation capsule
before exposure which could have promoted chemical
erosion.

In view of fully validating bolometer sensors for
ITER it is recommended to conduct one further irra-
diation campaign. On the one hand, various types of
coating to enhance plasma radiation absorption in the



VIS and VUYV should be tested. To avoid erosion, sam-
ples should be tested inside an evacuated capsule. On
the other hand, electrical contacts using wire bonding
are recommended combined with an online measure-
ment of the resistance. This will improve the reliability
of the measurements and additionally provide the pos-
sibility to investigate if resistance increase is a linear
function of the dose rate or exhibits a threshold behavior
as well as performing sensor calibrations which would
fully demonstrate the operation as a bolometer sensor.
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Appendix A. Measurement of resistances in a
Wheatstone-bridge

The metallic resistors in a bolometer channel, which
are used to derive the measurement signal, are con-
nected in the electrical scheme of a Wheatstone-bridge.
For an ideal sensor all four resistors should be equal. As
manufacturing tolerances always result in variations it is
of importance to determine the individual values of the
resistors.

A typical layout of the electrical tracks of a four chan-
nel bolometer sensor as seen when looking onto the me-
ander side is given in Figure A.10. Measuring the re-

No. of contact pad or pin

€ @ C—— IDof contact pad (per channel)
cmil lgh2] chs Ch4— No, of channel

197" No. of resistor
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~ channel
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channel

reference
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Figure A.10: Typical layout of electrical tracks of a four channel
bolometer sensor (view onto the meander side) and the nomenclature
used.

sistance by connecting for example to the contact pads
a and d of channel 2, one would not measure only the
resistance of R, but also the resistance of R, + R3+ R4 in

parallel. Applying this to all four resistors for channel
2, one gets the following system of equations:

1 1 -
Ru=|5+——
R, Ry + R3 + Ry
_ R -(Ra+R3+Ry)
= SR

1 1 -
Rp=\5+5—5—5
(Rz R1+R3+R4)
_ Ry - (Ri + R3 + Ry)
= ZR

1 (A.1)
1 1
Roe = | o 4 o
R3 R+ R, + Ry
_R3-(Ri+ Ry +Ry)
= SR

1 1 B
Ra=|o+ ——r
Ry Ri+R, +R3
_ Ry- (R + R, + R3)
= ZR

with >R = Ry + R, + R3 + R4. This system of equa-
tions cannot be solved directly as the individual R; to be
determined appear in both, numerator and denominator.
However, using the fact that manufacturing tolerances
result in meander resistances which deviate less than 5%
(typically less than 2%) from a mean value R, one can
rewrite the definition of the R; according to

R1=R+AR1
R3=R+AR3

R2=R+AR2

_ (A.2)
Ry =R+AR,

The mean value of the resistances can be measured
in a simple way by contacting the diagonal of the
Wheatstone-bridge, for which the following two equa-
tions are valid:

-1
1 1
Rap = +
Ri+R, R3 + Ry
_ (R +Ry)-(Ry +R4)
>R

(A.3)

1 I
R = +
Ry + Ry Ry + R3
_ (Ri+Rs)-(Ry +R3)
SR




Using equations A.2 to rewrite equations A.1 one gets:

_ (R+AR)- 3R+ AR, + AR + ARy)
= SR
_ (R+ARy)-(3R+ AR| + AR3 + ARy)
= SR
_ (R+AR3)- 3R+ AR + AR, + ARy)
= o
_ (R+ARy)- 3R+ AR| + AR, + AR;)
= SR
(2R + AR + ARy) - (ZR + AR3 + ARy)
>R
(2R + AR, + ARy) - 2R + AR, + AR3)
>R

ad

ab

be
(A4)

cd

Ry, =

Rap
with
Z R =4R+ AR, + ARy + AR; + AR, (A.5)

From this point onwards one introduces the assumption
that the sum of the deviations from the mean resistance
is zero:

AR = AR[ + ARQ + AR’; + AR4 =0 (A6)

Inserting this into the first equation of A.4 yields

1 - _ _ _
Ru = ﬁ(mz + RAR, + RAR; + RAR, + 3RAR,
+AR|AR, + AR|AR; + AR|ARy). (A7)

Applying the same to all equations of A.4 and neglect-
ing the quadratic terms of the deviations the whole set
of equations now reads:

| -
R, = Z(SR + 3AR1 + ARQ + AR3 + AR4)
| -
Ry = Z(3R + AR + 3AR; + AR3 + ARy)
| -
Ry = =(BR + AR + AR, + 3AR; + ARy)
4
) (A.8)
Ry = Z(3R + AR{ + ARy + AR5 + 3ARy)
_ 1
Ry =R+ E(ARI + AR + AR5 + ARy)
_ 1
R, =R+ E(ARI + AR + AR5 + ARy)
Together with equation A.6 this builds up a set of equa-
tions which can be solved. To do so, the vector of results

% can be related to the vector of measurements & using
the matrix M according to

F=MM'-Mb (A.9)

with

AR,
AR, (A.10)
AR;
ARy

Rad
Rah

=L
1l

S
1l

= =
NS

(A.11)
Rap

5

(A.12)

D =00 = [ O = = | =

== = = = s [ —
P D= [ = = | GO [ = =

Il
(eI N [SSUN [INTN[SST N [08)
P D= [ = s s = 2

Finally, one gets the result for all individual resistances:

_ 3 4
R=—®Ryp+Rp.+R.yg+Ryy) + =Ry + R
17( b+ Ry a+ Raa) 17( ab)

_ 1
Ry =R+ E(_Rab = Rpe — Req + 3R4q)

|

R2 =R+ §(3Rab — Rbc - Rcd - Rda)
_ 1

R3 =R+ E(_Rab + 3Rbc - Rcd - Rda)

|
Ry=R+ E(_Rab = Rpe +3Reqg — Raa)
(A.13)

The above set of equations has proven to be a good ap-
proximation to the real values in case the manufacturing
tolerances indeed result in small deviations of individ-
ual resistances from the mean value so that equation A.6
is valid. This is of course not any more the case if the
meander should be damaged (R = oo0) or have a shortcut
(R < R). Corresponding measurement results will be
obvious and easily identifiable.

As channel 3 has the same track layout, the same set
of equations applies. For the channels 1 and 4 with their
slightly different track layout (compare Figure A.10)
simple permutation of the indices according to the loca-
tion of meander resistors in relation to the contact pads



_ 3 4
R = —(Rup + Rpc + Req + Rya) + — (Rac + Rap)

17 17
1

Rl =R+ §(3Rub - Rbc - Rcd - Rdu)
|

R, =R+ 5(—Rab +3Rpc — Rea — Raa)
|

Ry=R+ 5(—Rab = Rye +3Rcqg — Raa)

_ 1
Ry =R+ E(_Rab = Rpe = Req + 3Rya)
(A.14)

Data availability

The raw/processed data required to reproduce these
findings cannot be shared at this time due to technical
or time limitations.
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